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Editorial

Benefits of the Mediterranean Diet–Wine Association: The Role
of Ingredients

Paula Silva 1,2,* and Norbert Latruffe 3,*

1 Laboratory of Histology and Embryology, Institute of Biomedical Sciences Abel Salazar (ICBAS), Rua de Jorge
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Bourgogne-Franche Comte, F-21000 Dijon, France
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The cultural and nutritional aspects of the multi-secular Mediterranean civilization
include diet as a central element of health and well-being, including wine if it is used
in moderation. Indeed, Mediterranean meals provide food microcomponents including
polyphenols, vitamins, fibers, polyunsaturated fatty acids, and oligoelements present in
fruits, vegetables, olive oil, fish, infusions, etc. In addition, wine, especially the red variety,
provide additional unique polyphenols with antioxidant properties, such as resveratrol,
procyanidins, and monophenols, including hydroxytyrosol and tyrosol [1].

The Mediterranean diet is a model of eating based on the traditional foods and
drinks of the countries surrounding the Mediterranean Sea. In recent decades, it has been
promoted worldwide (UNESCO 2010) as one of the healthiest dietary patterns and has
been reported to have benefits regarding chronic diseases, i.e., cardiovascular illness [2,3],
breast [4] and colon cancer [5], cognition [6] and longevity [7]. Many consumers do not
know what to believe when it comes to the health effects of drinking wine. Some researchers
have associated moderate drinking with various health benefits, especially since wine is
rich in antioxidants. Others, on the other hand, claim that even an occasional drink is
harmful to health.

The publication of a Special Issue in the journal Molecules that focuses on the role
of wine ingredients in the health benefits associated with the Mediterranean diet was a
good opportunity to clarify this issue. Researchers were invited to submit manuscripts
related to polyphenols, resveratrol, ageing, antioxidant, wine, health, the Mediterranean
diet, nutrition, diseases, welfare, behavior, etc. at the level of mechanisms, analysis, and
experimental and epidemiological studies.

The objective of this Special Issue is to highlight wine as part of the Mediterranean diet,
especially through the perspectives of policymakers, the medical world, and the vectors
of image.

The valuable accepted and published papers contributing to this Special Issue are
as follows:

Original papers include ‘Resveratrol Hinders Postovulatory Aging by Modulating
Oxidative Stress in Porcine Oocytes’ by Benazir Abbasi et al.; ‘Red Wine Extract Inhibits
VEGF Secretion and Its Signaling Pathway in Retinal ARPE-19 Cells to Potentially Disrupt
AMD’ by Clarisse Cornebise et al.; ‘Synthesis and Characterization of Novel Resveratrol
Butyrate Esters That Have the Ability to Prevent Fat Accumulation in a Liver Cell Cul-
ture Model’ by You Lin Tain; ‘Protective Effects of Some Grapevine Polyphenols against
Naturally Occurring Neuronal Death’ by Laura Lossi et al.; ‘Prevention of 7-Ketocholesterol-
Induced Overproduction of Reactive Oxygen Species, Mitochondrial Dysfunction and Cell
Death with Major Nutrients (Polyphenols, ω3 and ω9 Unsaturated Fatty Acids) of the
Mediterranean Diet on N2a Neuronal Cells’ by Aline Yammine et al.
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Additionally, several review papers are included—namely, ‘The Neuroprotective Role
of Polydatin: Neuropharmacological Mechanisms, Molecular Targets, Therapeutic Po-
tentials, and Clinical Perspective’ by Sajad Fakhri et al.; ‘Effects of Wine Components in
Inflammatory Bowel Diseases’ by Josip Vrdoljak et al.; ‘Wine, Polyphenols, and Mediter-
ranean Diets. What Else Is There to Say?’ by Celestino Santos-Buelga et al.; ‘Wine Intake
in the Framework of a Mediterranean Diet and Chronic Non-Communicable Diseases: A
Short Literature Review of the Last 5 Years’ by Simona Minzer et al.; ‘Wine’s Phenolic Com-
pounds and Health: A Pythagorean View’ by Francesco Visioli et al.; ‘Wine Consumption
and Oral Cavity Cancer: Friend or Foe, Two Faces of Janus’ by Paula Silva et al.

Many readers would be interested in the content amassed in this Special Issue, includ-
ing scientists in nutrition, medical doctors, wine biochemists, wine tasting associations,
winemakers, researchers in Vin viticulture and in enology, etc.

Notably, the topic of this Special Issue induced Science & Wine to promote the Second
World Congress “Wine and Olive Oil Production: The Fluid Aspect of Mediterranean Diet”
held on 2 to 3 June 2021, https://www.science-and-wine-conferences.com.

Author Contributions: Conceptualization, P.S. and N.L.; writing—original draft preparation, N.L.;
writing—review and editing, P.S. All authors have read and agreed to the published version of
the manuscript.

Funding: The management of this Special Issue did not need any special funding.

Acknowledgments: The authors acknowledge the NMS association (Mediterranean Diet and Health),
the UNESCO Chair, culture and wine tradition (France), and The Science & Wine Conference (Portu-
gal) for their continuous interest.

Conflicts of Interest: The authors declare no conflict of interest, financial or otherwise.
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Abstract: Postovulatory aging of the mammalian oocytes causes deterioration of oocytes through
several factors including oxidative stress. Keeping that in mind, we aimed to investigate the potential
of a well-known antioxidant, resveratrol (RV), to evaluate the adverse effects of postovulatory aging
in porcine oocytes. After in vitro maturation (IVM), a group of (25–30) oocytes (in three replicates)
were exposed to 0, 1, 2, and 4 μmol/L of RV, respectively. The results revealed that the first polar
body (PB1) extrusion rate of the oocytes significantly increased when the RV concentration reached
up to 2 μmol/L (p < 0.05). Considering optimum RV concentration of 2 μmol/L, the potential of
RV was evaluated in oocytes aged for 24 and 48 h. We used fluorescence microscopy to detect the
relative level of reactive oxygen species (ROS), while GHS contents were measured through the
enzymatic method. Our results revealed that aged groups (24 h and 48 h) treated with RV (2 μmol/L)
showed higher (p < 0.05) ROS fluorescence intensity than the control group, but lower (p < 0.05)
than untreated aged groups. The GSH content in untreated aged groups (24 h and 48 h) was lower
(p < 0.05) than RV-treated groups, but both groups showed higher levels than the control. Similarly,
the relative expression of the genes involved in antioxidant activity (CAT, GPXGSH-Px, and SOD1)
in RV-treated groups was lower (p < 0.05) as compared to the control group but higher than that of
untreated aged groups. Moreover, the relative mRNA expression of caspase-3 and Bax in RV-treated
groups was higher (p < 0.05) than the control group but lower than untreated groups. Furthermore,
the expression of Bcl-2 in the RV-treated group was significantly lower than control but higher than
untreated aged groups. Taken together, our findings revealed that the RV can increase the expression
of antioxidant genes by decreasing the level of ROS, and its potent antiapoptotic effects resisted
against the decline in mitochondrial membrane potential in aged oocytes.

Keywords: resveratrol; postovulatory aging; oocyte quality; oxidative stress; reactive oxygen species

1. Introduction

The postovulation oocyte quality is the main factor that affects the efficiency of assisted
reproductive technologies (ART) such as somatic cell nuclear transfer (SCNT), intracy-
toplasmic sperm injection (ICSI), and in vitro fertilization (IVF) [1,2]. The quality of an
oocyte is mainly affected by structural and functional changes induced during aging in-
cluding chromosome and spindle anomalies [3], cortical granule exocytosis [4], lower
fertilization rates [5], zona pellucida (ZP) hardening [6], and abnormal or retarded devel-
opment of embryos/fetuses [7,8]. The exact molecular mechanism underlying the reduced
competence of an oocyte due to postovulatory aging is not fully understood. However,
there are some major factors that mediate time dependent reduction in oocyte competence
such as oxidative stress [9], chromosomal abnormalities [10], and modification of poly
(A) tails (Deadenylation) of genes responsible for maternal effects [11] and epigenetic
alteration [12,13]. Therefore, it is imperative to better understand the various mechanisms
responsible for the postovulatory aging process to devise effective strategies to delay
oocyte aging process and increase the time required for performing normal reproductive

Molecules 2021, 26, 6346. https://doi.org/10.3390/molecules26216346 https://www.mdpi.com/journal/molecules
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functions [9,14]. Oxidative stress is strongly associated with a deterioration in oocyte
quality because it significantly reduces the glutathione (GSH) contents and assists in the
accumulation of reactive oxygen species (ROS). The ROS such as superoxide anions (O−2),
hydroxyl radicals (OH−), and hydrogen peroxide (H2O2) are released during normal
metabolic (intermediate steps of oxygen reduction) processes [15,16]. The mitochondrion
is the major cell organelle responsible for ROS production [17,18]. A dynamic balance
is required between ROS production and antioxidant enzymes to ensure proper cellular
homeostasis including cell proliferation, host defense, signal transduction, and gene ex-
pression [19]. The antioxidant defense system disrupted through the overproduction of
ROS, which, in turn, causes oxidative stress. Excessive load of ROS results in proapoptotic
signaling, subsequently leading to the activation of cell apoptosis [20]. Postovulatory
aging is associated with excessive accumulation of ROS leading to oxidative stress, which
predisposes aged oocytes to the apoptotic process [9,21]. The mitochondria as the major
“energy generators” have a significant role in regulating proper function and survival of
oocytes. However, being a prime source of ROS production, mitochondria are susceptible
to ROS-induced damage [22], which results in the decreased ATP synthesis, altered mito-
chondrial membrane potential, oxidative stress, and early onset of apoptosis [23,24]. The
excessive accumulation of ROS can affect the permeability of mitochondrial membranes
to open MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and promote the flow of
calcium ions [25], which subsequently induces the release of cytochrome C and caspase
3 activation leading to the apoptosis [26,27]. The apoptotic activation is mainly induced
by the glutathione efflux [28], which leads to several morphological changes including
cell shrinkage, progressive DNA, and cell membrane damage, ultimately leading to the
cell death [29]. Therefore, one of the major challenges in reproductive embryology is
to prevent oocytes’ degeneration to maintain their developmental competences [30]. To
avoid oxidative damage by maintaining a robust antioxidant defense system in the oocyte,
supplementation of exogenous antioxidants can be used as the most effective strategy.

Resveratrol (3,5,4′-trihydroxyl-Trans-stilbene) (RV) is a stilbenoid, a type of natural
polyphenolic compound with excellent antioxidant and free radical scavenging capacity. It
is associated with reduced ROS accumulation, scavenges superoxide radicals, inhibits lipid
peroxidation, and regulates the expression of antioxidant cofactors and enzymes [31]. Nat-
ural antioxidants that are effective may provide novel and safe interventional strategies to
delay or prevent oocyte aging and related diseases. Porcine oocytes can be used as an ideal
model in the field of reproductive biology, as they have much similar developmental and
physiological properties as with human oocytes [32]. Therefore, this study was conducted
to evaluate the effect of RV on pig oocytes during aging and to provide mechanistic insights
regarding its potential of protecting oocytes against ROS attack. Reducing oxidative stress
in the oocytes is an important way to slow down oocyte aging. Still, there is lack of data
regarding the rescue of oocytes during aging. The underlying mechanisms of oxidative
stress during oocyte aging as well as the protective mechanisms of the natural antioxidants
in antiaging are thoroughly explored in the present study.

2. Results

2.1. RV Treatment Reverses Aging-Induced Impairment in Aged Porcine Oocytes

For determining the optimal concentration of RV, which can delay oocyte age depen-
dent impairments, the cumulus cells incubated for 44 h were removed with 0.1% (w/v)
hyaluronidase using 37 ◦C for 3 min. The oocytes with even granular cytoplasm and a first
polar body were selected for the subsequent experiments. During in vitro maturation, a
total of 25–30 oocytes (in three replicates) for each group were cultured with 0, 1, 2, and
4 μmol/L RV, respectively. After maturation, the proliferation rate of cumulus oocyte com-
plexes (COCs) was observed under a stereomicroscope. As shown in Figure 1a, most of the
COCs showed fully expanded peripheral layers of cumulus in 1 and 2 μmol/L RV-treated
groups, whereas the cumulus proliferation of COCs was significantly decreased in the
control and 4 μmol/L of RV-treated group. In addition, a large proportion of the RV-treated
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oocytes failed to extrude the PB1 in a dose-dependent manner. As shown in Figure 1b,
percentage of the PB1 extrusion rate was significantly higher in the 2 μmol/L RV-treated
group (78.99 ± 1.07) as compared to the control group (71.26 ± 1.02%). However, there
was no significant difference observed for these parameters in 1 and 4 μmol/L RV-treated
groups (73.95 ± 1.05% and 73.76 ± 1.02, respectively).

Figure 1. RV treatment reverses aging-induced impairment in aged porcine oocytes. (a) The representative images showing
degrees of cumulus spread and first polar body extrusion rate, as indicated by white arrows. (b) The graph showing PB1
extrusion percentage rate at various concentrations (0, 1, 2, and 4 μmol/L RV). Significant difference (* p < 0.05).

2.2. RV Suppresses the Increasing Perivitaline Space (PVS) in Aged Porcine Oocytes

As shown in Figure 2a, arrows indicate the significantly increased perivitaline space
in oocytes of 24 h and 48 h aged groups (15.98 ± 0.60 and 21.51 ± 1.16, respectively) as
compared to the control group (10.94 ± 0.53). Moreover, the treatment with 2 μmol/L of
RV prolonged oocyte culture (24 h and 48 h) can significantly suppress the perivitaline
space when compared with untreated (24 h and 48 h) aged groups.

Figure 2. RV suppresses the increasing perivitaline space (PVS) in aged porcine oocytes (a) The representative images
of perivitaline space in aged porcine oocytes with visible space indicated by white arrows under the microscope, scale
bar = 180 μm. (b) The graph indicates the percent increase in perivitaline space after the oocytes treated with 2 μmol/L RV.
Significant difference (* p < 0.05).

2.3. RV Reduces the Apoptosis Extent in Aged Porcine Oocytes

The apoptosis includes a series of cellular apoptotic events that occur during oocyte
aging during in vitro maturation [33]. As shown in Figure 3 the mRNA expression of
apoptosis related genes (Caspase-3, Bax, and Bcl-2) were analyzed through qRT-PCR to
determine the cellular activities during the RV treatment. The results showed that the
mRNA levels of Caspase-3 and Bax treated with 2 μmol/L RV were significantly higher
than those in the control group but significantly lower than those in the 24 h and 48 h aged
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groups, while the expression of Bcl-2 was significantly lower. Moreover, the expression of
Bcl-2 group oocytes treated with 2 μmol/L RV was significantly lower than that in control
but significantly higher than that in the untreated aged groups.

Figure 3. The relative mRNA expression of apoptosis related (Caspase-3, Bcl-2, and Bax) genes in
aged porcine oocytes at different time periods. Significant difference (* p < 0.05).

2.4. RV Alleviates the Oxidative Stress in Aged Porcine Oocytes

RV is known to protect cells against oxidative stress and to determine whether RV can
protect porcine oocyte against oxidative stress. We first measured the levels of intracellular
ROS, as shown in Figure 4a,b; the levels of ROS were significantly higher in the 24 h and
48 h untreated aged groups when compared with the control group, while the oocytes
treated with 2 μmol/L RV (24 and 48 h) showed significantly higher fluorescence intensity
levels as compared to the control group but significantly lower intensity as compared to the
untreated aged groups. The glutathione (GSH) is an important intracellular antioxidant be-
cause it exerts powerful functions for protecting the cells from the oxidative stress-induced
damage, and so the GSH and GSSG kits were used to detect the ROS levels. Surprisingly,
our analysis for ROS levels using GSH and GSSG kit shows that the intracellular levels of
GSH in the 24 h and 48 h untreated aged groups were significantly lower when compared
with the control group (Figure 4c). The GSH content in the 24 h and 48 h groups treated
with 2 μmol/L of RV was significantly higher than that in the 24 h and 48 h untreated
aged groups. In addition, we also determined the mRNA expression of antioxidant and
oxidative stress related genes (CAT, GPX, and SOD1) by qRT-PCR analysis. Our results
(Figure 4d) showed that the mRNA transcript levels of CAT and SOD1 groups’ oocytes
treated with 2 μmol/L RV were significantly higher than those in the untreated aged
groups; however, the expression of CAT and SOD1 was lower as compared to the control
group. Likewise, there was a significant increase in the treated groups of GPX, and no
difference was found between the untreated aged GPX and control groups.

2.5. RV Rescues the Mitochondrial Membrane Potential in Aged Porcine Oocytes

It is well-known that oxidative stress is associated with mitochondrial membrane
potential (MMP) changes and cell apoptosis. Therefore, we intended to determine the
mitochondrial membrane potential state during porcine oocyte aging. To investigate the
mitochondrial membrane potential, we analyzed the ratio of red/green fluorescence. As
shown in Figure 5c,e,h,j,k, the oocytes treated with 2 μmol/L RV (24 h and 48 h) aged
groups showed lower ratios than those in the untreated aged groups. Moreover, oocytes in
control (Figure 5a,f,k) showed the lowest values. Based on our findings, this is concluded
that RV has remarkable efficacy on keeping mitochondrial membrane potential in porcine
oocyte aging.

6



Molecules 2021, 26, 6346

Figure 4. RV alleviates the oxidative stress in aged porcine oocytes. (a) The representative images of ROS in aged porcine
oocytes. (b,c) The graphs showing quantified intracellular levels of ROS and GSH in aged porcine oocytes. (d) The graph
showing relative mRNA expression of oxidative stress related (CAT, GPX, and SOD1) genes in aged porcine oocytes. ROS
levels were quantified by relative fluorescence intensity in porcine oocytes, scale bar = 280 μm. Each experiment was
independently repeated at least three times. Significant difference (* p < 0.05).

Figure 5. RV rescues the mitochondrial membrane potential in aged porcine oocytes. Representative Fluorescent images
of JC-1-stained oocytes. Cultured in the absence or presence of 2 μmol/L RV. (a,f) Control; (b,g) aged 24 h; (c,h) aged
24 h + RV; (d,i) aged 48 h; (e,j) aged 48 h + RV. (k) Quantitative analysis of JC-1 red/green fluorescence intensity ratio
in porcine oocytes. Membrane potential was calculated as the ratio of red fluorescence, which corresponds to activated
mitochondria (J-aggregates), and to green fluorescence, which corresponds to less-activated mitochondria (J-monomers).
Fluorescence emitted from each oocyte was analyzed using the ImageJ software. Significant difference (* p < 0.05).
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3. Discussion

One of the main aspects of ovarian aging is the decline in fertility over time, which is
characterized by the decline in the quality and quantity of oocytes [34]. However, some evi-
dence suggests that an imbalance between ROS and antioxidants causes a decline in oocyte
quality, which is a critical factor in the success of ART and is linked to the aging of the
ovaries. Furthermore, the RV as an antioxidant has been proved to alleviate oxidative stress
in various cell types including oocytes. Moreover, RV has shown to prevent mitochondrial
damage in cardiomyocytes through the upregulation of the deacetylation of apoptotic
proteins. Studies have revealed that treatment of porcine oocytes with 2 μmol/L RV signifi-
cantly reduced the levels of intracellular ROS while increased GSH contents during in vitro
maturation [35,36]. In our study, we revealed that, under in vitro conditions, 2 μmol/L RV
was able to delay postovulatory oocyte aging, owing to possible mechanisms mediated by
reducing oxidative stress. RV could significantly increase the GSH content in 24 h and 48 h
aged groups treated with 2 μmol/L of RV as compared with the control group (p < 0.05).
The certain survival factors and antiapoptosis factors lead to oocyte maturation disorder
or apoptosis by a decrease in mature-promoting factor (MPF) stability [37]. Furthermore,
induced oxidative stress can adversely affect a variety of reproductive processes including
sperm capacitation, ovulation, and corpus luteum production and can also trigger oocyte
apoptosis. The accumulation of ROS has serious manifestation regarding the quality and
aging of oocytes [38]. The uncontrolled and excessive production of free radicals may harm
DNA, proteins, and lipids, which can severely compromise cell health and contribute to
the disease development [39–41]. Our results showed that RV can significantly reduce the
ROS level in aged oocytes (24 and 48 h), which is consistent with previous findings [42].
Similarly, RV (at concentrations ≥100 μM) has been shown to scavenge O2 directly in a
nonenzymatic, cell-free system [43]. Findings in the present study indicate the potential of
RV to delay oocyte aging by reducing ROS levels owing to its reported antioxidant [44], an-
tiapoptosis [45], and antiaging [42] activities. Moreover, RV has also shown to reduce lipid
peroxidation by eliminating free radicals and thus achieve the effect of protecting cells [46].
The main antioxidant enzymes are SOD, catalase (CAT), and glutathione peroxidase (GPX).
Moreover, O2 is converted by SOD to H2O2, which is decomposed to water and oxygen by
CAT, preventing the production of hydroxyl radicals. In addition, GPX transforms perox-
ides and hydroxyl radicals into nontoxic forms by oxidizing reduced glutathione (GSH) into
glutathione disulfide and triggers reduction to GSH by glutathione reductase [47]. When
Cu+2 or Fe+2 are available, H2O2 reacts with these ions to form unstable hydroxyl radicals.
Previous studies have shown that RV can increase the expression of various antioxidant
genes such as CAT, SOD, and GPX in cells [48,49]. When low-dose of RV was used to treat
cardiomyocytes, the catalytic activity of CAT and SOD increased significantly with no effect
on glutathione activity. Moreover, SOD can reduce intracellular superoxide levels and
potentially resist against cell apoptosis, membrane permeability changes, and mitochon-
drial dysfunction [50]. Previous studies in our laboratory have demonstrated that RV can
eliminate mitochondrial injury while delaying oocyte aging and improving the expression
of sirtuin-1 (sirt1) and thus the quality of aged porcine oocytes [1]. Similarly, in the present
study, RV treatment increased the expression of GPX gene in 24 h aged groups as compared
to the control and untreated aged groups (p < 0.01). However, the expression of CAT and
SOD1 genes was lower than that of the control group (p < 0.05) but still higher than their
untreated counterparts. Likewise, RV increases GSH content in primary keratinocytes and
in epidermis of a reconstructed skin model as reported previously [51]. The antioxidant re-
sponse of RV was further confirmed through enhanced activity of SOD with administration
of 2-NP in a rat model conducted by Lodovici et al. [52]. Our findings revealed that RV can
effectively mediate oxidative stress induced by the aging oocytes during in vitro culture
through increasing the antioxidant gene expression. Progesterone causes elongation of
the Mos poly (A) tail via cytoplasmic polyadenylation, and this polyadenylation increases
the rate of Mos translation leading to the accumulation of Mos protein [53]. Mos protein
is essentially required for the initiation of oocyte germinal vesicle breakdown [54]. In
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our study, we observed an increase in cumulus spread after treatment of oocytes with
different concentrations of RV (0, 1, 2, and 4 μmol/L), which is consistent with previous
findings, as mentioned earlier. Furthermore, PB1 extrusion rate with 2 μmol/L of RV group
was also significantly higher than other groups, indicating the potential of RV to increase
oocyte maturation rate in a dose-dependent manner. During this study, we found that
oocytes treated with RV showed a significant decrease in perivitaline spaces during 24 h
and 48 h of aging. However, differences were nonsignificant compared with the control
group. A full expansion of cumulus cells is mandatory for the proper maturation of the
oocyte. The beneficial effects of RV might depend upon its ability to improve oocyte quality.
Therefore, it can be concluded that RV (2 μmol/L) can inhibit the increase of perivitaline
space of oocytes aged for 24 h and 48 h, indicating its ability to alleviate the adverse
effects of postovulatory oocyte aging by improving the quality, which is necessary for its
development during fertilization. Apoptosis is well-known for exogenous (mediated by
death receptors) and mitochondria-guided endogenous pathways. Both of these pathways
participate in the activation of certain members of the Caspase family to trigger apoptosis.
The proteins involved in the mitochondria-mediated endogenous pathway include the
member of the Bcl-2 family, which comprises both antiapoptotic and proapoptotic proteins.
The antiapoptotic proteins (Bcl-XL, Bcl-2, and Mcl-1) potentially inhibit the activation of
the Caspase family and block the transduction of apoptotic signals, while proapoptotic
proteins (Bcl XS, Bak, Bax, and Bad) promote and initiate an apoptotic response. Caspase 3
acts as a key effector in the process of apoptosis and directly hydrolyzes specific substrates.
When there is apoptosis, Bax acts on the outer mitochondrial membrane of cell causing
the release of mitochondrial cytochrome C (Cytc) that activates Caspase 3 and triggers
Caspase cascade. The nucleated cytoskeleton recombines and degrades cytoskeletal struc-
ture [33]. However, Bcl 2 inhibits Cytc and Caspase, causing an antiapoptotic effect. The
recruitment of Bax, which is knocked out, restricts the expression of Bax and leads to an
increase in the number of ovarian oocytes [55]. Deacetylated Sirt1 and Sirt-3 inhibit the
apoptotic pathway by affecting 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)
pores of the mitochondrial membrane [56]. Furthermore, downregulation of caspase 3
upregulates the expression of the antiapoptotic protein such as Bcl-2 that subsequently
inhibits apoptosis. We observed lower expression of Bax and Caspase 3 in RV-treated
aged oocytes in the present study. Moreover, relative mRNA expression of Bcl-2 was
significantly lower in the RV-treated group than the control but was significantly higher as
compared to untreated aged groups. Our findings suggested that RV can effectively inhibit
mitochondrial apoptotic pathway through downregulation of the Bax and Caspase 3 while
upregulating the expression of Bcl-2 in aged oocytes, eventually reducing the adverse
effects of aging in porcine oocytes. Mitochondria are responsible for maintaining cellular
metabolic functions, and their physiological efficiency can be assessed by examining the mi-
tochondrial membrane potential state. In this regard, fluorescence probes such as JC-1 tend
to accumulate in the mitochondrial matrix (by forming I-J-aggregates) and produce red
excitation light when the mitochondrial membrane potential is maintained high. However,
if mitochondrial membrane potential is maintained low, JC-1 cannot accumulate in the
mitochondrial matrix and, hence, forms monomers and generates green excitation light. On
the basis of these results is suggested a remarkable efficacy of RV on keeping mitochondrial
membrane potential in porcine oocyte aging. During the present study, inclusion of RV
in the oocyte culture medium maintained the mitochondrial membrane potential of aged
oocytes in a state consistent with nonaged counterparts. Furthermore, RV significantly
increased the expression of Bcl-2 in 24 and 48 h aged oocytes, which subsequently can
modulate the mitochondrial apoptotic pathway by controlling the permeability of the outer
mitochondrial membrane [57]. Consequently, the RV-regulated follicular development
primarily through increased expression of mitochondrial-related Bcl-2 gene, which might
have played its role in the maintenance of mitochondrial membrane potential in its normal
position in 24 and 48 h aged oocytes. However, further in vivo studies are required to
elucidate its potential mechanism of action.
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4. Materials and Methods

4.1. Ethics Statement

The present study (short title: “Resveratrol hinders postovulatory aging by modu-
lating oxidative stress in porcine oocytes”) was carried out in strict accordance with the
recommendation of the National Ethical commission of (Nanjing, Jiangsu, China). All the
experiments and procedures compiled with the guideline and were approved by the local
ethical committee of the Nanjing Agricultural University (Nanjing, Jiangsu, China) with
respect to animal experimentation and care of animal under study.

4.2. Reagents

Resveratrol (R5010, Sigma, purity ≥ 99%), Dulbecco’s PBS (DPBS), Hyaluronidase
H-3506, DMSO D2650, paraformaldehyde 158127, poly vinyl alcohol (PVA) 046K0086,
D-Mannitol M-9647, and Sodium pyruvate 100M12532V were purchased from Sigma–
Aldrich (St. Louis, MO, USA), unless otherwise mentioned.

4.3. Oocytes Collection and IVM

The porcine ovaries were collected from prepubertal gilts at a local slaughterhouse
of (Nanjing Yuan-run Group Co., Ltd., Nanjing, China) and transported to our laboratory
at 37 ◦C in 0.9% NaCl (w/v) physiological saline within 2 h postcollection. Follicular
fluid from superficial follicles of 3–6 mm in diameter was aspirated using a disposable
syringe with an 18-guage needle, and the fluid was immediately transferred into conical
tubes to allow COCs to settle down at the bottom for quick (pick up purpose) of COCs.
After 10–12 min, the whole bottom sediment was placed down in petri dish. Follicular
contents containing COCs that had more than 3 unexpanded cumulus cell layers with
uniform cytoplasm were selected under a stereomicroscope (Olympus, Tokyo, Japan) and
washed thrice in HEPES buffered Tyrode’s medium containing 0.05% (w/v) PVA (TLH–
PVA). A group of approximately 50–70 of COCs was placed in each well in a 4-well plate
(Nunclon, Roskilde, Denmark) containing 500 μL pre-equilibrated TCM199 medium (Gibco
NY, USA) supplemented with 3.05 Mm D-glucose, 0.91 Mm sodium pyruvate, 0.57 Mm
cysteine, 10 ng/mL epidermal growth factor, 10 IU/mL PMSG and hCG (Ningbo Hormonal
Reagents Co., Ltd., Ningbo, Zhejiang, China), 75 μg/mL penicillin, 50 μg/mL streptomycin,
0.1% (w/v) polyvinyl alcohol, and 10% (v/v) porcine follicular fluid (pFF) [58], covered
with 150 μL of mineral oil at 38.5 ◦C in an atmosphere of 5% CO2 in humidified air for 44 h.

4.4. RV Concentration and In Vitro Aging

RV was dissolved in 10 mmol/L of Dimethyl Sulfoxide (DMSO) as a stock solution and
was stored at −20 ◦C before use. At the start of each culture, the stock solution was diluted
with TCM-199 in vitro maturation medium to adjust a final concentration of 2 μmol/L
for the RV treatments. For in vitro aging analysis, oocytes were cultured in IVM medium
supplemented with or without 2 μmol/L RV (Control, Aged 24 h, Aged 24 h + RV, Aged
48 h, and Aged 48 h+ RV groups, respectively) for an additional 24 h and 48 h prolonged
aging period at 38.5 ◦C supplemented with 5% CO2 in the humidified air for 44 h. The
fresh oocytes without any prolonged culture were used as control group.

4.5. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

According to the time-based group differentiation and after maturation (44 h) of
oocytes, the denuded oocytes were collected and washed thrice in DPBS solution and
stored at −80 ◦C until the RNA was extracted. A total of 100 oocytes were used for total
RNA extraction (in three replicates) from each group using the Trizol™ Reagent (Thermo
Fisher scientific, Waltham, MA, USA). The extracted RNA was quantified using Nano-Drop
and stored at −80 ◦C until further use. The first strand of cDNA was synthesized from
2 ug of total RNA with Primer Script™ RT Master Mix (Takara, Dalian, China) following
the manufacturer’s described reaction protocol: 37 ◦C for 15 min, 85 ◦C for 5 s, and hold at
4 ◦C. The synthesized cDNA was subjected to real-time PCR using TB Green® Premix Ex
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Taq™ (TaKaRa, Dalian, China). The forward and reverse primer sequences for real-time
PCR are listed in Table 1. The reaction conditions were 30 s at 95 ◦C, followed by 40 cycles
of 95 ◦C for 5 s and 60 ◦C for 30 s. Ultimately, they were quantified at 95 ◦C for 15 s, 60 ◦C
for 1 min, and 95 ◦C for 15 s. At least three replications were performed for each reaction
and data were analyzed using the 2−��CT method [58].

Table 1. Primer sequences of the target genes used for RT-qPCR.

Target Gene Forward and Reverse Sequence Product Size (bp) Accession Number

GAPDH F: 5′-GTCGGTTGTGGATCTGACCT-3′
R: 5′-TTGACGAAGTGGTCGTTGAG-3′ 207 NM_001206359

Caspase-3 F: 5′-CGTGCTTCTAAGCCATGGTG-3′
R: 5′-GTCCCACTGTCCGTCTCAAT-3′ 186 NM_214131

Bcl-2 F:5′-AGGGCATTCAGTGACCTGAC-3′
R: 5′-CGATCCGACTCACCAATACC-3′ 193 NM_214285

Bax F:5′-TGCCTCAGGATGCATCTACC-3′
R: 5′-AAGTAGAAAAGCGCGACCAC-3′ 199 XM_003127290

CAT F-5′-AACTGTCCCTTCCGTGCTA-3′
R-5′-CCTGGGTGACATTATCTTCG-3′ 195 XM_021081498

GPX F:GAGCCCTTCAACCTGTCCTC
R:GTCGGACGTACTTCAGGCAA 210 NC_010455.5

SOD1 F-5′-ACCTGGGCAATGTGACTG-3′
R-5′-TCCAGCATTTCCCGTCT-3 131 NM_001190422

4.6. Measurement of Reactive Oxygen Species (ROS) Intensity

To measure the level of intracellular ROS, DCFH-DA (2, 7-Dichlorodi-hydrofluorescein
diacetate) and 10 μM working solution (with TCM199 medium), after diluting together,
were equilibrated in the incubator at 37 ◦C for 30 min subsequently, and the oocytes
were incubated in the DCFH-DA working solution at 37 ◦C for 1 h under total darkness.
After incubation, oocytes were washed three times in PBS, and the fluorescence signals
were detected and imaged using confocal microscope (Zeiss LSM 700META, Oberkochen,
Germany) that was fluorescence intensity of ROS (Excitation wavelength: 450–490 nm and
Emission wavelength: 515–565 nm). The relative fluorescence intensity was measured with
ImageJ 1.5 software (Bethesda, Maryland, USA). Total numbers of 25–30 oocytes (in three
replicates) were used for ROS measurement, respectively.

4.7. Determination of Intracellular GSH Contents

The contents of total glutathione (T-GSH) were examined through an enzymatic
method by using a GSH/GSSG assay kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions. A total of 50 oocytes from each group were placed into a
small conical tube containing 30 μL of protein scavenger M solution supplied with the
kit. Afterward, tube contents were vortexed thoroughly for 5 min, then the mixture was
frozen at liquid nitrogen for 2 min and thawed in a water bath at 37 ◦C repeatedly for
3 times. Subsequently, mixture was centrifuged at 10,000 rpm for 10 min at 4◦C and placed
on ice for 5 min using a 96-well plate. The samples or standard in the sequence were
added and mixed accordingly. Immediately, absorbance was observed at 405 nm with
a microplate reader, for 25 min, with a reading recorded for every 5 min. A standard
curve was developed for the determination of the GSH content of each sample. The GSH
concentration was calculated by dividing the total concentration of each sample by the
total number of oocytes present in the sample (pmol/oocyte).

4.8. Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential (MMP, Δϕm) of the aged and fresh oocytes
was evaluated using mitochondrial membrane potential assay kit JC-1 (Beyotime, Shanghai,
China). The oocytes were exposed to 10 μL JC-1 in 100 μL working solution at 38.5 ◦C in
5% CO2 for 20 min under total darkness. To remove surface fluorescence, oocytes were
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washed three times in PBS and then mounted on glass slides using D-PBS for microscopy.
Laser excitation was set at 488 nm for green and 525 nm for red fluorescence, respectively.
The fluorescence microscope (Zeiss LSM 700 META, Oberkochen, Germany) with the
same scan settings for each sample was used to measure the fluorescence intensity of each
oocyte. ImageJ 1.5 software (Bethesda, Maryland, USA) was used to analyze the normal
fluorescence pixel intensities of each oocyte. The ratio of green to red fluorescence pixels
was used to analyze mitochondrial membrane potential.

4.9. Statistical Analysis

Each treatment group had a minimum of 3 replicates, and the images of oocytes
stained in the same dye were captured with the same scan settings. The average value
of fluorescence intensity in each group of oocytes was analyzed after deduction of the
background fluorescence through ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The obtained data were analyzed by the Statistical Package for Social Sciences
(SPSS) software (version18.0) by using one-way analysis of variance (ANOVA). The treat-
ment means were compared by the least significant difference (LSD) test at 1% and 5%
probability levels. The p-value of <0.05 was considered a significant difference, while
p < 0.01 was considered as highly significant, and p < 0.001 was considered as extremely
significant.

5. Conclusions

Findings of the present study revealed that RV can effectively alleviate the adverse ef-
fects of oocyte aging by increasing the expression of antioxidant enzymes while decreasing
the ROS level. Additionally, the RV treatment resisted against the decline in mitochondrial
membrane potential in aged oocytes. Moreover, RV showed potent antiapoptotic effects by
potentially upregulating the expression of Bcl-2 while downregulating the Bax and Caspase
3 transcript levels. Collectively, our findings lead to the evidence that RV may be one of the
important constituents in improving the oocyte quality by delaying the antiaging effects
through its antioxidant properties on porcine oocytes.
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Abstract: Age-related macular degeneration (AMD) is a degenerative disease of the retina where
the molecular mechanism involves the production of vascular endothelial growth factor (VEGF),
a factor of poor prognosis of the progression of the disease. Previous studies have shown that
resveratrol, a polyphenol of grapevines, can prevent VEGF secretion induced by stress from retinal
cells. Considering the fundamental role played by VEGF in development and progression of AMD,
we investigate the potential effect of red wine extract (RWE) on VEGF secretion and its signaling
pathway in human retinal cells ARPE-19. To examine the effect of RWE in ARPE-19, a quantitative and
qualitative analysis of the RWE was performed by HPLC MS/MS. We show for the first time that RWE
decreased VEGF-A secretion from ARPE-19 cells and its protein expression in concentration-dependent
manner. RWE-induced alteration in VEGF-A production is associated with a down of VEGF-receptor
2 (VEGF-R2) protein expression and its phosphorylated intracytoplasmic domain. Subsequently,
the activation of kinase pathway is disturbing and RWE prevents the phosphorylation of MEK and
ERK 1/2 in human retinal cells ARPE-19. Finally, this study sheds light on the interest that the use of
polyphenolic cocktails could represent in a prevention strategy.

Keywords: polyphenols; red wine extract; AMD; retinal cells; ARPE-19; degenerative diseases;
ocular diseases

1. Introduction

Since the last decade, several epidemiological studies have shown an inverse relation between the
incidence of coronary diseases and wine consumption, compared to wine abstinence [1,2]. In France,
despite of a fat-containing diet, the incidence of coronary heat diseases is lower than other western
countries with a similar diet, which is partly attributed to the moderation consumption of red wine [3].
This apparent discrepancy is called the “French paradox”. However, since the 1990s, some studies
have shown that this “French paradox” is more likely resulting from a Mediterranean-type diet [4,5].
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In this context, we have previously shown in a controlled environment in hospital that a moderate
consumption of red wine (250 mL/day), even for a short period (2 weeks), associated with a “Western
prudent” diet, improves various blood parameters in the lipid and antioxidative status in patients with
previous coronary ischemic accidents in comparison to patients receiving water [6]. This “Western
prudent” diet has also been proposed to prevent other pathologies such as degenerative diseases or
diseases linked to oxidative stress or even cancer. Very recently, we were able to demonstrate that
a red wine extract (RWE) made it possible to act on inflammation by reducing the level of certain
proinflammatory cytokines produced by immune cells [7] but also by reducing the formation of an
inflammatory complex in macrophages such as NLRP3 (NOD-like receptor family, pyrin domain
containing 3) [8], or to reduce intestine polyp preneoplasia development in mice [9]. These effects
have been confirmed in other studies, where RWE can reduce tumoral C26 growth in BALB/c mice
and vascular endothelial growth factor (VEGF) [10]. The latter factor is not only important for the
neoangiogenesis, which is necessary for tumor growth and the spread of metastatic cells, but it is also
involved in other disease processes such as age-related macular degeneration (AMD).

Indeed, AMD is a degenerative disease of the retina characterized by progressive loss of central
vision. This disease selectively affects the macula, which is the central region of the retina, which explains
why only the central vision is affected, and not the peripheral vision. The formation of new blood
vessels through the membrane destroys the cells lining the back of the retina. These cells serve as an
anchor for the cones and rods, which allow vision, their destruction leads to a localized and permanent
loss of this vision. Thus the overexpression of this vascular factor is a factor of poor prognosis of the
progression of the disease and many strategies are put in place to counter the production of VEGF
in particular the use of anti-VEGF antibodies. Alongside these pharmacological strategies for which
resistance sometimes appears, numerous studies have been able to show the influence of nutrition
on the occurrence of this type of pathology and its evolution [11,12]. Among natural compounds,
polyphenols could present interest to counteract AMD. Indeed, some studies have performed in order
to prove the effect of several preparations enriched with polyphenol grape extract or wine polyphenols
on age-related degenerative diseases [13] and ocular diseases [14–16]. More specifically, we have shown
that resveratrol, a polyphenol of grapevines, prevented VEGF secretion induced by oxysterols from
human retinal cells [15]. However, what about a more polyphenolic complex mixture such as red wine,
which contains a wide variety of polyphenols? Considering the fundamental role played by VEGF in
development and progression of AMD, we investigated the potential effect of a red wine extract (RWE)
on VEGF-A secretion in human retinal cells ARPE-19 having an AMD phenotype. The main goal is
to determine whether RWE could decrease VEGF-A secretion and alter this signaling pathway and
thus influence the progression of AMD. We show here for the first time that RWE inhibits VEGF-A
secretion in a dose-dependent manner in human retinal cells. This reduction is associated with a
decrease in VEGF-A protein expression. Very interestingly, RWE affects the signaling pathway leading
VEGF production, particularly, RWE decreases activation of the receptor to VEGF-A, VEGF-R2 and
the associated-protein kinases such as the mitogen-activated protein kinase (MEK) and extracellular
regulated kinase 1/2 (ERK 1/2).

2. Results

2.1. Qualitative and Quantitative Analysis of RWE and Its Toxicity on ARPE-19 Retinal Cells

The wine vinification processes can affect, by many factors, the wine. Indeed, the climate, the vine,
the country and the year can alter the quantity and the quality of polyphenols in wine, which also
varies between white and red wines. Red wine present a higher quantity of polyphenols estimated to
be around 900–2500 mg/L in contrary to white wine composition estimated to be around 190–290 mg/L.
As we previously demonstrated in a previous study, the quantitative and qualitative wine composition
of bioactive molecules such as polyphenolic compounds is essential in the biological effects that can be
observed whether there are antagonistic or synergistic [9]. The Figure 1 summarizes the extraction
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of red wine (Santenay 1er cru Les Gravières 2012 (Côte d’Or, France), to obtain a power of red wine
namely red wine extract (RWE), which was diluted in 70% ethanol at a rate of 100 mg/mL.

 
Figure 1. A preparative column was used to adsorb phenolic compounds present in red wine, and
after alcohol evaporation, the concentrated residue was lyophilized to be finally sprayed in order to
obtain the phenolic extract dry powder.

A qualitative and quantitative analysis performed by HPLC of the RWE was carried out in order
to determine its polyphenolic content. As illustrated in Figure 2, we obtained different spectra allowing
identifying with MRM transitions and by UV (λ = 520 nm) the main compounds contained in the
extract by differentiating the main phenolic non-anthocyanin compounds (Figure 2a) and the main
anthocyanins (Figure 2b).

The qualitative and quantitative determination of polyphenolic compounds in RWE is crucial to
evaluate its biological activities since we have previously demonstrated that composition of bioactive
compounds of the wine could impact its antiproliferative and anti-inflammatory activities [7,8].
In fact, we have shown that an association of resveratrol and quercetin can have a synergetic effect
against the proliferation of colon cancer cells, which is not the case for other combinations such
as resveratrol/catechin or resveratrol/catechin/quercetin [9]. The evaluation of the polyphenolic
content revealed an important proportion of phenolic acids and flavan-3-ols. Indeed, we identified
49% of phenolic acids (gallic acid, caftaric acid and caffeic acid) and 36% of flavan 3-ols (catechin,
epicatechin, procyanidins B1, B2, B3 and B4) of the total content (Figure 3). To this is added in a
smaller but not insignificant quantity, 9% of anthocyanins (delphinidin 3-glucoside, cyanidin 3-glucoside,
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petunidin 3-glucoside, peonidin 3-glucoside and malvidin 3-glucoside); 2% of flavonols (quercetin,
quercetin-3-glucoside and quercetin-3-rhamnoside) and 4% of stilbenes (cis- and trans-resveratrol,
emphcis- and trans-piceid, trans-piceatannol, ε-viniferin, Ω-viniferin, pallidol and isohopeaphenol).

 

Figure 2. (a) Extracted ion chromatogram of the MRM transitions belonging to the main phenolic
non-anthocyanin compounds detected in the wine extract. 1 = Gallic Acid; 2 = Caftaric Acid;
3 = Caffeic Acid; 4 = t-Piceid; 5 = t-Piceatannol; 6 = c-Piceid; 7 = t-Resveratrol; 8 = c-Resveratrol;
9 = Procyanidin B1; 10 = Procyanidin B3; 11 = Catechin; 12 = Procyanidin B4; 13 = Procyanidin
B2; 14 = Epicatechin; 15 = Quercetin-3-glucuronide; 16 = Quercetin-3-rhamnoside; 17 = Quercetin;
18 = Pallidol; 19 = Parthenocisin A; 20 = Isohopeaphenol; 21 = c-E-viniferin; 22 = t-E-viniferin,
23 = t-w-viniferin. (b) UV520 Chromatogram of the main anthocyanins detected in the red wine
extract. 1 = Delphinidin 3-glucoside; 2 = Cyanidin 3-glucoside; 3= Petunidin 3-glucoside; 4= Peonidin
3-glucoside; 5=Malvidin 3-glucoside; 6 =Malvidin acylated derivative.

20



Molecules 2020, 25, 5564

 

Figure 3. Quantitative analysis of red wine extract content and chemical structures of the main
polyphenolic compounds.

To specify the potential role of RWE in AMD and more particularly against VEGF, we first
evaluated its toxicity on undifferentiated ARPE-19 retinal cells mimicking cells affected by AMD [17].
As revealed by cytotoxic curves that whatever the time of treatment, 24 and 48 h, RWE had no
significant impact on the cellular viability of human retinal cells ARPE-19 with a game of increasing
concentrations of RWE to 0 up to 250 μg/mL (Figure 4a). In the same manner, resveratrol (RSV) used in
our experiment as a reference compound, presented no significant toxicity at the time of treatment
and concentrations used (Figure 4b). In the following experiments, RWE was therefore used at three
concentrations namely 30, 50 and 100 μg/mL in ARPE-19 cell lines. These concentrations were chosen
both because they are noncytotoxic on retinal cells and because we have previously shown with
these same concentrations that RWE was able to present significative properties (i.e., inhibition of
proinflammatory cytokines production from macrophages [8], prevention of naïve T lymphocytes
differentiation into proinflammatory T helper 17 cells [7] and inhibition of polyps development [9]).
Furthermore, the secretion of VEGF by retinal cells being a rapid process with an early response of
the kinase cascade activation, we explored the effect of RWE after 24 h of treatment of APRE-19 cells.
In this experiment, RSV was used as a comparison at a concentration of 30 μM, which is non cytotoxic
on the cell line ARPE-19. Indeed, we have previously shown a protective effect of RSV against toxic
effects of oxysterols in retinal cells after 24 h and 48 h of treatment [15].
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Figure 4. Safety assessment of red wine extract (RWE) and RSV on human retinal cell line ARPE-19.
Crystal violet staining was performed in order to analyzed the cell viability of ARPE-19 after 24, 48 and
72 h of the (a) RWE treatment (starting concentration up to 250 μg/mL, 1:2 serial dilutions) and (b) RSV
(starting concentration up to 250 μg/mL, 1:2 serial dilutions). Data are expressed as mean percentages
± s.d. of three independent experiments.

2.2. RWE Prevents VEGF Secretion from ARPE-19 Cells and Its Protein Expression

Since VEGF is the main factor involved in the neoangiogenesis and the progression of AMD,
we firstly determined whether RWE was able to affect its expression. Immunoblotting analysis shown
that after 24 h of treatment, RWE strongly decreased VEGF protein expression in ARPE-19 cells in
a concentration-dependent manner as compared to the control (Figure 5a). Interestingly, RWE at
50 μg/mL presented the same inhibitory effect of VEGF expression as RSV at 30 μM, and a more effect
at 100 μg/mL (Figure 5a). These results suggested that polyphenolic compounds present into RWE at
lower concentrations act in a synergistic manner to decrease VEGF expression. This is in agreement
with what we previously found regarding the effect of RWE in other models such as macrophages or
immune cells [7,8]. This decrease in VEGF protein expression by RWE should normally be accompanied
by a decrease in VEGF secretion by retinal cells. In order to verify this hypothesis, we quantified
using an ELISA method, the levels of VEGF released into the culture medium. As assumed, 24 h of
treatment, RWE decreased the levels of VEGF in a very significant manner for the concentrations of 50
and 100 μg/mL (Figure 5b). Surprisingly, the RSV at the concentrations of 30 μM after 24 h of treatment
failed to decrease the production of VEGF in retinal cells.

2.3. RWE Prevents VEGF-A Secretion from ARPE-19 Cells and Its Protein Expression

Secretion of VEGF-A by retinal cells results from the activation of the signaling pathway involving
VEGF-specific tyrosine kinase receptors whose activation loop results from a phosphorylation cascade
through the induction of successive kinases [18]. Indeed, the binding of VEGF-A occurs mainly on
the VEGF-R2 receptor, which induces its phosphorylation and the intracytoplasmic signaling cascade,
passing through the phosphorylation of the mitogen-activated protein kinase kinase (MEK) protein,
and with the ultimate activation of the phosphorylation of the extracellular regulated kinase 1/2 (ERK
1/2) protein. The latter once phosphorylated could then activate various nuclear transcription factors
making it possible to activate the gene coding for VEGF. We observed by immunoblotting that RWE
since low concentration at 30 μg/mL was able to strongly inhibit VEGF-R2 protein expression and its
phosphorylated form (Figure 6). This disruption in VGEF-R2 activation through its intracytoplasmic
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phosphorylation leads to a decrease of activation of the MEK and ER 1
2 pathway. As shown by the

immunoblotting 24 h of treatment with RWE decreased significantly the phosphorylation of MEK and
ERK 1/2 in ARPE-19 cells (Figure 6). Although RSV decreased significantly the expression of VEGF-R2,
the polyphenol failed to prevent the phosphorylation of VEGF-R2 and subsequently then allowed the
phosphorylation cascade to take place.

Figure 5. RWE decreases VEGF-A protein expression and its secretion from ARPE-19 cells. (a) Upper
panel: representative immunoblot of VEGF6A protein expression from three independent experiments
in human retinal ARPE-19 cells after 24 h of treatment without (Co) or with 30, 50 and 100 μg/mL
of RWE or with RSV 20 μM. β-actin was used as a loading control. Down panel: densitometry
quantification of Western blotting. Data are expressed as the mean folds’ induction ± SEM of three
independent experiments. p values were determined by a one-way ANOVA followed by Tukey’s
multiple comparison test. * p < 0.05, ** p < 0.01 and *** p < 0.001. (b) As in (a) VEGF-A secretion was
measured in the cell medium by ELISA. The data are the mean ± S.D. of four independent experiments
with n = 10. p values were determined by a one-way ANOVA followed by Tukey’s multiple comparison
test. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

Figure 6. RWE disrupts VEGF-R2 kinase activation pathways. (a) Immunoblotting analysis of VEGF-R2,
phospho VEGF-R2 (p-VEGF-R2), MEK, phospho MEK (p-MEK), ERK 1/2 and phospho-ERK 1/2 (p ERK 1/2)
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in RWE-treated ARPE-19 cells with increasing concentration (30, 50 and 100 μg/mL) or with RSV (20 μM)
for 24 h. β-actin was used as a loading control. (b) Densitometry quantification of Western blotting.
Data are expressed as the mean folds induction ± SEM of three independent experiments. p values
were determined by a one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05,
** p < 0.01 and *** p < 0.001.

3. Discussion

AMD is a multifactorial degenerative pathology, which results from the conjunction of several
risk factors. The most important of these is age, with a sharp increase after the sixth decade, but there
are also genetic, ethnic or environmental factors. Indeed, smoking, obesity and diet are linked to
this disease [19]. Studies have shown that in developed countries, AMD is the leading cause of
visual impairment and blindness affecting people over 65 years [20]. The molecular mechanism of
AMD involved a growth factor, namely VEGF-A, for which the secretion induces the appearance of
new immature and poor quality blood vessels that invade the different histological layers that make
up the retina. This results in the destruction of the thin membrane separating the retina from the
bloodstream [21]. This invasion combined with the fact that these vessels, of poor quality, allow serum
to diffuse causes a progressive loss of vision by the destruction of the underlying cells. It therefore
appears essential to control the secretion of VEGF in order to limit the phenomenon of neoangiogenesis
and thus limits the disappearance of retinal cells. To overcome this VEGF-A secretion by retinal
cells affected by AMD, there is a growing research interest to develop various antibodies against
VEGF-A [22], but this strategy failed in one form of AMD, the dry form for which there is no treatment
at present apart from recommendations in particular in terms of nutrition or supplementation [23].
Moreover, some resistance to anti-VEGF-A antibodies is highlighted in patients with an exudative
form [24]. Thus some studies have tried to demonstrate the action of nutrition or supplementation
against VEGF-A secretion from retinal cells such as oral nutritional supplementation in patients with
intermediate or advanced AMD, where the risk of vision loss of three or more line was reduced by
19% with this supplementation [11]. In this way, we tested the ability of a polyphenol-enriched extract
(RWE) from a red wine to act on the VEGF-A pathway in human retinal cells, which is an AMD
phenotype. The present study highlights that RWE was able to prevent secretion of VEGF-A from
ARPE-19 cells in a dose-dependent manner, which is associated with a decrease of VEGF-A protein
expression. Usually, its activity is linked to its binding to the surface of tyrosine kinase receptors
(VEGF-R or vascular endothelial growth factor receptor). The binding is done on the extracellular part
of the transmembrane receptors. There are three isoforms of receptors that bind VEGFs with different
affinities: VEGF-R1, VEGF-R2 and VEGF-R3. Each of them activates different signaling channels
resulting in different effects. It has thus been possible to demonstrate the role of VEGF-R1 and VEGF-R2
in the process of angiogenesis, while that of VEGF-R3 is more linked to lymphangiogenesis [25].
More generally, VEGF-A binds to VEGF-R1 and VEGF-R2. These have 44% homology in their sequence,
but their affinity for their ligand differs, and they induce different cellular and biological effects.
The receptor with the strongest affinity for VEGF-A is VEGF-R1, but the receptor predominantly
present on the surface of epithelial cells is VEGF-R2, so it is the latter that appears to be the main
mediator of angiogenic activity. In addition, VEGF-R1 has been shown to have lower activity due to
the presence of an inhibitory sequence, the absence of which in VEGF-R2 leads to an improvement in
tyrosine kinase activity. VEGF binding to its receptor leads to phosphorylation of its intracytoplasmic
domain for engaging the mitogen-activated protein kinase (MAP kinase) activation cascade including
MEK and ERK (Figure 7).

24



Molecules 2020, 25, 5564

Figure 7. RWE prevents VEGF production by disruption of VEGF-R2 activation. RWE decreases the
phosphorylation of VEGF-R2 (P-VEGF-R2) and subsequently prevents the phosphorylation of MEK
(P-MEK) and ERK 1/2 (P-ERK 1/2) in human retinal cells ARPE-19.

We show in the present report that RWE was able to alter the phosphorylation of intracytoplasmic
domain of VEGF-R2 leading a disrupting in kinase pathway (Figure 7). By disrupting the
phosphorylation of MEK and ERK in retinal cells, RWE could alter the pathway inducing the
VEGF production.

It is very surprising that the polyphenol RSV alone was not able to prevent this pathway at 20 μM.
This absence of effect on VEGF secretion by retinal cells was with a lack of effect on the MAPK activation
pathway. This could be explained by the fact that RWE contains many polyphenolic compounds that,
even at very low concentrations, could act in synergy in order to exert an action against the activation
of the VEGF-R2 pathway. Analysis of polyphenolic composition revealed a high content of phenolic
acid (49%) and flavan 3-ols (36%). These compounds were particularly important since separately
they were shown to exert an action on VEGF-A production. For example, among phenolic acids,
gallic acid exerted an antiangiogenic effect in ovarian cancer cells [26] or in vascular smooth muscle
cells [27], and caffeic acid reduces the VEGF secretion in human retinal pigment epithelial cells under
hypoxic conditions [28]. Similarly, delphinidin has been shown to inhibit angiogenesis through the
suppression of VEGF expression in lung cancer cells [29]. The presence of quercetin could explain a
potential mechanism of synergism. Indeed, resveratrol + quercetin association increases resveratrol
uptake by colon carcinoma cells, and in combination with RWE this combination increases the influx of
resveratrol [9,30,31]. In a similar manner, the presence of quercetin in RWE could increase the uptake
of some polyphenols and favors the synergism between the bioactive compounds to potentiate their
action against neoangiogenesis in AMD.

4. Materials and Methods

4.1. Cell Lines and Cell Culture

The human retinal pigmented epithelial cell line ARPE-19, purchased from the American Type
Culture Collection (Manassas, VA, USA), were maintained in Dulbecco’s modified Eagle’s F12
medium (DMEM/F12) supplemented with 10% fetal bovine serum (Dutscher, Brumath, France), 1%
penicillin/streptomycin in a humidified atmosphere of 5% CO2 at 37 ◦C. Cells were seeded and grown
to a subconfluence of 60–70% in normoxia. Twenty four hours after seeding, the medium was removed
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and the cells were washed once with Hank’s Balanced Salt Solution (HBSS, Dutscher, Brumath, France)
before reincubating in DMEMF12 with 1% FBS and 1% penicillin/streptomycin. The following day,
cells were treated with DMSO, RWE with indicated concentrations or resveratrol 20 μM.

4.2. Chemical Reagents and Antibodies

Resveratrol (RSV) was purchased from Sigma-Aldrich (St. Quentin Fallavier, France) and dissolved
in ethanol 70%. VEGFR2 (sc-2479, 1:1000); p-VEGFR2 TYR951 (sc-4991, 1:1000); ERK1/2 (sc-4695, 1:1000);
p-ERK1/2 (sc-9101, 1:1000); MEK1/2 (sc-91226, 1:1000) and p-MEK1/2 (Ser221; sc-2338, 1:1000) were
obtained from Santa Cruz Biotechnology (Nanterre, France) and p-VEGFR2 (TYR 1054; 267,398, 1:1000)
was obtained from EMD Millipore Corporation. B-Actin (A1978, 1:5000) was obtained from Abcam.
(Paris, France). (+)-Catechin (>99%), (−)-epicatechin (>99%), procyanidin B1 (>90%), procyanidin
B2 (>90%) and quercetin as a dihydrate (>99%) were obtained from Extrasynthese (Genay, France).
Gallic acid (>97.5%) and caffeic acid (>98%) were obtained from Sigma-Aldrich (St Quentin Favrallier,
France). Caftaric acid (>98%) was purchased from Carl Roth (Karslruhe, Germany). E-resveratrol,
hopeaphenol and malvidin 3-glucoside were purified as standards in the MIB laboratory using a Varian
Pro Star preparative HPLC. Purity was assessed to be over 90% by HPLC.

4.3. Preparation of the Red Wine Extract

The red wine extract (RWE) was obtained from French red wine, Santenay 1er cru Les Gravières
2012 (EARL Capuano-Ferreri Santenay, Côte-d’Or, France) selected by BIVB (Bureau Interprofessionnel
des Vins de Bourgogne, Beaune, France) and provided by CTIVV (Centre Technique Interprofessionnel
de la Vigne et du Vin, Beaune, France). Red wine extract dry powder was prepared and analyzed as
previously described [7,8]. Briefly, the phenolic compounds contained in the wine were separated from
the liquid using an absorption column and solubilized in alcohol. After evaporation of the alcoholic
eluent using a rotary evaporator, the concentrated residue was deposited on the column (Diainon®

HP-20, Supelco, Germany). For the retention phase, the column reservoir was filled with distilled
water, and the flow rate was adjusted to approximately 20 drops/min. Then the polyphenol fraction
retained was eluted using a solution of ethanol and 0.1% glacial citric acid, and the flow rate was
adjusted to about 40 drops/min. The fractions collected after elution were concentrated to dryness with
a rotary evaporator. In this way, we obtained, from 1 L of red wine, 104 g of phenolic extract in powder
form, containing 5.04 mg g−1 of total phenolic compounds expressed as the gallic acid equivalent.

4.4. High-Performance Liquid Chromatography Analysis

Triplicates of 5 mg freeze-dried extract was dissolved with 200 μL of a mixture water:methanol (1:1)
and centrifuged for 5 min at 10,000× g before anthocyanins and polyphenols analysis. Anthocyanins
were analyzed with a Thermo Scientific Vanquish UHPLC equipped with a Thermo Scientific MWL
detector operating at 520 nm. Of the sample 1 μL was injected in Agilent Zorbax SB-C18 (100 mm ×
2.1 mm × 1.8 μm) column at 35◦ using the following conditions of separation: solvent A (5% formic acid
in MilliQ water) and solvent B (5% formic acid in acetonitrile); flow: 0.35 mL/mi and gradient: 2.5% B
(0–1 min), 17% B (5–7 min), 45% B (10–11 min), 95% B (11–12.5 min) and 2.5% B (13–15 min). A calibration
curve in the range of 6.25–80 mg/L was built with malvidin 3-glucoside previously purified in our
laboratory. The 5 quantified anthocyanins (delphinidin 3-glucoside, cyanidin 3-glucoside, petunidin
3-glucoside, peonidin 3-glucoside and malvidin 3-glucoside) were quantified as malvidin 3-glucoside.
The rest of the polyphenols was analyzed by HPLC–MS/MS methodology previously published [32]
with slight modifications. The compounds were separated with an Agilent 1260 HPLC instrument.
Of samples 4 μL were eluted on an Agilent Zorbax SB-C18 (100 mm × 2.1 mm × 1.8 μm) column at
40 ◦C with a binary solvent system of solvent A (0.1% formic acid in water) and solvent B (0.1% formic
acid in acetonitrile). The chromatographic separation was conducted with a flow rate of 0.4 mL/min
and the following gradient: 10–18% B (0–1 min), 18–33% B (1–6.5 min), 33% B (6.5–9.5 min), 33–40% B
(9.5–15 min), 40–90% B (15–16 min), 90% B (16–19 min) and 90–10% B (19–20 min). The HPLC was
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coupled to an Agilent 6430 Triple Quadrupole mass spectrometer, which operated under the following
parameters: alternate positive/negative mode; drying gas (nitrogen), 11 L/min; nebulizer pressure,
15 psi; temperature, 350 ◦C and capillary voltage, 3000 V. Specific MRM transitions were used for
the detection and quantification of each compound. Calibration curves were established with pure
standards in the range of 0.03–15.00 mg/L except for catechin, gallic acid and caftaric acid (range
0.03–100 mg/L). All compounds were quantified as their corresponding standard except flavan 3-ol
dimers B3 and B4, which were expressed as dimer B1 and B2 respectively, and isomers c-resveratrol
and c-piceid, which were determined as their respective t-isomer.

4.5. Cell Viability Assays

The viability assays were assessed by crystal violet staining (Sigma Aldrich, St. Quentin Fallavier,
France). Retinal ARPE-19 cells were seeded into 96-well plates after 24 h, the medium was replaced by
new medium containing different concentrations of RWE or RSV and incubated for 24, 48 and 72 h.
Then, cells were washed with phosphate-buffered saline (PBS) and fixed with ethanol for 10 min at 4 ◦C.
Finally, cells were stained with a crystal violet solution (0.5% (w/v) crystal violet in 25% (v/v) methanol)
for 15 min at room temperature, then the absorbance was measured at 590 nm using a Biochrom Assays
UVM 340 microplate reader, following extraction of the dye using an acetic acid 33% solution.

4.6. Measurement of VEGF Secretion

Cell culture media were saved from the final 24 h of treatment of ARP-19 with RWE (30, 50
or 100 μg·mL−1) or RSV (20 μM). VEFG levels in cell culture conditioned medium were measured
using the enzyme-linked immunosorbant assay (ELISA; BMS277-2 eBioscience) with antibodies mainly
specific to VEGF-121; VEGF-165 and VEGF-189.

4.7. Immunoblotting Analysis

ARPE-19 cells were treated as described above. Next, cells were collected and lysed in
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 150 mM sodium chloride, 0.1%
sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% NP40 and pH 8) containing a protease
inhibitor, phenylmethylsulfonyl fluoride (PMSF; 100 μM, Sigma-Aldrich, St. Quentin Fallavier,
France), phosphatase inhibitor, sodium fluoride (50 mM) and a protease inhibitor cocktail (Roche,
Boulogne-Billancourt, France). Protein concentrations were measured using the QuantiPro™ BCA
(Bicinchoninic Acid; Sigma Aldrich, St. Louis, MO, USA; bovine serum albumin (BSA) was used
as a standard). Fifty micrograms of proteins were prepared in the Laemmli gel loading buffer
(50 mM Tris-HCl, 10% glycerol, 5% 2-mercaptoethanol, 2% sodium dodecyl sulfate, pH 6.8 and 0.1%
bromophenol blue). After being boiled 5 min at 95 ◦C, samples were loaded and separated on sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). Protein size markers (Thermo Fisher
Scientific, Illkirch-Graffenstaden, France) were loaded without heating. Then, proteins were separated
on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). Proteins separated
on gels were transferred to nitrocellulose membrane (Amersham, Les Ulis, France). Membranes
were blocked for 1 h at room temperature in either 5% of bovine serum albumin (BSA) or 5% of
skimmed milk powder dissolved in PBS-T (PBS containing 0.1% Tween 20) and incubated with
the primary antibody on a rocker platform at 4 ◦C overnight. Primary antibodies for Western blot
listed in chemical reagents and antibodies were diluted with 5% w/v non-fat milk or 5% BS PBS-T.
After three 10 min in PBS-T, primary antibodies were detected using appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies (Jackson ImmunoResearch, Interchim, Montlucon, France)
for 1 h at room temperature, followed by exposure to enhanced chemiluminescence (ECL; Bio-Rad,
Marnes-la-Coquette, France). Detection of immunoreactive bands was performed by ChemiDocTM

XRS + imaging system (Bio-Rad, Marnes-la-Coquette, France), and blots were analyzed with Image
LabTM version 6.0.1 software (Bio-Rad).
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4.8. Statistical Analysis

Statistical analysis was conducted using the GraphPad6.0 Prism software (GraphPad Software,
La Jolla, San Diego, CA, USA). Data are represented as means ± standard deviation (SD) for triplicate
assay samples (otherwise mentioned), of at least three independent experiments. The difference
between mean values was determined by the multiple Student’s t test or by Mann–Whitney U test.
All p values are two-tailed; p< 0.05 was considered significant (* p < 0.05, ** p < 0.01 and *** p < 0.001).

5. Conclusions

Increasing life expectancy will continue to increase the prevalence of age-related eye diseases in
economically developed countries. Its chronic course is currently impossible to cure, but it can be
delayed. In this, the search for new bioactive molecules of low toxicity could represent a major interest
for the prevention or for delaying the progression of AMD. In this study we showed for the first time
that a polyphenol-enriched extract, RWE, could decrease VEGF-A secretion for human retinal ARPE-19
cells mimicking the AMD phenotype. This disturbing of VEGF-A production is associated with a
decrease of its protein expression. Very interestingly, RWE affects the MAP kinase pathway through
downregulation of phosphorylated forms of MAK and ERK1/2 proteins. Thus the use of polyphenolic
cocktails could represent a potential interest in a therapeutic strategy. Nonetheless, further studies
should better clarify the role of each of the polyphenols present, but also to specify more precisely the
molecular mechanisms involved and their effects in preclinical models of AMD.
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Abstract: To facilitate broad applications and enhance bioactivity, resveratrol was esterified to
resveratrol butyrate esters (RBE). Esterification with butyric acid was conducted by the Steglich
esterification method at room temperature with N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide
(EDC) and 4-dimethyl aminopyridine (DMAP). Our experiments demonstrated the synthesis of
RBE through EDC- and DMAP-facilitated esterification was successful and that the FTIR spectra of
RBE revealed absorption (1751 cm−1) in the ester region. 13C-NMR spectrum of RBE showed a peak
at 171 ppm corresponding to the ester group and peaks between 1700 and 1600 cm−1 in the FTIR
spectra. RBE treatment (25 or 50 μM) decreased oleic acid-induced lipid accumulation in HepG2
cells. This effect was stronger than that of resveratrol and mediated through the downregulation
of p-ACC and SREBP-2 expression. This is the first study demonstrating RBE could be synthesized
by the Steglich method and that resulting RBE could inhibit lipid accumulation in HepG2 cells.
These results suggest that RBE could potentially serve as functional food ingredients and supplements
for health promotion.

Keywords: resveratrol butyrate ester; resveratrol; butyric acid; Steglich esterification; prevent
fat accumulation

1. Introduction

Resveratrol (RE) (trans-3,5,4′-trihydroxystilbene) is a phenolic stilbenoid compound with a
C6–C2–C6 structure with three hydroxyl groups. It has been found in over 70 types of plants,
including grape skin, grape seeds, giant knotweed, peanut, cassia seed, passion fruit, white tea,
plums, and peanuts. It has powerful antioxidant activity and plays a role in the defense against
pathogen infection, injury, and abiotic stress [1–7]. RE has been used in medicines, dietary supplements,
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and functional foods, and the excellent health benefits of RE have also been confirmed by several studies.
It has preventive effects on oxidative stress, inflammation, and cardiovascular disease, and shows
anti-carcinogenic activity [3,8–10]. Furthermore, RE has been proven to reduce the risk of developing
diseases by inhibiting advanced glycation end product formation [11].

Based on its beneficial health effects, several studies focused on the use of RE in medicines, dietary
supplements, and functional foods [12]. However, some studies have failed to confirm these beneficial
effects, possibly due to RE’s high absorption but low bioavailability in vivo [8,13,14], which limits its
development for therapeutic applications. Therefore, research is needed to improve the bioavailability
of RE. The effects of RE depend on the microenvironment; the presence of copper ions can promote
DNA damage and have anti-tumor effects [15]. To improve its biological activity, RE has been esterified
using 12 different fatty acids, and derivatives of varying chain lengths and degrees of unsaturation were
produced (C3:0–C22:6). RE esters with long-chain fatty acids (C18:0 and C18:1) show higher antioxidant
activity in the DPPH radical scavenging assay [16], whereas those with short-chain fatty acids (SCFAs;
C3:0, C4:0, and C6:0) show higher antioxidant activity in the ABTS radical cation scavenging assay.
Therefore, esterification of RE may improve its functional performance, and the effect of esterification
depends on the position and number of esterification substitutions. However, the effect of esterification
on the bioactivity of RE is still unclear and requires further research. Furthermore, SCFAs have recently
become popular targets of scientific research aiming to link gut microbiota to pathological conditions
and potential health-beneficial effects in humans [17,18]. SCFAs are primarily produced through
carbohydrate fermentation and also through protein and amino acid decomposition. The majority
of SCFAs (95%) are represented by acetic acid (C2), propionic acid (C3), and butyric acid (C4) [19].
There is increasing evidence that SCFAs play an important role in effective absorption from the colonic
lumen, and they represent 10% of the human daily energy intake [20]. Unlike acetic and propionic acid,
which are mainly absorbed into the blood stream, butyric acid serves as a principal energy source for
colonocytes, and its derivatives have many applications in chemical, food, pharmaceutical, perfume,
and animal feed industries. Therefore, supplementation with SCFAs such as butyrate may increase
microbiota metabolism [20,21].

RE is limited due to its low bioavailability in vivo, and it has been demonstrated that esterification
may increase bioactivity [22,23]. Therefore, it is imperative to develop fast and simple esterification
methods to synthesize RE butyrate esters. Traditional esterification methods, such as Fischer
esterification, require the treatment of a carboxylic acid with an alcohol in the presence of a dehydrating
agent. The equilibrium constant for such reactions is approximately five for typical esters, for example,
ethyl acetate. Sulfuric acid is a typical catalyst for this otherwise slow reaction. Many other acids are
also used as catalysts such as polymeric sulfonic acids. Since esterification is highly reversible, the yield
of the ester can be improved using alcohol in large excess, using a dehydrating agent, or by removing
the water by physical means. This method is useful in specialized organic synthetic operations but
is considered too hazardous and expensive for large-scale applications. Furthermore, because of the
limitations in the preparation of large amounts of resveratrol ester derivatives using conventional
plant extraction procedures, chemical synthesis is one of the best methods for large-scale production.
Therefore, Steglich esterification, which is a method of forming esters under mild conditions, may be
a good method. This method is popular in peptide synthesis, where the substrates are sensitive to
harsh conditions such as high heat. In this study, RE esters made with butyrate were produced using
Steglich esterification techniques. The chemical structure of resveratrol butyrate esters (RBE) after
esterification was characterized by mass spectrometry (MS), Fourier-transform infrared spectroscopy
(FTIR), and nuclear magnetic resonance (NMR) analysis. In addition, the mechanism by which RBE
inhibits fat accumulation was also evaluated using the HepG2 cell model, which might be interesting
for potential health promotion and disease risk reduction.

2. Results and Discussion

As shown in Figure 1, resveratrol butyrate esters (RBE) were synthesized from RE and butyl
acid by Steglich esterification using N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide (EDC) and
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4-dimethylaminopyridine (DMAP). Compared to the traditional esterification reactions, this ester
coupling reaction that is carried out at room temperature (about 28–30 ◦C) may prevent RE deactivation
or degradation. N,N′–dicyclohexylcarbodiimide (DCC) is one of the most widely used activating and
dehydrating agents in Steglich esterification, which was developed in 1978 by Neises and Steglich [24].
However, in preliminary experiments, we found that it was difficult to completely remove DCC from
the resulting RE esters using either gravity filtration or gel column chromatography methods because
during the coupling reaction, DCC dicyclohexylurea (DCU) is formed as a byproduct, which is insoluble
in most organic solvents [25] but not soluble in water. Therefore, after esterification, it was difficult to
separate RE and DCU from water. It has been reported that water-soluble EDC, an alternative to DCC,
can be used for the esterification of phenol derivatives [26] and can be removed after esterification
because it is water-soluble [25]. Hence, we replaced DCC with EDC for the esterification in the present
study. Because EDC, DMAP, and the urea byproduct can be dissolved in water, we found that they did
not significantly contaminate our RE butyrate esters after a simple purification by precipitating the
product from deionized water.

Figure 1. Synthesis of resveratrol butyrate esters. EDC, (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide;
DMAP, 4-N, N-dimethyl amino pyridine; THF, tetrahydrofuran; R.T., room temperature.

The Fourier-transform infrared spectroscopy (FTIR) spectra of RE and RBE are compared in
Figure 2. The FTIR spectra of RE matches that reported by Porto I. et al. [27]. We found that a broad band
in the region of 3400–3200 cm−1, assigned to the O–H stretching, disappeared and a new absorption
band at 1751 cm−1, ascribed to the C=O stretching of the ester, appeared in the spectrum of RBE.
This comparative finding proved that the esterification of RE occurred via the coupling reaction with
EDC. The assignments of the other characteristic bands associated with RE and its ester derivatives
are shown in Figure 2. For example, three bands at around 1600 cm−1, 1510 cm−1, and 1442 cm−1,
attributed to the C=C stretching in the aromatic ring of RE, can be seen in both spectra. In addition,
a tiny band at about 3020 cm−1 associated with the C–H vibration of the alkene and the aromatic ring
as well as a band at 1662 cm−1 related to the C=C stretching of the alkene were observed.

The esterification of RE and butyric acid would likely yield three types of resveratrol ester
derivatives, including monoesters, diesters, and triesters. In the present work, LC-mass spectrometry
analysis was employed to identify the composition of pristine RE and RBE in the resulting product.
As seen in Figure 3a, the LC chromatogram in the negative ionization mode exhibited two separated
peaks. Peak 1 was detected at approximately 10.3 min, which is identical to the retention time of
the pristine RE compound. The mass spectrum of peak 1, as presented in Figure 3b, had only a
single signal at m/z 227.1, which was assigned to the pristine RE. These results are in agreement with
those of Liu et al., who sequentially detected trans-resveratrol metabolites by LC-ESI-MS/MS [28].
The peak 2 was detected at a retention time between 15.7 min and 16.3 min and was found to exhibit
several signals in its mass spectrum as shown in Figure 3c. The m/z values of resveratrol’s monoesters,
diesters, and triesters were expected to be 299.1, 369.1, and 439.1, respectively. Two major signals
at m/z 227.1 and 299.1, attributed to RE and its monoesters, can be found. In addition, the signals
related to the diesters and triesters of resveratrol were insignificant (less than 1%). These LC-Mass
spectrometry results revealed that the final product synthesized in this work was a mixture of pristine
RE (approximately 26.63%) and RBE (approximately 73.37%). In addition, most of the RBE appear to
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be monoesters, but this result was somewhat different from the NMR analysis, therefore, it suggests
RBE need further chromatographic purification in the future.

Figure 2. FTIR spectra of resveratrol and resveratrol butyrate esters.

Figure 3. (a) LC chromatogram of resveratrol butyrate esters (RBE) as well as (b,c) mass spectra of peak
1 and peak 2. 1−2 peak of LC chromatogram.

The NMR technique was applied to confirm the chemical structure and RBE content. Figure 4
shows the 1H NMR spectra of RE and RBE. The NMR spectral data of RE matches that reported
by Lu et al. [29], which showed that several additional signals appeared in the chemical shift range
between 6 and 10 ppm after esterification.

34



Molecules 2020, 25, 4199

Figure 4. NMR spectra of resveratrol and RBE (A) 1H NMR spectra of resveratrol and RBE. (B) 1H
NMR spectra of resveratrol and RBE reacted and unreacted segmentation from 7.32 to 7.66 ppm (t1).
(C) 1H NMR spectra of resveratrol and RBE reacted and unreacted segmentation from 6.46 to 6.30 ppm
(t1). (D) 13C NMR spectra of resveratrol and RBE.

These signals are associated with the resveratrol ester with butyric acid. However, not all the
original signals of pristine RE shifted and disappeared in the spectrum of the resveratrol ester.
These findings suggested that the resulting product was a mixture, and the esterification was not
complete, which is consistent with the LC-Mass spectrometry results. By comparing the integrated
areas of the selected peaks, the ratio of the reacted and unreacted RE within the resulting product
could be determined.

We found that the ratio was approximately 0.38/0.62 for the signals corresponding to one of the
aromatic ring protons (e.g., m and m′) at δ = 7.38 ppm and δ = 7.52 ppm. This finding indicates that
the resulting product still contains 62% of pristine RE. When we considered the other signals assigned
to another aromatic ring proton (e.g., j and j′) at δ = 6.36 ppm and δ = 6.42 ppm, a similar ratio of the
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reacted and unreacted RE (0.39/0.61) was obtained. The 13C NMR spectra of RE and RBE are shown in
Figure 4. A signal at δ = 171.4 ppm corresponding to the carbons on the carbonyl group of the ester
was found, indicating that esterification had occurred. As expected, additional peaks related to the
original signals of pristine RE were detected.

Previous studies have reported that specific characteristics of the chemical structure of resveratrol
determine its biological activities. It has been shown that the position of the hydroxyl groups is
directly involved in its antioxidant properties, [30] and the presence of 4′–OH together with the trans
stereochemistry are involved in its inhibitory effect on cell proliferation [31]. In addition, the biological
properties of resveratrol are expanded through several modifications, including hydroxylation,
methylation, isoprenylation, and by the formation of dimers, trimers, and oligomers [32]. Accordingly,
the applications of resveratrol and its derivatives are also expanded, including the development of new
anticancer agents. Oh and Shahidi [8] reported the production of twelve RE derivatives acyl chlorides
of different chain lengths (C3:0–C22:6). The derivatives (RC6:0, RC8:0, RC10:0, RC12:0, RC16:0) showed
better antioxidant activity in a bulk oil system. However, the resveratrol esters RC20:5n–3 (REPA) and
RC22:6n–3 (RDHA) showed the highest antioxidant activity when added to ground meat. All these
reports indicated that resveratrol derivatives or esterification had higher antioxidant activity in the
oil system and their activities depend on the esterification position, the number of esterification
substitutions, and the polymer structure.

The thermal gravimetric analysis (TGA) is the method of thermal analysis in which the mass
of the sample is measured over time as the temperature changes, which can be used to evaluate the
thermal stability of the sample, and it has been applied for investigation of the material properties in
various fields such as pharmaceutical, food, and petrochemical applications [33]. TGA analysis results
in Figure 5 showed that the thermal stability of RE was better than that of RBE. Both thermograms
exhibited a major weight loss between 270 ◦C and 400 ◦C. This weight loss might be a result of the
thermal decomposition of the phenol groups. In addition, a considerable weight loss between 140 ◦C
and 270 ◦C was found only in the thermogram of RBE. This weight loss could be attributed to the
degradation of the butyrate group, suggesting that the RBE was less thermally stable than RE.

Figure 5. Thermograms of resveratrol and resveratrol butyrate esters under nitrogen from 50 ◦C to
750 ◦C.

Furthermore, we used HepG2 cells to compare the effects of RBE and RE on lipid metabolism and
the underlying mechanisms. HepG2 cells were cultured with oleic acid for 48 h to induce excessive
lipid accumulation. As shown in Figure 6, Nile red oil staining showed that administration of oleic
acid increased lipid accumulation compared with the control group. RE, at the dose of 50 μM, reduced
the levels of intracellular lipid droplets, whereas RBE showed a similar fat accumulation inhibition
rate at a lower dose of 12.5 μM. At 50 μM, RBE displayed a greater inhibition on fat accumulation
in a dose-dependent manner. A previous study reported that RE treatment attenuated hepatic
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steatosis and lowered the levels of intracellular triacylglycerides (TG) [34]. Furthermore, Western blot
analysis showed that RE enhanced the phosphorylation of AMP-activated protein kinase (AMPK) and
acetyl-CoA carboxylase (ACC) and downregulated the expression of sterol regulatory element-binding
protein 1c (SREBP-1c) and lipin1 [34]. RE also had been shown to effectively regulate Sirt-1 and PPAR-γ
and to inhibit fat accumulation [35]. Figure 6C shows that 50 μM of RE inhibited fat accumulation
during Nile red staining and DAPI staining, and these results are similar to the results obtained in
a previous study [36]. Here, we also found that RBE is more effective at the same concentrations,
which may be associated with the change in the structure and lipophilic properties of RBE. Previous
studies reported that RE derivatives also had better biological properties such as antioxidant activity
and inhibition of LDL oxidation [8]. Our experiments substantiated the literature that esterification of
RE could improve its biological activities.

Figure 6. Effect of resveratrol and RBE on fat accumulation in HepG2 cells induced by treatment with
400 μM oleic acid. Nile red and DAPI stained cells treated with resveratrol (RE) (A) or RBE (B). Relative
fluorescence intensity (% of control) at different RE concentrations (C). Relative fluorescence intensity
(% of control) at different RBE concentrations (D). n = 3 per group. a–b p < 0.05 compared to the control.
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RE affects host metabolism by targeting adipose tissue, skeletal muscle, liver, and intestinal
microbiota [37]. These effects of RE may be partially due to the regulation of the transcription of genes
involved in energy storage management or inflammation [38]. A previous study demonstrated that
obese mice treated with RE had reduced levels of mRNA of genes related to the lipogenic pathway and
triacylglycerol accumulation in adipose tissue [39]. Similarly, it was shown in cultured pre-adipose
cells that the transcriptional effects of RE limited adipogenesis through increased mitochondrial
function [40,41]. It is well known the AMPK and SREBP play an important inhibitory role in the
lipogenic pathway and fat accumulation, and AMPK has emerged as a critical factor mediating the
beneficial effects of polyphenols on lipid metabolic disorders [42] and energy metabolism by regulating
downstream ACC and SREBP-1. Thus, these protein levels could be used as an index of cardiovascular
disease and obesity [43]. The SREBP-1 targets lipogenic genes, whereas SREBP-2 is more specific to
cholesterolemia gene expression, which plays an important role in controlling lipid and cholesterol
metabolism [44]. Activation of SREBPs in response to a decrease in cellular sterol levels results in the
acceleration of the synthesis of fatty acids, triacylglycerides, and cholesterol. Aberrant SREBP activity
has been linked to metabolic diseases, such as obesity, fatty liver, insulin resistance, hyperlipidemia,
and atherosclerosis. Thus, inhibition of SREBP activation might be a potential approach to mitigate
metabolic disorders [45]. Numerous studies unanimously reported that the mechanism of the action
of RE was associated with sirtuin 1 activation and AMPK phosphorylation. Activation of AMPK
downregulates the activity of ACC by phosphorylation, resulting in inhibition of lipogenesis and
increased energy metabolism [46,47]. As shown in Figure 7, RBE had no significant effects on AMPK,
but could still effectively inhibit oleic acid-induced ACC phosphorylation. This finding showed that
RBE could effectively increase the oxidation of fatty acids to reduce the accumulation of fatty acids.
Furthermore, RBE significantly affected SREBP-1 and effectively reduced the synthesis of fatty acids
(Figure 7). Therefore, this study indicates that the production through Steglich esterification of RE
could enhance RE’s biological activities, and that RBE could decrease fatty acid accumulation by 34.48%
through the regulation of ACC and SREBP-1.

Figure 7. Effect of RBE on protein levels of p-AMPK, t-AMPK, p-ACC, t-ACC, SREBP-1, SREBP-2(N),
and SREBP-2(p) in HepG2 cells. Histograms represent densitometric measurements of the specific
bands of t-AMPK, p-ACC, t-ACC, SREBP-2(N), and SREBP-2(p) normalized for the expression levels of
GAPDH, used as a control. Results are expressed as mean ± SD, n = 3 per group. Statistical significance
was expressed as a–c p < 0.05 compared to the control.
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3. Materials and Methods

3.1. Materials

Trans-resveratrol was purchased from TCI Development Co., Ltd. (Shanghai, China). n-Butyric
acid was procured from ACROS (Morris Plains, NJ, USA). N,N′-dicyclohexylcarbodiimide, EDAC,
and 4-dimethylaminopyridine, DMAP, were supplied by Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM) was supplied by Invitrogen Life Technologies (Carlsbad,
MD, USA); fetal bovine serum, by Gibco-BRL (New York, NY, USA); and Bio-Rad protein assay kit,
by Biorad (Hercules, CA, USA). The primary antibodies against p-AMPK, AMPK, and GAPDH were
from GeneTex (Irvine, CA, USA). The primary antibodies against p-ACC, ACC, and SREPB-2 were
from Cell Signaling Technology Inc. (Danvers, MA, USA).

3.2. Synthesis of RBE

RBE were synthesized according to a modified method by Neises and Steglich (1978) [24].
A mixture of trans-resveratrol (2.282 g, 10 mmol) and n-butyric acid (0.969 g, 11 mmol) was added to
anhydrous tetrahydrofuran (THF) (Morris Plains, NJ, USA) (about 12 mL) in a three-neck flask with
a magnetic stirrer. To perform the reaction in the dark, the flask was wrapped with aluminum foil.
After all reactants were completely dissolved, predetermined amounts of EDC (1.708 g, 11 mmol) and
DMPA (0.672 g, 5.5 mmol) were added into the solution. The esterification reaction was carried out
by stirring the solution at room temperature under a nitrogen atmosphere for 60 h. Subsequently,
the solution was poured into an excess amount of deionized water. Then, a viscous substance was
precipitated. The viscous product was re-dissolved in acetone and collected, then the solvent was
removed with a rotary vacuum concentrator. The concentrate of RBE was frozen at −80 ◦C and
freeze-dried. Following freeze-drying, the light-yellow powder of RBE was obtained and stored in an
opaque vial in a refrigerator at 4 ◦C.

3.3. Characterization of RE and RBE (FTIR, NMR, LC/MS, TGA)

FTIR was performed with the JASCO FTIR 460 spectrometer (Easton, MD USA). A transmission
mode with 16 scans and a resolution of 2 cm−1 in the spectral range from 400 to 4000 cm−1 was
applied to the analyses. In addition, we employed NMR spectroscopy to analyze the chemical
structure of RE and RBE. Both 1H NMR and 13C NMR analyses were performed using the Bruker
AVANCE 600 MHz NMR spectrometer, Bruker (Billerica, MA USA) with deuterated dimethyl sulfoxide
(DMSO-d6) as the solvent at 30 ◦C. RE and RBE were analyzed using a TA Q5000, TA Instruments
(New Castle, DE, USA) thermogravimetric analyzer (TGA). Their thermograms were recorded at a
heating rate of 10 ◦C/min from 50 ◦C to 750 ◦C in a nitrogen flow (20 mL/min). The compositions of
RE and RBE were determined by high-performance liquid chromatography-mass spectrometry mass
spectrometry (LC/MS/MS) using an Agilent 110 HPLC unit (Agilent Technologies, Palo Alto, CA, USA).
A C18 column (4.6 mm × 250 mm × 5 μm with a guard column, Sigma-Aldrich, Oakville, ON, Canada)
was used for separation. The mobile phase was methanol/5% acetonitrile in water at different ratios
(60:40–95:5 v/v) varying from 0 to 70 min at 0.8 mL/min, and the compounds were detected at 306 nm.

3.4. Cell Viability

HepG2 cells were seeded in a 96-well plate at a density of 8 × 103 cells overnight. HepG2 cells
were treated with RE or RBE at 1, 5, 25, 50, 75, and 100 μM for 24 h. Cell viability was determined using
CellTiter-Glo® One Solution Assay (Promega, Madison, WI, USA) according to the manufacturer’s
instructions [48].
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3.5. Cell Culture and Cell Treatment

HepG2 cells were cultured in DMEM (Invitrogen Life Technologies) supplemented with 10% fetal
bovine serum (Gibco-BRL), 1% non-essential amino acids, and 1% antibiotic-antimycotic and incubated
at 37 ◦C with 5% CO2 [48].

3.6. Induction of Lipid Droplet Accumulation and Staining

HepG2 cells were seeded in a 96-well plate at a density of 8 × 103 cells per well and incubated
overnight at 37 ◦C. The cells were treated with 400 μM oleic acid to stimulate lipid droplet accumulation
and with vehicle or the compounds at 12.5, 25, and 50 μM for 24 h. The cells were fixed with 4%
paraformaldehyde for 30 min and then stained with 1 μg/mL Nile red and 0.1 μg/mL DAPI for 15 min.
The fluorescence of each sample was measured using a 550 Bio-Rad plate-reader (Bio-Rad) [49].

3.7. Western Blot Analysis

HepG2 cells were seeded in a 24-well plate (5 × 104 cells/well) and incubated overnight at 37 ◦C.
The cells were treated with 400 μM oleic acid and vehicle or the compounds at 12.5, 25, 50, and 100 μM
for 24 h. The cells were lysed for 30 min in a radio immunoprecipitation assay (RIPA) buffer containing
1 mM phenylmethanesulfonyl fluoride. The concentration of soluble protein was determined using a
DC (detergent compatible) protein assay kit (Bio-Rad). An equal amount of protein was transferred
onto a polyvinylidene difluoride membrane following separation on a 12% SDS-polyacrylamide gel.
Next, the membrane was blocked with 5% non-fat dry milk in Tris-buffered saline, 0.1% Tween (TBST)
and shaken continuously for 2 h at room temperature. The membrane was washed once with TBST for
5 min and incubated with specific primary antibodies against p-AMPK (1:5000), AMPK (1:5000), p-ACC
(1:3000), ACC (1:3000), SREPB-2 (1:2000), and GAPDH (1:8000) overnight at 4 ◦C. GAPDH was used
as a loading control. Finally, the membrane was incubated with horseradish peroxidase-conjugated
secondary antibodies (1:5000) at room temperature for 1 h. After three washes, the chemiluminescence
signals were developed using an ECL (Enhanced Chemiluminescent) detection kit (PerkinElmer,
Shelton, CT, USA), and the density of bands was counted using ImageJ gel analysis software [50].

3.8. Statistical Analyses

All experiments were conducted at least twice, and triplicate samples were used for each test.
Data were collected and analyzed using one-way ANOVA and Duncan’s test. Significant differences
were set at p < 0.05. All statistical analyses were performed using the SPSS program (version 12.0,
St. Armonk, NY, USA).

4. Conclusions

Our study demonstrates that resveratrol butyrate esters can be produced from resveratrol and
butyric acid using EDC and DMAP. FTIR, NMR, and LC/MS/MS analyses confirmed the structure
of RBE, which was found to be more thermosensitive than RE. RBE reduced fat accumulation in
HepG2 cells through the regulation of ACC and SREBP-1, and this effect was stronger than that of
resveratrol at the same concentration. These results suggest that esterification of resveratrol improves
its biological activities. The result clearly demonstrated that RBE might serve as potential anti-fat
accumulation agents in functional food ingredients or additives and supplements for health promotion.
Further studies are required to improve purification and confirm the effects of RBE in vivo using
animal models.

Author Contributions: Conceptualization, Y.-L.T., Y.-W.C., L.-T.H., and C.-Y.H.; Data curation, L.-C.J. and J.-X.L.;
Formal analysis, L.-C.J. and J.-X.L.; Funding acquisition, L.-C.J.; Investigation, L.-T.H.; Methodology, L.-C.J.,
Y.-W.C., and L.-T.H.; Project administration, Y.-L.T., J.-X.L., and C.-Y.H.; Resources, C.-Y.H.; Software, L.-C.J.
and Y.-W.C.; Supervision, Y.-L.T. and Y.-W.C.; Validation, S.K.C.C. and C.-Y.H.; Visualization, S.K.C.C. and
C.-Y.H.; Writing—original draft, Y.-L.T., S.K.C.C., and C.-Y.H.; Writing—review and editing, S.K.C.C. and C.-Y.H.
All authors have read and agreed to the published version of the manuscript.

40



Molecules 2020, 25, 4199

Funding: This research was funded by the Ministry of Science and Technology, Republic of China (grant no.
108-2221-E-992 -046; 109-2221-E-992-051) and USDA-ARS SCA 5860667081.

Conflicts of Interest: The authors declare no conflict of interest. The authors alone are responsible for the content
and writing of the manuscript.

Abbreviations

RE resveratrol
RBE resveratrol butyrate ester
DCC N,N′-dicyclohexylcarbodiimide
EDC n-ethyl-N′-(3-dimethylaminopropyl) carbodiimide
DMAP 4-Dimethylaminopyridine
R.T. room temperature
LC-ESI-MS/MS liquid chromatography electrospray ionization tandem mass spectrometer
AMPK AMP-activated protein kinase
SREBP sterol regulatory element binding protein
SREBP-1c sterol regulatory element-binding protein 1c
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Abstract: The interest in the biological properties of grapevine polyphenols (PPs) in neuroprotection
is continuously growing in the hope of finding translational applications. However, there are
several concerns about the specificity of action of these molecules that appear to act non-specifically
on the permeability of cellular membranes. Naturally occurring neuronal death (NOND) during
cerebellar maturation is a well characterized postnatal event that is very useful to investigate
the death and rescue of neurons. We here aimed to establish a baseline comparative study of
the potential to counteract NOND of certain grapevine PPs of interest for the oenology. To do
so, we tested ex vivo the neuroprotective activity of peonidin- and malvidin-3-O-glucosides,
resveratrol, polydatin, quercetin-3-O-glucoside, (+)-taxifolin, and (+)-catechin. The addition of
these molecules (50 μM) to organotypic cultures of mouse cerebellum explanted at postnatal
day 7, when NOND reaches a physiological peak, resulted in statistically significant (two-tailed
Mann–Whitney test—p < 0.001) reductions of the density of dead cells (propidium iodide+ cells/mm2)
except for malvidin-3-O-glucoside. The stilbenes were less effective in reducing cell death (to 51–60%)
in comparison to flavanols, (+)-taxifolin and quercetin 3-O-glucoside (to 69–72%). Thus, molecules
with a -OH group in ortho position (taxifolin, quercetin 3-O-glucoside, (+)-catechin, and peonidin
3-O-glucoside) have a higher capability to limit death of cerebellar neurons. As NOND is apoptotic,
we speculate that PPs act by inhibiting executioner caspase 3.

Keywords: resveratrol; polydatin; peonidin 3-O-glucoside; malvidin 3-O-glucoside; quercetin
3-O-glucoside; (+)-catechin; (+)-taxifolin; apoptosis; neuronal death; cerebellum

1. Introduction

We know a great deal about the chemistry of grapevine polyphenols (PPs) because they are widely
studied for their implications in wine production and biological role in the grapevine response to
biotic and abiotic stress. Notably, there is also a huge body of preclinical evidence on the numerous
cellular mechanisms targeted by these substances (resveratrol, in particular) in relation to several
pathological conditions including neurological diseases [1,2], but results are often heterogeneous or
inconsistent. There may be several reasons for the heterogeneity and lack of consistency of in vitro
and/or animal studies on (grapevine) PPs. First, these studies have come under heavy criticism because
they have used artificially high doses. However, an additional and even more important concern
is that they are unreliable because many of the effects of polyhydroxylated natural phytochemicals,
such as resveratrol and epigallocatechin gallate, were reported to be due to aspecific cell membrane
perturbations, rather than specific protein binding [3]. Therefore, doubts arose that these molecules
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are pan-assay interference compounds that affect the accuracy of many assays [4,5]. Other more
particular reasons for the divergences in the outcomes of animal experiments may be the following.
First, researchers at times have tested the effects of pure molecules but, other times, those of crude plant
extracts, with a substantial heterogeneity of results that have been difficult to compare because very
often the concentrations of the individual PPs in extracts were unknown. Second, certain experiments
used the PPs obtained from different grapevine organs, which contain very heterogeneous levels of
these molecules, as it occurs, for example, for leaves compared to other organs of the grapevine [6,7].
Third, starting from different sources of PPs (wines) diverse extraction methods were reported to
display very different degrees of efficiency, and to produce chemically heterogeneous extracts when
the effects of three critical variables (sample volume, volume of each eluent, and solvent percentage
in eluent) were evaluated for non-polymeric phenol and tannin recoveries from wine [8]. This is a
very important issue to be considered when purifying PPs-containing samples for studying biological
or health-related investigations as polymeric phenols are not absorbed by mammalian cells but are
able to bind to and affect nearly any enzyme or receptor, producing irrelevant results [3]. Fourth,
further complexity arose from the different results that researchers have reported in vivo or in vitro [6].
For instance, PPs displayed a very promising in vitro antioxidant capacity leading to the misconception
that their cellular protection was mainly due to direct antioxidant scavenging [9]. Rather, studies
with cellular and animal models demystified this concept, and now we know that the mode of action
of PPs goes far beyond their antioxidant potential but also that their brain bioavailability is very
limited [10]. Last, investigators have often focused their attention onto one single PP or group of
chemically related molecules, thus making it quite difficult a sound comparison of the neuroprotective
potential of individual PPs.

PPs of potential biomedical interest belong to several chemical families among which the most
widely studied are stilbenes, anthocyanins, flavonols, and flavan-3-ols.

Stilbenes are a group of PPs that raised much interest in viticulture, as they are involved in the
grapevine response to biotic stress, but also and even most in biology and health science. In preclinical
neuroscience studies, resveratrol, the most widely investigated stilbene and the prototype of grapevine
PPs studied so far, has been reported to have neuroprotective, antioxidant and anti-inflammatory,
properties. Much of its purported benefits have been related to its ability to activate a family of
proteins called sirtuins [11], but there is considerable conflict in the literature as regarding the true
neuroprotective potential of these proteins [12]. The literature concerning the activation of sirtuin 1
(sirt1) by resveratrol is similarly controversial: the first studies indicated resveratrol as an activator of
sirt1 [13], but subsequent experiments revealed that the stilbene-dependent activation of sirt1 was a
technical artifact [14–16]. Resveratrol has also been touted as a treatment to slow physiological aging
and age-related diseases including dementia and Alzheimer’s disease (AD) to eventually extend healthy
lifespan. However, although resveratrol significantly extended lifespan in yeast, worms, and fruit
flies [13,17], most studies reported no effect in mammals [18,19] and, very recently, the molecule was
reported to exhibit biphasic dose-dependent effects acting as an antioxidant or as a pro-oxidant at low
and high concentrations, respectively [20].

In the present study, we tested the death-combating effects of trans-resveratrol and polydatin,
the glucose derivative of resveratrol, also termed piceid. Polydatin is generally predominant in white
wines, whereas in red wines Z- and E-resveratrol are both quantitatively important [21]. Resveratrol is
accumulated also in grapevine leaves, where its concentration was found to be up to ten times higher
in organically-managed vines, respect to conventionally grown vines, and in both cases extracts were
effective in reducing the lipid and protein damages induced by hydrogen peroxide in the rat brain [22].
In addition, two very recent studies have shown that polydatin protected SH-SY5Y neurons after
rotenone treatment to model Parkinson’s disease [23] or from oxidative stress [24].

The efficacy of anthocyanins as potential therapeutic agents to combat neurodegeneration
was tentatively linked to the different levels of hydroxylation in the B ring of the flavilyum ion,
as it was suggested that the anthocyanins with a catechol moiety in their B ring could be more

46



Molecules 2020, 25, 2925

effective in neuroprotection compared to those devoid of catechol [25]. Specifically, the non-catechol
pelargonidin 3-O-glucoside protected neurons from the oxidative stress elicited by glutamate but
was ineffective against nitric oxide-induced apoptosis [26], whereas the catechol-structure cyanidin
3-O-glucoside (di-hydroxylated) was neuroprotective under both experimental conditions [27].
In addition, a combination of several anthocyanins was found to be protective against H2O2-induced
oxidative stress in cultured human neuroblastoma cells [28] or C6 glial cells [29]. We here tested
peonidin 3-O-glucoside (Pn-3OG) as the main representative of the anthocyanins in a few but locally
very important varieties of Vitis vinifera [30] and malvidin 3-O-glucoside (Mv-3OG), quantitatively,
without any doubt, the most important anthocyanin found in grape berries, musts and wines [31].
Another reason why we investigated the neuroprotective effect of Mv-3OG is that in vitro studies on
SH-SY5Y human neuroblastoma cells [32] or C6 glial cells [29] have demonstrated protection against
oxidative stress. However, the situation in vivo was quite different as the molecule overpassed the
blood–brain barrier (BBB) in rats, but had no detectable effects in reducing the generation of the
amyloid β (Aβ) peptides that are critical for the onset and progression of AD [33].

Flavonols are important PPs conferring to vegetal tissue high or very high antioxidant
properties. They were protective in vitro against reactive oxygen species (ROS) challenge of SH-SY5Y
neuroblastoma cells [32] and quercetin 3-O-glucuronide was capable to interfere with the generation
of Aβ through the modulation of several different independent cellular mechanisms [33]. Moreover,
quercetin 3-O-glucuronide significantly improved basal synaptic transmission in a hippocampal slice
ex vivo preparation to model AD [33].

Based on these observations and on the fact that quercetin glycosides (glucoside + glucuronide)
are, quantitatively, the most important flavonol in grape extracts and wines, we tested quercetin
3-O-glucoside as representative of the flavonols.

Monomeric grapevine flavan-3-ols include (+)-catechin with its diasteroisomer, (−)-epicatechin,
and gallocatechin with its diasteroisomer epigallocatechin, differing for the level of hydroxylation in
the B ring [34]. Monomeric flavan-3-ols were neuroprotective in a rat model of AD [35]. Therefore,
we here have investigated (+)-catechin for its potential in limiting neuronal cell death.

Although at present not much is known about grapevine flavanonols, (+)-taxifolin
(dihydroquercetin) has been very recently found to protect neurons against ischemic injury in vitro
via the inhibition of excessive ROS production and of the irreversible increase of cytosolic Ca2+

concentration in GABAergic hippocampal neurons subjected to oxygen and glucose deprivation (OGD)
to mimic ischemia [36].

Despite the notable amount of preclinical data on these four families of PPs, human clinical
studies are occasional and thus the true translational potential of grapevine and other PPs in clinical
neurology remains almost fully unexplored. For example, AD patients have lower cortical levels of
sirt1, which indirectly correlated with greater levels of Aβ plaques and tau protein tangles [11,37].
Conversely, subjects with mild cognitive impairment (MCI) did not show reduced cortical sirt1
levels [11], indirectly suggesting that preventing sirt1 decreases at early stages of dementia may help
delay or prevent the progression to AD. However, there is no evidence that treating humans with
resveratrol can increase sirt1 in the brain [20]. In addition, clinical trials have up to now failed to show
ameliorations of the clinical conditions in neurological patients under a resveratrol regimen [38,39] or
epigallocathecin gallate [40] and a recent systematic review did not find sufficient evidence to confirm
that PPs have beneficial effects against AD and other neurodegenerative conditions [41].

In the attempt to shed more light onto the neuroprotective potential of some grapevine PPs of
shared interest for the viticulturists and the neuroscientists we have devised an initial study aiming to
clarify the intervention of these molecules in protecting neurons from naturally occurring neuronal
death (NOND) during the course of cerebellar maturation. Given the aforementioned limitations of
much of the preclinical studies on the subject and the difficulty in translating these studies into the
clinics, we have limited our work to a simplified and restricted experimental paradigm that: i. Exploits
a well-known and widely characterized model of NOND [42]; ii. Compares the effects of commercially
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available purified PPs to overcome the problems that are inherent to the different extraction procedures;
iii. Uses a slice culture approach to better mimic the in vivo situation; and iv. Uses a standardized
concentration of PPs (50 μM) that is well below the highest doses (200 μM and above) employed in a
wide number of studies in vitro [43]. We also discuss our results in relation to the information in the
literature obtained from in vivo, ex vivo, and in vitro approaches.

2. Results

2.1. Effect of Ethanolic Media onto Naturally Occurring Neuronal Death (NOND) in Postnatal Cerebellum

During postnatal cerebellar development there is a well-characterized period of apoptotic cell
death [42] currently referred to as naturally occurring neuronal death (NOND). NOND primarily
affects the developing granule cells and is a massive phenomenon, so that it can be easily followed
in slice cultures and is amenable to quantitative analysis (Figure 1A). As PPs are soluble in ethanolic
solutions and ethanol itself induces death in neurons, we have devised a series of experiments in which
cerebellar slices were maintained in vitro in the presence of progressively increasing concentrations of
ethanol to assess the outcome on cerebellar NOND (Figure 1).

Figure 1. Limitation of naturally occurring neuronal death (NOND) in the postnatal cerebellum after
ex vivo treatment with polyphenols (PPs). The nuclei of dead cells are strongly fluorescent in red
after incubation with propidium iodide (PI). PI is a fluorescent intercalating DNA stain that is not
membrane permeable. Thus, it only enters the nucleus of damaged cells and can therefore be used
to differentiate dead cells (apoptotic, necrotic, etc.) from healthy cells based on membrane integrity.
As 170 mM ethanol in which PPs are dissolved does not significantly alter cell death, it can be used as a
baseline control (CTR) for the experiments to ascertain the effects of PPs onto NOND. The three panels
are representative images of the experiments carried out with ethanol 170 mM (A) and with individual
PPs, resveratrol 50 μM (B) and (+)-catechin 50 μM (C).

The graphs in Figure 2A,B show the effects of 1:100, 1:50, and 1:25 ethanol in medium
(corresponding to 170, 340, and 680 mM, respectively) on the density of dead cells after PI staining
(# cells stained with PI/mm2). Notably, the density of dead cells (mean ± 95% CI) raised from
17.56 ± 17.73 in plain medium, to 23.47 ± 8.76 (170 mM ethanol), 34.24 ± 2.30 (340 mM ethanol),
and 78.11 ± 22.41 (680 mM ethanol).
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Figure 2. Descriptive exploratory statistics (A) and inferential statistics (B) of the effects of different
ethanol concentrations in culture medium onto cerebellar naturally occurring neuronal death (NOND).
Dead cells were stained with propidium iodide and results are expressed as means of dead cells/area.
Two-tailed Kruskal–Wallis test and Dunn’s multiple comparison test (plain medium vs ethanolic media)
were applied, as data did not pass the D’Agostino and Pearson normality test. * 0.05 > p > 0.01,
**** p < 0.0001. Bars are 95% CI.

Dispersion of data in 680 mM ethanol was very likely due to the severe toxic effect of the alcohol
onto slices that, differently from the two other experimental conditions in the study, displayed obvious
morphological signs of tissue sufferance such as fragmentation, disaggregation, vacuolization, etc. It is
worth noting that in vitro experiments onto cultured primary cerebellar granule cells demonstrated
that 25 mM ethanol was already inducing death, but alcohol was generally used at much higher
concentration (87–200 mM) to reach better statistical significance [44,45]. Thus, the concentration of
ethanol in our PP control media is within the range of these in vitro experiments and compatible with
that in organotypically cultured cortical neurons [46]. Yet our experiments show that 34 and 68 mM
ethanol produced statistically significant increases in NOND, whereas there were no differences in
the mean density of dead cells at 0 and 170 mM ethanol (mean ± 95% CI: 17.56 ±1 7.73 (no ethanol),
23.47 ± 8.76 (170 mM ethanol), adjusted P value = 0.0815). We have also done a linear regression
analysis to model the relationship between ethanol concentration in medium and cell death and found
that the two variables showed a very high goodness of fit (R2= 0.9386, Figure 3). The Pearson’s
correlation coefficient was r = 0.9688.

Figure 3. Linear regression curve of the density of dead cells related to different ethanol concentrations
in culture media. Dead cells were stained with propidium iodide and results are expressed as means of
dead cells/area. The curve demonstrates a positive correlation between the concentration of ethanol in
medium and the density of dead cells. Slope was significantly non-zero: F = 30.55, p value = 0.0312.
Equation: Y (dead cells/mm2) = 0.09141 × (ethanol concentration) + 11.15. Bars indicate 95% CI.

Based on these observations, we hold those experiments with PPs in which control- and
PPs-supplemented media contained 170 mM ethanol allowed us to monitor NOND appropriately and
not ethanol-induced death.
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2.2. Effects of PPs onto NOND and Ethanol-Induced Cell Death

Figure 1 shows, as an example, the results of incubating the organotypic cultures in the presence
of 50 μM resveratrol (Figure 1B) or 50 μM (+)-catechin (Figure 1C).

We have statistically tested the effects of PPs onto cerebellar NOND using two-tailed Mann–Whitney
tests (Figures 4 and 5). Statistics demonstrated that all PPs, except Mv-3OG (Figure 5G,H), were capable
to reduce the density of dead cells in cerebellar cultures, with high significance.

Figure 4. Descriptive exploratory statistics of the effect of different polyphenols ((A) = resveratrol;
(B) = polydatin; (C) =Mv-3OG (malvidin 3-O-glucoside); (D) = aqueous medium-dissolved Mv-3OG;
(E) =Pn-3OG (peonidin 3-O-glucoside); (F) = Q-3OG (quercetin 3-O-glucoside); (G) = (+)-catechin;
(H) = taxifolin) on cerebellar naturally occurring neuronal death (NOND). Dead cells were stained
with propidium iodide and results are expressed as means of dead cells/area with 95% CI. Scatter
graphs show the dispersion and variability of data. Abbreviations: CTRL = control medium containing
170 mM ethanol; CTRL (w) = control medium (aqueous).
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Figure 5. Inferential statistics of the effects of different polyphenols ((A) = resveratrol; (B) = polydatin;
(C) =Mv-3OG (malvidin 3-O-glucoside); (D) = aqueous medium-dissolved Mv-3OG; (E) =Pn-3OG
(peonidin 3-O-glucoside); (F) =Q-3OG (quercetin 3-O-glucoside); (G) = (+)-catechin; (H) = taxifolin) on
cerebellar naturally occurring neuronal death (NOND). Dead cells were stained with propidium iodide
and results are expressed as means of dead cells/area. The two-tailed Mann-Whitney test was applied,
as data did not pass the D’Agostino and Pearson normality test. *** 0.0001 > p > 0.001, **** p < 0.0001.
Bars are 95% CI. All PPs except Mv-3OG (C-D) reduced NOND in cerebellar slices. Abbreviations:
CTRL = control medium containing 170 mM ethanol; CTRL (w) = control medium (aqueous).

We also observed that all PPs were as well effective in reducing ethanol-induced cell death
(F = 15.11, p value < 0.0001) after Kruskal–Wallis test and Dunn’s multiple comparison test (p values
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for all comparisons against 680 mM ethanol as a control < 0.0001). Specifically, the mean density
of dead cells per mm2 dropped from 78.11 (680 mM ethanol) to 16.20 (Pn-3OG), 13.59 (resveratrol),
10.53 (Q-3OG), 9.41 (Mv-3OG) 9.15 (Cat), 3.30 (polydatin), and 1.25 (taxifolin).

2.3. Comparison of the Effectiveness of PPs in Counteracting NOND

As we have related the effects of each PP against its own ethanolic (Figure 4A–C,E–H) or aqueous
(Figure 4D) control, our experimental setup did not allow for correctly performing multiple comparison
tests to make statistical inferences about the existence of possible differences in neuroprotective
activities among the molecules used in this study. Nonetheless, we have calculated the ratios of
the density of dead cells in controls and in the presence of each PPs (Figure 5A–C,E–H) and, thus,
the per cent reduction of cell death for each molecule (Table 1). It is noteworthy that among the PPs
here studied, the stilbenes (resveratrol and polydatin) appeared to be less effective in reducing cell
death in comparison to Cat (a flavan-3-ol), Q-3OG (a flavonol), (+)-taxifolin (a flavanonol), and Pn-3OG
(an anthocyanin). These four molecules, in fact, displayed very close percentages of reduction of cell
death (69–72%) that were by far higher than those calculated for the stilbenes (51–60%). A remarkable
observation was that, albeit in a statistically not significant way, aqueous Mv-3OG only reduced the
density of death cells to 40% and even increased it to 127% in ethanolic solution.

Table 1. Percentages of reduction of the density of dead cells in controls (a) and after incubation in PPs
(b) containing media.

PPs

Density of Dead
Cells

(PI+ cells/mm2)
Ratio (b/a)

Control (a) PP (b) (c)

Pn-3OG 57.43 16.2 0.28
(+)-Catechin 31.32 9.15 0.29

Taxifolin 4.128 1.249 0.30
Q-3OG 34.04 10.53 0.31

Resveratrol 34.04 13.59 0.40
Polydatin 6.78 3.298 0.49

Mv-3OG (Water) 17.56 9.41 0.54

3. Discussion

In this study, we have analyzed the neuroprotective effects of seven different PPs among those
known to be present at higher concentration in grapevine.

Cell death in the postnatal cerebellum is a well-known physiological neurodevelopmental event
mainly affecting the cerebellar granule cells that are the largest population of neurons in central nervous
system (CNS). Being they so numerous, NOND of the granules is a massive phenomenon, and occurs
in a quite restricted and tightly regulated temporal window [47]. Therefore, the use of postnatal
cerebellar cortex organotypic cultures offers an adequate tool to study the neuroprotective potential of
PPs in a controlled experimental setup [42].

Using this approach, we have demonstrated that all PPs studied here, except Mv-3OG, were capable
to reduce NOND with statistical significance. We have also proved that all molecules without exceptions
were also effective in counteracting the neurotoxic effects of 680 mM ethanol, a very high concentration
in relation to studies on the toxic effects of alcohol.

We will first discuss our results in relation to the suitability of the ex vivo approach to investigate
grapevine PPs neuroprotection, then we will briefly consider the PPs’ chemical structure and antioxidant
activities and finally take into consideration the biological relevance of our findings.

52



Molecules 2020, 25, 2925

3.1. Suitability of the Ex Vivo Approach to Study the Neuroprotective Effects of Grapevine PPs

As summarized in the Introduction, preclinical works aiming to characterize the biological and
protective activity of PPs in the frame of neurodegeneration/inflammation display several limitations
to the point that there is a strong debate onto their real translational relevance. We here used an
ex vivo method to get rid of some of these limitations. Yet the use of organotypic cultures is not free of
problems and does not represent a situation without controversies. We are aware of the shortcomings
of our approach that paves the way for future better-focused pharmacological studies in vivo. Still,
we believe it useful to discuss here the main problems related to the (generally) scarce bioavailability
of PPs after in vivo administration. Taking resveratrol (and the stilbenes in more general terms) as the
paradigmatic PP, its quantity in red wines is usually around 0.6 mg/L [21] but stilbenes can be up to
35 mg/L in certain Piedmont’s red wines and autochthonous Uvalino, in particular, contains up to
100 mg/L of resveratrol [48,49]. These figures correspond to concentrations of 2.6, 135, and 438 μM,
respectively. Indeed, data are very dissimilar between studies and substantial differences exist in the
reported concentrations of the several PPs that may be present in wines. It is thus remarkable that
those of most PPs here studied (other than resveratrol) range in wines from 45 to above 750 μM [50,51].
To this, one must add that different wines have different profiles of PPs deriving from grape seeds,
skins, and pulps [52]. However, one can reasonably conclude that in wine the molar contents of many
of the PPs that we have studied, except for resveratrol but not in the autochthonous Piedmont Uvalino,
are above those used ex vivo in our study.

Yet, the real issue is the bioavailability of PPs and, primarily, the brain concentration that they
may reach in vivo. Indeed, Tomé-Carneiro et al. [43], in reviewing preclinical and clinical studies on
resveratrol, evidenced that the former often used concentrations up to 200 μM but that resveratrol,
quercetin, and catechin and their metabolites were scant in both plasma and urine (max 2μM). Therefore,
from these (and other) considerations they concluded that most studies in vitro were irrelevant.

Comparing our figures with those obtained from other preclinical surveys is not easy principally
because, in most cases, results are expressed as the PP quantity in relation to brain weight, a very low
quantity indeed, in the order of ng or even pg/mg of nervous tissue [53]. A more rigorous comparison
takes into consideration the PPs concentration in the cerebrospinal fluid (CSF), which bathes the brain
in vivo similarly to medium in our cultures. No resveratrol was detected in CSF after intravenous
infusion in rat, but, after nasal delivery in chitosan-coated lipid microparticles, resveratrol reached a
Cmax after 60 min of 9.7 ± 1.9 μg/mL [54], corresponding to 34–51 μM.

Data onto the CSF content of PPs are scarce, but this paper strongly indicates that by choosing an
appropriate pharmacological preparation as well as an efficient route of administration it is possible to
achieve brain concentrations of resveratrol (and other PPs) comparable with those here used ex vivo.
This is an important result supporting the relevance ex vivo approaches to study PPs neuroprotection.

3.2. The Relationship Between PPs Chemical Structure and Neuroprotective Effects

The increasing interest in PPs extracted from vegetal matrix in relation to neuroprotection is
primarily due to their widely established antioxidant capacity (AOC) that, following several different
cellular mechanisms and pathways, may be beneficial to neurons [6,9]. In turn, AOC depends on the
chemical structure of individual PPs. In addition, the molecular composition influences the bioavailability
of PPs, as different aglycones display distinct efficiencies in cellular transport/absorption [55]. In vivo,
bioavailability refers to the fraction of a drug/molecule that, after absorption, reaches unchanged the
systemic circulation. When dealing with CNS, drugs/molecules must be able to also cross the BBB for
reaching the nervous tissue and thence exert their biological activities [56]. In a system ex vivo, BBB is
not an issue, yet PPs need to be able to cross cell membranes to reach intracellular compartments and
have some sort of efficacy. Other issues that are irrelevant to the present discussion, as we have at the
moment tested each PP separately, is the possible synergy or antagonism among different families of
PPs that are present in grapevine extracts [57] as well as the degree of polymerization of certain natural
compounds, such as proanthocyanidins and copigments [58].
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Among the PPs studied, we have here observed that the flavonoids were more effective than the
stilbenes in protecting cells from death, except for Mv-3OG (see below).

Pn-3OG (anthocyanin) and Q-3OG (flavonol), both glucosides and di-substituted (Figure 6),
showed a very high and statistically significant capacity to reduce NOND, of 72% and 69% respect
to the corresponding control, and were among the most effective PPs in this study. We have here
used these two PPs in glucoside form for three reasons. First, previous studies have reported that
flavonoid glucosides can be absorbed as such without the need to be hydrolyzed to an aglycone [55].
Second, glucosides showed significantly higher transport efficiency than galactosides [55]. Third,
they very likely enter the BBB as such, beside as glucuronide form, as demonstrated for anthocyanins [6].
Our results indicate that nor the glycosylation of the C ring of a di-substituted flavonoid form or its
methylation (in 3′ of the B ring like in Pn-3OG respect to Q-3OG) negatively influenced the capability to
reduce NOND. The anthocyanin Pn-3OG appeared to be the most effective in limiting not only NOND
but also to counteract the adverse effects of high concentrations of ethanol in media. Therefore, it might
be postulated that the B ring level of hydroxylation not alone but together with the total unsaturation
of the C ring, typical of the anthocyanin molecules [59,60], are the key elements for explaining the
capacity of Pn-3OG to drastically limit neuronal cell death in our ex vivo paradigm.

Figure 6. Chemical formulas of the PPs used to study neuroprotection in postnatal cerebellum.

The flavonoids (+)-catechin and (+)-taxifolin are also among the PPs demonstrating the highest
efficacy in reducing NOND. They are aglycones, but, like Pn-3OG and Q-3OG, di-hydroxylated, in the
B ring (Figure 6).

(+)-taxifolin (flavanonol) and Q-3OG displayed similar capacities to limit NOND, 69 and 70%
respectively. The two molecules share identical hydroxylation of the B ring but two different
unsaturations in C (Figure 6). In addition, (+)-catechin, (+)-taxifolin, and Q-3OG have an ortho-hydroxyl
in B, which is usually the initial target of antioxidants [61].
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The null effect exerted by Mv-3OG on NOND but not on ethanol-induced cell-death could be
ascribed to several factors, among which is the tendency of tri-hydroxylated anthocyanins to degrade
in vitro more rapidly than mono and di-hydroxylated anthocyanins [29] and the limited efficiency in
cell transport of glucosides respect to galactosides [55].

Thus, there may be several chemical features of the different flavonoids that, in theory, contribute
to the neuroprotective effects observed in this study, but additional observations will be required to
substantiate a significant correlation with some or all of them.

The two stilbenes, resveratrol, and its glycoside (polydatin, also called piceid) were undoubtedly
less effective in counteracting NOND. Yet, resveratrol capacity to limit cell death was higher respect to
that of the corresponding glucoside. One of the main antioxidant mechanisms of resveratrol is based on
the presence of two -OH groups in the ring B [62]. Besides, in the comparison vs quercetin, quercetin
has a further reactive -OH in position 3′, which is absent in resveratrol. Thus, the resveratrol chemical
structure may justify a lower AOC respect to that of other PPs, particularly some of the flavonoids that
we have tested here.

3.3. Clues for In Vivo Neuroprotection

We have here tested PPs in a controlled environment ex vivo. In such a setup, advantages
mainly derive from the possibility to manipulate carefully and specifically the system according to
the experimenter’s need, whereas disadvantages derive largely from the lack of information about
bioavailability, metabolism and capability of crossing the BBB, i.e., the group of data that can be
gathered only in vivo. Yet our approach permitted to provide an empirical demonstration that all PPs
studied here were capable to cross cell membranes and to interfere with NOND. In addition, a great
advantage in the specific use of postnatal cerebellar cultures is that cell death in this system is chiefly
governed by the intracellular levels of caspase-3 (CASP3), one of the most important executioner
caspases in apoptosis [47]. Although it is difficult to make direct comparisons due to the extreme
variability of approaches, still one observes that all PPs that we have studied have been demonstrated to
interact with CASP3 in vitro and/or in vivo not only in neurons but also in neuronal-like cells (Table 2).
Remarkably, it should also be added that most of these molecules appeared to inhibit the activity of
CASP3 after Aβ toxicity, a hallmark of AD [63].

Table 2. Experimental studies demonstrating an inhibition of caspase-3 (CASP3)-mediated apoptosis
after treatment with plant PPs. Abbreviations: Aβ = amyloid-beta; APP = amyloid precursor protein;
IRI = ischemia/reperfusion injury; OGD = oxygen/glucose deprivation; LPS = lipopolysaccharide;
N/A = not/applicable; PS1 = presenilin 1.

PPs Type of study Organ/tissue/cell/Species Death Inductor Ref

Resveratrol
In vitro

PC12 cells/Rat Aβ [64]
Primary cortical neurons/Rat Aβ [65]

661W photoreceptor cells/Mouse Blue light [66]
SH-SY5Y cells/human Ethanol [67]

In vivo Brain/Rat Ethanol [67]

Polydatin
In vitro PC12 cells/Rat Aβ [64]

In vivo
Primary cortical neurons/rat Aβ [65]

Rat models of Parkinson’s disease Rotenone [68]

Anthocyanins mix

In vitro
Hippocampal HT22 cells/Mouse Aβ [69]

RGC-5/Mouse H2O2 or Tunicamycin [70]
Primary hippocampal

neurons/Rat Ethanol [71]

In vivo
APP/PS1 mouse model of AD N/A [69]

Brain/Rat LPS [72]
Hippocampus/Rat Ethanol [73]
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Table 2. Cont.

PPs Type of study Organ/tissue/cell/Species Death Inductor Ref

Peonidin In vitro RGC-5/Mouse Tunicamycin [70]
Malvidin In vitro 661W photoreceptor cells/mouse Blue light [66]

Quercetin

In vitro
Primary cortical neurons/Rat Aβ [74]

Primary hippocampal
neurons/Rat OGD [75]

In vivo
Brain/Rat IRI [75]

Hippocampus/Mouse IRI [76]
Brain/Rat IRI [77]

Epicatechin
In vivo Brain/Rat LPS [78]
In vitro Auditory cells Cisplatin [79]

Epigallocatechin
In vitro SH-SY5Y cells/human Aβ [80]

In vivo APP/PS1 mouse model of AD Tunicamycin or
Tapsigargin [80]

Taxifolin In vitro PC12 cells/Rat Proteasome inhibition [81]

4. Materials and Methods

4.1. PPs

We tested seven different PPs belonging to five main groups present in wine and grapevine extracts
(Figure 6): two anthocyanins, peonidin 3-O-glucoside (Pn-3OG) and malvidin 3-O-glucoside (Mv-3OG),
two stilbenes, resveratrol (Res) and resveratrol-3-O-β-D-glucopyranoside (polydatin), one flavonol
[quercetin 3-O-glucoside (Q-3OG), purchased as quercetin 3-O-glucopyranoside], one flavan-3-ol,
(+)-catechin (Cat) and one flavanonol (2R,3R)-dihydroquercetin [(+)-taxifolin]. All PPs were purchased
from Extrasynthèses (Genay, France). Stock solutions (5 mM) were prepared in absolute ethanol
and/or water (for Mv-3OG only). Given the pilot nature of this work and the heterogeneity of results
arising from the different wine PPs extraction procedures (see Introduction), we decided not to devise
experiments using mixtures of PPs as these mix should more properly been produced once their
(relative) concentrations in the territorial wines of interest will be fully established.

4.2. Animals

In this study, we used twenty-five 7-day-old mice. All animal procedures obtained authorization
by Italian Ministry of Health and the Bioethics Committee of the University of Turin and were carried
out according to the guidelines and recommendations of the European Union (Directive 2010/63/UE)
as implemented by current Italian regulations on animal welfare (DL n. 26-04/03/2014). We kept
the number of mice to the minimum necessary for statistical significance and we made all efforts to
minimize animal suffering during sacrifice. We wanted to gather new information about the biological
function(s) of grapevine PPs in a more complex system than primary neuronal cultures/cell lines,
where interactions between different cell types are lost. Therefore, mice were employed; yet the use of
an approach ex vivo permitted a reduction in their number according to the 3Rs principles.

4.3. Preparation of Cerebellar Cultures

Mice were euthanized with an overdose of intraperitoneal sodium pentobarbital. The brain
was quickly removed and placed in ice cooled Gey’s solution (Sigma Chemicals, St. Louis, MO,
USA) supplemented with glucose and antioxidants (for 500 mL: 50% glucose 4.8 mL, ascorbic acid
0.05 g, sodium pyruvate 0.1 g). The cerebellum was then isolated and immediately sectioned in
350 μm parasagittal slices with a McIlwain tissue chopper (Brinkmann Instruments, Westbury, NY,
USA), while submerged in a drop of cooled Gey’s solution. Three cerebellar slices were plated onto
Millicell-CM inserts (Millipore, Billerica, MA, USA). Each insert was subsequently placed inside
a 35 mm Petri dish containing 1 mL of culture medium. Medium composition was 50% Eagle
basal medium (BME, Sigma Chemicals, Merck, Darmstadt, Germany), 25% horse serum (Gibco®,
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Life Technologies™, Carlsbad, CA, USA), 25% Hanks balanced salt solution (HBSS, Sigma Chemicals,
Merck, Darmstadt, Germany), 0.5% glucose, 0.5% 200 mM L-glutamine, and 1% antibiotic/antimycotic
solution. Cultures were incubated at 34 ◦C in 5% CO2 for 4 days in vitro (DIV) before being treated
with PPs.

4.4. Preparation of PPs-Containing Media, Incubation of Cultures with PPs and Staining of Dead Cells

Except for Mv-3OG that could also be directly dissolved in water, all other PPs were not soluble in
water and were added to the culture medium from ethanolic stock solutions. Culture media containing
50 μM of each of the PPs were prepared by dissolving 10 μL 100% ethanol stock solutions in 1 mL
medium. The same volume of ethanol was added to control media. In the case of Mv-3OG we prepared
culture media both from ethanolic and aqueous stocks.

As alcohol is known to be toxic to neurons, we devised an ad hoc series of experiments to
ascertain the effects of ethanol onto neuronal survival at the concentration necessary to prepare the
PPs containing media (170 mM–corresponding to 10 μL ethanol/1 mL medium). In these experiments,
we also incubated some cerebellar cultures in 340 mM or 680 mM ethanol (i.e., 20 or 40 μL ethanol/
1 mL medium).

At DIV 5 cerebellar cultures were subdivided in five groups and incubated into: i. Fresh plain
medium (control for ethanol toxicity at 170 mM); ii. medium with 170 mM ethanol (control medium
for PPs experiments); iii. Medium with 340 mM ethanol; iv. medium with 680 mM ethanol; and v.
Medium containing 50 μM of each PP dissolved in ethanol (at a 170 mM final concentration). After 24 h,
cultures were incubated for 10 min in medium containing 1.5 mM propidium iodide (PI) to visualize
the dead cells. We decided to employ PI, a general marker of cell death rather than focusing onto a
more specific assay because there are severe concerns about the specificity of action of several plant
PPs onto animal cells [3]. In addition, the number of cellular mechanisms that have been put into play
for explaining the numerous purported actions of resveratrol and other vegetal PPs is so high that
virtually all the major cell pathways appeared to be involved [82], at times with opposite effects [20].
In addition, PI is widely used to stain dead cells as it is extruded from live cells with an intact membrane
irrespective of the mechanism and type of death [83] and PI-based experiments thus offered prompt
and, very importantly, comparable readouts of the effect of each PP onto NOND, independently from
its mechanism(s) of action.

After three washes in plain medium, cultures were fixed for 60 min in 4% paraformaldehyde
dissolved in 0.1 M phosphate-buffered saline (PBS) pH 7.4–7.6. They were then washed in PBS
(2 × 10 min) and double-distilled water (2 × 5 min) and finally mounted in fluorescence-free medium
(Vectashield® Antifade Mounting Medium, Vector Laboratories, Burlingame, CA, USA). Slices were
then photographed using a Leica DM6000 wide-field fluorescence microscope (Leica Microsystems,
Wetzlar, Germany) with a 20 × lens. For each slice, three randomly selected microscope fields
(0.3084 mm2) were photographed at a resolution of 1392 × 1040 pixels and PI-stained nuclei were
counted with the “Count Particles” function of the ImageJ software (NIH, Bethesda, MD, USA) in an
interval of area size between 12.56 and 78.50 μm2 (corresponding to a particle diameter of 4–10 μm).
Results were expressed as the number of PI-stained cells (nuclei)/mm2, i.e., density of PI-stained
cells (nuclei).

4.5. Statistical Analysis

GraphPadPrism®7 (GraphPadSoftware, San Diego, CA, USA) was used for statistical analyses.
These included I. Linear regression analysis and Pearson’s correlation test on the effects of different
ethanol concentrations on the density of dead cells in cultures. II. D’Agostino and Pearson omnibus
normality test to check for normally distributed data. III. Unpaired two-tailed Mann–Whitney test to
make comparisons between two groups (control and PP-treated cultures).

Multiple comparisons for control experiments with different ethanol concentrations were made
using the non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparisons test.
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5. Conclusions

In conclusion, we here demonstrate the usefulness of the ex vivo approach to study the
neuroprotective potential of grapefruit PPs. Further studies will be required to confirm the relevance
of our experiments in vivo considering the well-known problems regarding the bioavailability of these
molecules following conventional pharmacological administration.
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Abstract: The brain, which is a cholesterol-rich organ, can be subject to oxidative stress in a variety
of pathophysiological conditions, age-related diseases and some rare pathologies. This can lead
to the formation of 7-ketocholesterol (7KC), a toxic derivative of cholesterol mainly produced by
auto-oxidation. So, preventing the neuronal toxicity of 7KC is an important issue to avoid brain
damage. As there are numerous data in favor of the prevention of neurodegeneration by the
Mediterranean diet, this study aimed to evaluate the potential of a series of polyphenols (resveratrol,
RSV; quercetin, QCT; and apigenin, API) as well as ω3 and ω9 unsaturated fatty acids (α-linolenic acid,
ALA; eicosapentaenoic acid, EPA; docosahexaenoic acid, DHA, and oleic acid, OA) widely present in
this diet, to prevent 7KC (50 μM)-induced dysfunction of N2a neuronal cells. When polyphenols and
fatty acids were used at non-toxic concentrations (polyphenols: ≤6.25 μM; fatty acids: ≤25 μM) as
defined by the fluorescein diacetate assay, they greatly reduce 7KC-induced toxicity. The cytoprotective
effects observed with polyphenols and fatty acids were comparable to those of α-tocopherol (400 μM)
used as a reference. These polyphenols and fatty acids attenuate the overproduction of reactive oxygen
species and the 7KC-induced drop in mitochondrial transmembrane potential (ΔΨm) measured by
flow cytometry after dihydroethidium and DiOC6(3) staining, respectively. Moreover, the studied
polyphenols and fatty acids reduced plasma membrane permeability considered as a criterion for cell
death measured by flow cytometry after propidium iodide staining. Our data show that polyphenols
(RSV, QCT and API) as well as ω3 and ω9 unsaturated fatty acids (ALA, EPA, DHA and OA) are
potent cytoprotective agents against 7KC-induced neurotoxicity in N2a cells. Their cytoprotective
effects could partly explain the benefits of the Mediterranean diet on human health, particularly in
the prevention of neurodegenerative diseases.
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1. Introduction

In Parkinson’s and Alzheimer’s disease, protein aggregation and mitochondrial dysfunction are
two factors that promote oxidative stress, which is considered a major element in the evolution of
these diseases [1]. In Parkinson’s disease, at the level of substancia nigra pars compacta, α-synuclein
aggregates (Lewy bodies) induce a degeneration of dopaminergic neurons involving oxidative
stress [1]. In Alzheimer’s disease, the increase in oxidative stress mediated by β-amyloid protein
aggregates (senile plaques) in the hippocampus and cortex promotes excitotoxicity (pathological
process by which nerve cells are damaged or killed by excessive stimulation by neurotransmitters) and
synaptic degeneration leading to neurodegeneration [1]. Identifying natural or synthetic molecules
that could prevent oxidative stress is therefore a part of therapeutic strategies for treatment of
Parkinson’s and Alzheimer’s diseases. Among the molecules already identified are neuropeptides
and natural antioxidants which have both antioxidant and/or anti-aggregation properties [1–3].
Furthermore, one of the consequences of oxidative stress is to promote the formation of lipid
derivatives, including oxidized cholesterol derivatives (oxysterols) such as 7-ketocholesterol (7KC,
also named 7-oxocholesterol) and 7β-hydroxycholesterol [4–6], which contribute to amplifying the
oxidative stress that promotes inflammation and cell death, two other important components of
neurodegeneration [7]. Preventing the toxicity of these oxysterols, particularly the predominantly
formed 7KC, is also part of the pharmacological options for preventing neurodegeneration and more
specifically Alzheimer’s disease [8]. Indeed, in post-mortem samples of the brain from Alzheimer’s
disease patients, significant increases in 7KC have been identified in different areas from the frontal
and occipital cortex [9]. In Parkinson’s disease, because of the oxidative stress present in the lesions,
the contribution of 7KC is very probable [10]. Among the oxysterols associated with different diseases,
7KC is mainly increased in body fluids and lesions in age-related diseases (cardiovascular diseases,
ocular diseases, Alzheimer’s disease, some cancers), in inflammatory bowel diseases and in some rare
diseases (Niemann Pick’s disease, Smith Lemli Opitz syndrome and X-linked adrenoleukodystrophy
(X-ALD)) [6,11]. Currently, various studies have shown a reduced risk of developing age-related
diseases in people with a Mediterranean diet characterized by an important consumption in fruits
and vegetables containing many polyphenols as well as fishes (sardines, mackerel, tuna) rich in ω3
and ω9 unsaturated fatty acids [12–14]. This suggests that nutrients present in the Mediterranean diet
(polyphenols, fatty acids) could have cytoprotective effects against 7KC.

At the moment, only few data are available on the ability of polyphenols and fatty acids
to prevent 7KC-induced cytotoxicity. The cytoprotective activities of polyphenols in the context
of 7KC-induced toxicity involving oxidative stress that can lead to cell death, take into account
their antioxidant activities linked to their chemical structures, but also their ability to act on the
mitochondria by stimulating mitochondrial proliferation and activity [12,13]. Moreover, neurotrophic
activities of several polyphenols are also described due to cytoprotective capacities (ability to
prevent oxidative stress and cell death) associated with differentiating capacities on different types
of cells [15]. Thus, on N2a cells, resveratrol (RSV) and apigenin (API) protect against hydrogen
peroxide (H2O2)-induced cell death and also promote neuronal differentiation by stimulating the
growth of neurites (dendrites and axons) [16,17]. Because of their neurotrophic properties, polyphenols
such as RSV, QCT and API are therefore suitable molecules for counteracting neurodegeneration
by preventing oxidative stress and stimulating neurogenesis [15,17]. When an oxysterols mixture
containing 7α-hydroxycholesterol, 7β-hydroxycholesterol, 7-KC, cholesterol 5α,6α-epoxide, cholesterol
5β,6β-epoxide, cholestane-3β,5α,6β-triol and 25-hydroxycholesterol was used on human colon
adenocarcinoma cells (Caco-2) [18] or human peripheral blood mononuclear cells [19], protective effects
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of cocoa bean shells containing a high level of epicatechin, and of olive oil polyphenols were observed,
respectively. When differentiated murine PC12 cells and human neuroblastoma SH-SY5Y cells were
treated with taxifolin (dihydroquercetin), it was also shown that 7KC-induced neuronal apoptosis
was prevented [20]. On human retinal ARPE-19 cells, 7KC-induced cell death was also attenuated by
RSV [21]. However, nothing is known on the ability of polyphenols to prevent 7KC-induced oxidative
stress in murine N2a neuronal cells frequently used as pharmacological model in the context of
neurodegenerative diseases [16,22]. So, we choose three polyphenols, which are widely represented in
the Mediterrannean diet: RSV, QCT and API [12]. Among polyphenols, two classes are distinguished:
Flavonoids and non-flavonoids [23]. Resveratrol (RSV; including trans-RSV which is biologically
active) is a non-flavonoid; it is a member of the stilbenoid class of polyphenols; QCT (flavonol) and
API (flavone) belong to the flavonoids class. RSV is mainly found in grapes, blackberries, peanuts
and red wine. QCT and API are ubiquitously distributed in plant kingdom. QCT is present in lot
of fruits and vegetables, and API in parsley, rosemary, celery and chamomile. Importantly, since
polyphenols have the ability of interacting with the underlying pathomechanisms of several diseases
associated with increased levels of 7KC, it was important to determine whether some of them (RSV,
QCT and API) were able to prevent 7KC-induced cytotoxic effects, mainly reactive oxygen species
(ROS) overproduction and mitochondrial dysfunction [8]. Although the ability of polyphenols to cross
the blood-brain barrier is considered weak and remains still poorly understood [24,25], the intranasal
administration of polyphenols (including RSV, QCT and API) has been proven effective to deliver
these drugs to the brain while maintaining their activity [26].

As for fatty acids, the choice of these molecules to prevent the toxicity of 7KC takes into account
their different and complementary properties from those of polyphenols. Compared to polyphenols,
fatty acids do not by themselves have antioxidant properties. On the other hand, when they are added
to cells on which oxidative stress is stimulated by some oxysterols, they can prevent oxidative stress as
well as organelle dysfunction (mitochondria, lysosome and peroxisome) contributing to cell death [1].
Currently, only few lipids or lipid mixtures (oils) have been shown to be effective in preventing
7KC-induced ROS overproduction. These are α-tocopherol [27], ω3 and ω9 fatty acids (oleic acid
(OA; C18:1 n-9) [28,29], and docosahexaenoic acid (DHA; C22:6 n-3)) [30,31]. In addition, several
oils (argan oil, olive oil and milk thistle seed oil), which are rich in α-tocopherol and OA, have also
shown cytoprotective effects against 7KC: they prevent organelle dysfunction, ROS overproduction
and cell death [32]. While the cytoprotective mechanism of α-tocopherol can be explained at least
in part by its ability to prevent the accumulation of 7KC in the lipid rafts [27,33], little is known on
the cytoprotection of OA and DHA against 7KC. It can be assumed that they could both neutralize
7KC by esterification [34,35] and act by reducing oxidative stress and mitochondrial dysfunction
leading to cell death [36,37]. Thus, in human U937 monocytic cells, while 7KC and 7β-OHC induce a
type of death by apoptosis associated with oxidative stress and autophagic criteria, 7KC-oleate and
7β-OHC-oleate are not cytotoxic [35]. A major reason for the cytoprotective effects of fatty acids present
in the Mediterranean diet could be the prevention of 7KC-induced plasma membrane destabilization
which could lead to inactivation of the PDK1/Akt pathway resulting in the activation of GSK3 allowing
the phosphorylation of Mcl-1 and the inhibition of sequestration in the cytoplasm of the pro-apoptotic
molecules Bak and Bax; the latter could then interact with the mitochondrial membrane and contribute
to inducing the drop in mitochondrial transmembrane potential (ΔΨm) activating apoptosis [38].
Furthermore, it is well recognized that DHA present in phospholipids in the sn-2 position can lead to
the formation of the highly anti-apoptotic neuroprotectin D1 (NPD1) [39]. Furthermore, it is known
that 7KC modifies the fluidity of the plasma membrane by intercalating between phospholipids [40].
Preventing 7KC-induced plasma membrane disorganization by using fatty acids associated with the
Mediterranean diet is therefore a promising avenue to counter 7KC toxicity. The interest of fatty acids
comes from their ability to pass the blood-brain barrier and accumulate in the brain; for DHA, several
mechanisms associated with crossing the blood-brain barrier have been described [41]. As OA and
DHA, which are present in significant amounts in the Mediterranean diet, can be used in functional
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foods and dietary supplements, it is therefore important to have more information on these molecules,
as well as on the precursors of DHA (α-linolenic acid (ALA/C18:3 n-3) and eicosapentaenoic acid
(EPA/C20:5 n-3)) which are present in significant amount in several Mediterranean fishes and oils.

In the present study, we evaluated and compared for the first time the cytoprotective effects
of polyphenols (RSV, QCT and API) and fatty acids (OA, ALA, EPA, and DHA) on 7KC-treated
N2a neuronal cells which are considered as a relevant model to characterize the toxicity of different
compounds and to identify natural or synthetic molecules with cytoprotective activities that could
give rise to pharmacological applications. The effects of these compounds were compared with
those of α-tocopherol (the main component of Vitamin E constituted of four tocopherols and four
tocotrienols) as the reference cytoprotective molecule. Our data show that nutrients (polyphenols,
ω3 and ω9 unsaturated fatty acids) present at high amount in the Mediterranean diet have the
ability to attenuate 7KC-induced ROS overproduction and cell death reinforcing the interest of the
Mediterranean diet and some of its compounds for the prevention of certain age-related diseases such
as neurodegenerative diseases.

2. Results

2.1. Effects of Polyphenols (Resveratrol, Quercetin, Apigenin), ω3 and ω9 Unsaturated Fatty Acids
(α-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and 7-Ketocholesterol on Cell
Viability Evaluated with the Fluorescein Diacetate Assay

Whereas the polyphenols are known for their anti-oxidant properties, it is also well established
that some of them have cytotoxic properties [42]. It is also known that several fatty acids can be toxic
for several tissues, especially liver [43]. So, before to simultaneously treat N2a cells for 48 h with 7KC
associated with polyphenols (RSV, QCT or API) or ω3 and ω9 unsaturated fatty acids (ALA, EPA,
DHA and OA), it was important to evaluate the toxicity of these different compounds. Therefore, first
of all, it was necessary to evaluate the cytotoxicity of studied compounds on N2a cells. To this end, the
widely used fluorescein diacetate (FDA) assay, based on the measurement of esterase activity, was
chosen to determine the cell viability. Comparatively to untreated cells, in a range of concentrations
from 1.5 to 50 μM, significant cytotoxic effects were observed with trans-resveratrol (RSV) at 12.5,
25 and 50 μM (Figure 1A) and with QCT at 25 and 50 μM (Figure 1B) whereas no cytotoxic effects
were found with API (Figure 1C). With RSV used at 6.25 μM, FDA activity was also decreased but the
difference is not significant (Figure 1A); however, no decrease in FDA activity was observed with QCT
and API used at this concentration (Figure 1B,C). In addition, comparatively to untreated cells, in a
range of concentrations from 1.5 to 200 μM, significant cytotoxic effects were observed with ALA at
200 μM (Figure 2A), with EPA at 100, 150 and 200 μM (Figure 2B), with DHA at 100, 150 and 200 μM
(Figure 2C), and with OA at 150 μM (Figure 2D). On the other hand, stimulating effects of the esterase
activity revealed by the FDA assay were observed with ALA (25 μM) (Figure 2A), EPA (6.25 and
12.5 μM) (Figure 2B) and OA (25 μM) (Figure 2D). With 7KC used in a range of concentrations from
1.5 to 100 μM for 48 h, the 50% inhibiting concentration (IC50) was around 50 μM (Supplementary
Figure S1). Consequently, for further experiments, 7KC was therefore used at 50 μM, and among the
concentrations of polyphenols and fatty acids chosen to assess cytoprotection, concentrations less than
or equal to 6.25 μM, and 25 or 50 μM were used, respectively.

2.2. Evaluation with the Fluorescein Diacetate Assay of the Effects of Polyphenols (Resveratrol, Quercetin,
Apigenin), ω3 and ω9 Unsaturated Fatty Acids (α-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic
Acid, Oleic Acid) and α-Tocopherol on 7-Ketocholesterol-Induced Cytotoxicity

When 7KC (50 μM) was simultaneously incubated with the polyphenols (RSV, QCT or API;
concentrations ≤6.25 μM, 48 h), the decrease of FDA positive cells observed under treatment with 7KC
was strongly attenuated especially at 3.125 and 6.25 μM (Figure 1D–F). Similarly, when 7KC (50 μM)
was simultaneously incubated with the ω9 and ω3 fatty acids (ALA, EPA, DHA and OA; concentrations
≤50 μM, 48 h), the decrease of FDA positive cells observed under treatment with 7KC was strongly
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attenuated especially at 12.5 and 25μM whatever the fatty acid considered (Figure 2E–H). In the presence
of α-tocopherol (400 μM), used as a reference to prevent 7KC-induced cell damages, cytoprotective
effects were also found (Figure 1D–F; Figure 2E–H). Consequently, for further experiments, polyphenols
have been used at 3.125 and 6.25 μM, and fatty acids at 12.5 and 25 μM.

Figure 1. Evaluation with the fluorescein diacetate (FDA) assay of the effects of polyphenols (resveratrol,
quercetin and apigenin) with and without 7-ketocholesterol on cell viability of N2a cells. Murine
neuroblastoma N2a cells, previously cultured for 24 h, were further cultured for 48 h with or without
resveratrol (RSV), quercetin (QCT), apigenin (API) in the presence or absence of 7-ketocholesterol (7KC; 50
μM). Polyphenols concentrations used alone range from 1.5 to 50 μM (A–C). Polyphenols were used at
concentrations ≤6.25 μM when associated with 7KC (50 μM) (D–F). α-tocopherol (400 μM) was used as
positive reference to prevent 7KC-induced cell death. The results are expressed in percentages relatively to
the control (untreated cells). Data obtained with the FDA assay are shown. Data shown are expressed as
mean ± standard deviation (SD) of four independent experiments performed in triplicate. Significance of
the differences between control (untreated cells) and RSV-, QCT-, API-, α-toco or 7KC-treated cells; Mann
Whitney test: * P < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (RSV,
QCT, API or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or less. No significant differences were
found between control and vehicle-treated cells (ethanol (EtOH) and DMSO).
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Figure 2. Evaluation with the fluorescein diacetate (FDA) assay of the effects of ω3 and ω9 unsaturated
fatty acids (α-linolenic acid, eicosapentaenoic acid, docosahexaenoic acid and oleic acid) with and without
7-ketocholesterol on cell viability of N2a cells. Murine neuroblastoma N2a cells, previously cultured for
24 h, were further cultured for 48 h with or without α-linolenic acid (ALA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) or oleic acid (OA) in the presence or absence of 7-ketocholesterol (7KC;
50 μM). Fatty acids concentrations used alone range from 1.5 to 200 μM (A–D). Fatty acids were used at
concentrations ≤50 μM when associated with 7KC (50 μM) (E–H). α-tocopherol (α-toco; 400 μM)
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was used as positive reference to prevent 7KC-induced cell death. The results are expressed in
percentages relatively to the control (untreated cells). Data obtained with the FDA assay are shown.
Data shown are expressed as mean ± standard deviation (SD) of four independent experiments
performed in triplicate. Significance of the differences between control (untreated cells) and ALA-,
EPA-, DHA-, OA-, α-toco or 7KC-treated cells; Mann Whitney test: * P < 0.05 or less. Significance of
the differences between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells;
Mann Whitney test: # P < 0.05 or less. No significant differences were found between control and
vehicle-treated cells (Ethanol (EtOH)).

2.3. Evaluation of the Effects of Polyphenols (Resveratrol, Quercetin, Apigenin), ω3 and ω9 Unsaturated Fatty
Acids (α-Linolenic Acid, Eicosapentaenoic Acid, Docosahexaenoic Acid, Oleic Acid) and α-Tocopherol on
7-Ketocholesterol-Induced Reactive Oxygen Species (ROS) Overproduction

In N2a cells, 7KC (50 μM, 48 h) induces an overproduction of ROS which results in an increase
in HE positive cells (Figures 3 and 4). Since the most significant cytoprotective effects with the FDA
assay were observed with polyphenols at 3.125 and 6.25 μM and with fatty acids at 12.5 and 25 μM, the
ability of polyphenols and fatty acids to reduce 7KC-induced overproduction of ROS was investigated
at these concentrations. By flow cytometry, after DHE staining, a strong increase in the percentage
of HE positive cells (cells overproducing superoxide anions) was observed in the presence of 7KC
(Figures 3 and 4). The percentage of HE positive cells was significantly reduced by α-tocopherol
(400 μM) used as positive control (Figures 3 and 4). This percentage was also significantly reduced
in the presence of polyphenols (RSV, QCT, API) (Figure 3) and fatty acids (ALA, EPA, DHA, OA)
(Figure 4A,B) demonstrating that these compounds attenuate the oxidative stress induced by 7KC.
When used singularly, polyphenols (QCT, API) and fatty acids (ALA, EPA, DHA, OA) as well as
α-tocopherol have no effect on the production of ROS; on the other hand, comparatively to untreated
(control) and vehicle-treated cells, RSV (6.25 μM) slightly but significantly increases this production
(Figures 3 and 4).

2.4. Evaluation of the Effects of ω3 and ω9 Unsaturated Fatty Acids (α-Linolenic Acid, Eicosapentaenoic Acid,
Docosahexaenoic Acid, Oleic Acid) and α-Tocopherol on 7-Ketocholesterol-Induced Loss of Transmembrane
Mitochondrial Potential and Cell Death

In N2a cells, 7KC (50 μM, 48 h) induces a loss of transmembrane mitochondrial potential (ΔΨm)
as well as increased permeability of plasma membrane to PI which is considered to enter dead cells
only (Figures 5 and 6). Since the most significant cytoprotective effects with the FDA assay were
observed with polyphenols at 3.125 and 6.25 μM and with fatty acids at 12.5 and 25 μM, the ability of
polyphenols and fatty acids to prevent 7KC-induced loss of ΔΨm and cell death was investigated at
these concentrations (Figures 5 and 6). By flow cytometry, after DiOC6(3) staining, a strong increase in
the percentage of DiOC6(3) negative cells (cells with low ΔΨm) was observed in the presence of 7KC
(Figures 5 and 6). In the presence of (QCT, API) and fatty acids (ALA, EPA, DHA and OA) as well
as α-tocopherol no effect on ΔΨm was observed whereas with RSV (6.25 μM) a slight but significant
increase in the percentage of DiOC6(3) negative cells (cells with low ΔΨm) was found (Figures 5 and 6).
The percentage of DiOC6(3) negative cells was significantly reduced by α-tocopherol (400 μM) used as
positive control (Figures 5 and 6). This percentage of DiOC6(3) negative cells was also significantly
reduced in the presence of polyphenols (RSV, QCT, API) (Figure 5A–C) and fatty acids (ALA, EPA,
DHA and OA) (Figure 6A–D) demonstrating that these compounds attenuate the loss of ΔΨm induced
by 7KC.
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Figure 3. Effect of polyphenols (resveratrol, quercetin, apigenin) with and without 7-ketocholesterol
on reactive oxygen species (ROS) overproduction. N2a cells, previously cultured for 24 h, were
further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 μM) in the presence or absence of
polyphenols: resveratrol (RSV), quercetin (QCT) or apigenin (API) used at a concentration of 3.125
and/or 6.25 μM. α-tocopherol (α-toco; 400 μM) was used as positive reference to prevent 7KC-induced
cell death. ROS overproduction was measured by flow cytometry after staining with dihydroethidine
(DHE) and evaluated by the percentage of HE positive cells. Data shown are mean ± standard deviation
(SD) of three independent experiments conducted in triplicate. Significance of the differences between
control (untreated cells) and RSV-, QCT-, API-, α-toco- or 7KC-treated cells; Mann Whitney test:
* P < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (RSV, QCT, API
or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or less. No significant differences were found
between control and vehicle-treated cells (Ethanol (EtOH) and DMSO).

In addition, by flow cytometry, after PI staining, a strong increase in the percentage of PI positive
cells (cells with a loss of plasma membrane integrity considered as dead cells) was observed in the
presence of 7KC (Figures 5 and 6). The percentage of PI positive cells was also significantly reduced by
α-tocopherol (400 μM) used as positive control (Figures 5 and 6). This percentage of PI positive cells
was also significantly reduced in the presence of polyphenols (RSV, QCT and API) (Figure 5D–F) and
fatty acids (ALA, EPA, DHA and OA) (Figure 6E–H) demonstrating that these dietary compounds
attenuate 7KC-induced cell death which is associated with plasma membrane alterations. Noteworthy,
when used singularly, API (3.125 and 6.25 μM) and fatty acids (ALA, EPA, DHA and OA) (12.5 and
25 μM) as well as α-tocopherol (400 μM) have no effect on plasma membrane integrity whereas RSV
and QCT (6.25 μM) slightly but significantly increase the % of PI positive cells indicating an effect of
these molecules on plasma membrane integrity (Figures 5 and 6).
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Figure 4. Effect of ω3 and ω9 unsaturated fatty acids (α-linolenic acid, eicosapentaenoic acid,
docosahexaenoic acid and oleic acid) with and without 7-ketocholesterol on reactive oxygen species
(ROS) overproduction. N2a cells, previously cultured for 24 h, were further cultured for 48 h with
or without 7-ketocholesterol (7KC, 50 μM) in the presence or absence of α-linolenic acid (ALA),
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) or oleic acid (OA) used at a concentration of
12.5 and 25 μM. α-tocopherol (α-toco; 400 μM) was used as positive reference to prevent 7KC-induced
cell death. ROS overproduction was measured by flow cytometry after staining with dihydroethidine
(DHE) and evaluated by the percentage of HE positive cells (A): data obtained with ALA and EPA are
shown; (B): data obtained with DHA and OA are shown). Data shown are mean ± standard deviation
(SD) of three independent experiments conducted in triplicate. Significance of the differences between
control (untreated cells) and ALA-, EPA-, DHA-, OA-, α-toco- or 7KC-treated cells; Mann Whitney test:
* P < 0.05 or less. Significance of the differences between 7KC-treated cells and (7KC + (ALA, EPA,
DHA, OA or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or less. No significant differences
were found between control and vehicle-treated cells (Ethanol (EtOH)).
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Figure 5. Effect of polyphenols (resveratrol, quercetin, apigenin) with and without 7-ketocholesterol
on mitochondrial transmembrane potential (ΔΨm) and plasma membrane permeability. N2a cells,
previously cultured for 24 h, were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50
μM) in the presence or absence of polyphenols: resveratrol (RSV), quercetin (QCT) or apigenin (API)
used at a concentration of 3.125 and/or 6.25 μM. α-tocopherol (α-toco; 400 μM) was used as positive
reference to prevent 7KC-induced cell death. Loss of transmembrane mitochondrial potential (ΔΨm)
was measured by flow cytometry after staining with DiOC6(3) and evaluated by the percentage of
DiOC6(3) negative cells (A–C). Plasma membrane permeability was measured by flow cytometry after
staining with propidium iodide (PI): for each assay, the percentage of PI positive cells was determined
(D–F). Data shown are mean ± standard deviation (SD) of three independent experiments conducted in
triplicate. Significance of the differences between control (untreated cells) and RSV-, QCT-, API-, α-toco-
or 7KC-treated cells; Mann Whitney test: * P < 0.05 or less. Significance of the differences between
7KC-treated cells and (7KC + (RSV, QCT, API or α-toco))-treated cells; Mann Whitney test: # P < 0.05 or
less. No significant differences were found between control and vehicle-treated cells (Ethanol (EtOH)
and DMSO).
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Figure 6. Effect of ω3 and ω9 unsaturated fatty acids (α-linolenic acid, eicosapentaenoic
acid, docosahexaenoic acid and oleic acid) with and without 7-ketocholesterol on mitochondrial
transmembrane potential (ΔΨm) and plasma membrane permeability. N2a cells, previously cultured
for 24 h, were further cultured for 48 h with or without 7-ketocholesterol (7KC, 50 μM) in the presence
or absence of α-linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) or oleic
acid (OA) used at a concentration of 12.5 and 25 μM. α-tocopherol (α-toco; 400 μM) was used as positive
reference to prevent 7KC-induced cell death. Loss of transmembrane mitochondrial potential (ΔΨm)
was measured by flow cytometry after staining with DiOC6(3) and evaluated by the percentage of
DiOC6(3) negative cells (A–D). Plasma membrane permeability was measured by flow cytometry after
staining with propidium iodide (PI): for each assay, the percentage of PI positive cells was determined
(E–H). Data shown are mean ± standard deviation (SD) of three independent experiments conducted
in triplicate. Significance of the differences between control (untreated cells) and ALA-, EPA-, DHA-,
OA-, α-toco- or 7KC-treated cells; Mann Whitney test: * P < 0.05 or less. Significance of the differences
between 7KC-treated cells and (7KC + (ALA, EPA, DHA, OA or α-toco))-treated cells; Mann Whitney
test: # P < 0.05 or less. No significant differences were found between control and vehicle-treated cells
(Ethanol (EtOH)).
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3. Discussion

Preventing the 7KC cytotoxicity by means of nutrients present in the Mediterranean diet
(polyphenols, fatty acids) could be a means to counteract several diseases associated with oxidative
stress leading to increased levels of 7KC mainly formed by cholesterol auto-oxidation [6,44]. In the
present study, we showed that 7KC-induced cytotoxicity on murine neuronal N2a cells is characterized
by ROS overproduction, alteration of plasma membrane, and drop of transmembrane mitochondrial
potential (ΔΨm) leading to cell death. As the Mediterranean diet is rich in polyphenols, which are
potent antioxidant molecules, we asked whether some of them such as RSV, QCT and API, could
prevent the cytotoxic effects of 7KC. We also asked whether some fatty acids which are abundant in the
Mediterranean diet (ALA, EPA, DHA and OA) and which are known to improve some brain functions,
mainly cognition [45], were also able to prevent 7KC-induced cell death. Our results obtained with
the polyphenols (RSV, QCT and API), and with ω3 and ω9 fatty acids (ALA, EPA, DHA and OA) on
N2a cells show that these molecules are powerful cytoprotectors against 7KC-induced cytotoxicity:
they strongly attenuate 7KC-induced ROS overproduction, alteration of plasma membrane, and loss of
ΔΨm causing cell death.

As it was previously reported on microglial and glial cells (murine oligodendrocytes 158N and
murine microglial BV-2 cells that 7KC triggers cell death [8,37], we asked whether similar effects were
observed on N2a cells. In agreement with data obtained on 158N and BV-2 cells, our data demonstrate
that 7KC (50 μM, 48 h of treatment) is a strong inducer of cell death on N2a cells. Whereas no significant
cytotoxic effects were observed with 7KC used at 1.5625, 3.125, 6.25, 12.5 and 25 μM, significant
cytotoxic effects were observed at 50 and 100 μM with the FDA assay (evaluating esterase activity). In
those conditions, after 48 h of culture of N2a cells with 7KC, the IC50 value of this oxysterol was 50
μM. So, the cell characteristics of 7KC-induced cell death were determined at this concentration. Also,
in agreement with the abovementioned study on 158N and BV-2 cells, adding 7KC induced alterations
of plasma membrane (decreased esterase activity measured by FDA, and increased permeability to PI)
which could be at least in part the consequence of ROS overproduction measured with DHE. ROS
overproduction in 7KC-treated human aortic smooth muscle cells and on human red blood cells is
mediated by an upregulation of Nox-4, a ROS-generating NAD(P)H oxidase homologue [46], and is
considered as a consequence of NADPH oxidase activation through a signaling mechanism including
Rac GTPase and PKCζ [47], respectively. This important oxidative stress could also favor the drop of
ΔΨm observed under treatment with 7KC. Our data confirm that ROS overproduction and loss of ΔΨm
are general features associated with 7KC-induced cell death whatever the cells considered [6,8,37].
Thus, it is likely, that molecules which are able to prevent 7KC-induced toxicity in one cell type will
also be effective in other cell types.

In the presence of 7KC, the highly conserved cell death characteristics from one type of cell to
another may have important consequences for preventing the diseases associated with 7KC. It can
thus be assumed that molecules capable of opposing the cytotoxicity of 7KC on N2a cells would also
be capable to counteract the cytotoxicity of 7KC on other brain cells (glial and microglial cells) and on
other cell types which can be exposed to high levels of 7KC (retinal and vascular cells). This hypothesis
is partly validated by the use of α-tocopherol (400 μM) as a positive cytoprotective control in this study,
which strongly reduces the cytotoxicity of 7KC not only on N2a but also on 158N oligodendrocytes
and BV-2 microglial cells as well as many other cell types [8,37]. It can therefore be assumed that the
cytoprotection observed on N2a with polyphenols (RSV, QCT, API at concentrations ≤6.25 μM) and
fatty acids (ALA, EPA, DHA, OA at concentrations ≤50 μM) associated with the Mediterranean diet
would present similar characteristics on other brain cells as those observed on N2a cells.

In order to inhibit or reduce 7KC-induced cell death and based on the signaling pathways of
which have been described by Vejux et al. [37], we have chosen to use synthetic and natural molecules
as well as mixtures of molecules [8]. To date, only few molecules have proved effective in opposing the
cytotoxic effects of 7KC on nerve cells defined as oxiapoptophagy (OXIdative stress + APOPTOsis +
autoPHAGY) based on data obtained on 158N murine oligodendrocytes and murine microglial BV-2
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cells [48–50]. Among the synthetic molecules are two activators of the Nrf2 pathway, dimethyl fumarate
(DMF) and its major metabolite, monomethyl fumarate (MMF), which have shown cytoprotective effects
on 158N cells [51]. Some lipids, such as α-tocopherol, OA and DHA have also cytoprotective activities
against 7KC: they prevent oxidative stress, mitochondrial dysfunction (loss of ΔΨm), peroxisomal
changes, apoptosis and autophagy [8]. α-tocopherol, which prevents the accumulation of 7KC in the
lipid rafts, inhibits the cascade of events leading to cell death [27,33].

Until now, there is no study on the effects of polyphenols (RSV, QCT and API) on 7KC-induced cell
death on N2a neuronal cells. The present work demonstrates for the first time cytoprotective activities
of some polyphenols (RSV, QCT and API) associated with the Mediterranean diet on 7KC-induced cell
death and reinforces the interest of polyphenols to prevent 7KC-induced neurotoxicity. Indeed, on
N2a cells, our data clearly show that RSV, QCT and API attenuate 7KC-induced ROS overproduction,
plasma membrane alteration and drop of ΔΨm leading to cell death. The cytoprotective effects of RSV,
QCT and API were studied at concentrations ≤6.25 μM because at higher concentrations a decrease
of esterase activity was observed with RSV and QCT on N2a cells. These cytotoxic effects including
decrease activity of esterase associated or not with ROS overproduction, loss of ΔΨm and/or increased
plasma membrane permeability, which can affect cell viability, are probably related to the anti-tumor
activities described with several polyphenols including RSV and QCT [52]. In contrast, API up to 50
μM does not induce cell death. Due to its lack of cytoxicity on N2a cells, API therefore appears to be a
better candidate than RSV and QCT to prevent 7KC-induced cell death. Despite these differences in
toxicity, at concentrations of 3.125 and 6.25 μM, all the three polyphenols, RSV, QCT and API, have
similar cytoprotective effects against 7KC and are as efficient as α-tocopherol used at 400 μM.

Currently, as it is the case with polyphenols, the cytoprotective activities of ω3 and ω9 fatty acids
(ALA, EPA, DHA and OA), present in large amount in the Mediterranean diet, on the neurotoxicity of
7KC are still not well known. We however previously reported on 158N murine oligodendrocytes and
murine microglial BV-2 cells that 7KC-induced oxidative stress, mitochondrial dysfunction and cell
death by oxiapoptophagy were strongly attenuated with DHA and OA as well as with argan, olive
and milk thistle seed oils which are rich in α-tocopherol and OA [32]. In the present study, our data
clearly show that ALA, EPA, DHA and OA also attenuate 7KC-induced ROS overproduction, plasma
membrane alteration and drop of ΔΨm leading to cell death on N2a neuronal cells, thus bringing new
elements reinforcing the interest of using ω3 and ω9 unsaturated fatty acids to prevent the neurotoxicity
of 7KC. These cytoprotective effects of ω3 and ω9 fatty acids were found at concentrations (≤50 μM)
higher than those identified with polyphenols (≤6.25 μM) but nevertheless lower than that obtained
with α-tocopherol (400 μM). However, it is important to underline that at these concentrations ω3
and ω9 fatty acids do not show toxicity: They have no effects on esterase activity, ROS production
and mitochondrial transmembrane potential (ΔΨm). Thus, in N2a cells, ω3 and ω9 unsaturated fatty
acids (ALA, EPA, DHA, OA) but also polyphenols (RSV, QCT, API) are therefore more efficient natural
molecules than α-tocopherol, considered until now as the best natural reference molecule to prevent
7KC toxicity. The ability of these polyphenols and fatty acids associated with the Mediterranean to
prevent 7KC-induced cell damages reinforces the value of the Mediterranean diet and its associated
nutrients in preventing neurodegeneration.

Since polyphenols (RSV, QCT, API) as well as ω3 and ω9 unsaturated fatty acids (ALA, EPA, DHA
and OA) have similar cytoprotective effects on 7KC-induced toxicity and reduce plasma membrane
alteration, ROS overproduction and drop in ΔΨm, pharmacological targets that are otherwise common
but lead to the same effects should be sought. Based on the cytoprotective effects observed with natural
and synthetic molecules [8], RSV, QCT and API as well as ALA, EPA, DHA, and OA could reduce the
overproduction of ROS via the Nrf2 pathway and by acting on the activation of NADPH-oxidase. Since
(RSV, QCT, API), and ω3 and ω9 fatty acids can activate the nuclear Liver X Receptors (LXRs) [53]
and Peroxisome Proliferator-Activated Receptors (PPARs) [54], respectively, cytoprotection resulting
from gene activation, which could be evaluated by transcriptomic analysis, is also possible. In order
to link the cytoprotective activity of polyphenols and fatty acids from the plasma membrane to the
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mitochondria, an action at the PI3-K/PDK1/Akt/GSK3 pathway is possible. Preserving the functionality
of this pathway makes it possible to link plasma membrane signaling to mitochondrial activity. This
hypothesis has moreover been validated on U937 cells treated with 7KC associated or not with
α-tocopherol [27,38].

In conclusion, on N2a cells, 7KC induces cell damages (oxidative stress and mitochondrial
dysfunction) associated with neurodegeneration on N2a cells which are strongly attenuated by
polyphenols (RSV, QCT and API) and fatty acids (ALA, EPA, DHA and OA) present in large amounts
in the Mediterranean diet. These data provide new evidence in favor of 7KC as a potential risk
factor for neurodegeneration and shows the capacity of some nutrients (polyphenols, fatty acids) as
well as α-tocopherol to prevent 7KC-induced cytotoxicity: ROS overproduction, loss of ΔΨm and
cell death associated with enhanced plasma membrane permeability. This study also underlines the
chemopreventive effects of phytochemicals against cell dysfunction caused by oxysterols [55]. On
the other hand, in vitro, in order to enhance the cytoprotection, a combined use of these nutrients
can be envisaged. In vivo, due to the likely and rapid degradation of these nutrients (elimination
in the gastrointestinal tract, short plasma half-life) before reaching their target, various micro- and
nano-encapsulation strategies protecting these nutrients without altering their cytoprotective activities
could be considered for further studies [56,57]. Thus, when QCT is nanoencapsulated, it has been
described to decrease the inflammation induced by various oxysterols on SH-SY5Y human neuronal
cells [58]. As mitochondrial and ROS overproduction is a general feature of 7KC-induced cell death
whatever the cells considered, it may be advisable to micro- or nano-encapsulate these nutrients in
order to promote access to their therapeutic targets. In addition, the ability of polyphenols and fatty
acids to strongly reduce the 7KC-induced drop in ΔΨm indicates that these nutrients are potentially
suitable molecules for mitotherapy [59]. Associated a targeted mitotherapy using functionalized
nanoparticles (Targeted Organel Nano-therapy: TORN therapy) [60,61] containing polyphenols as
well as ω3 and/or ω9 unsaturated fatty acids could thus be envisaged to treat diseases associated with
increased 7KC-levels.

4. Materials and Methods

4.1. Cell Culture and Treatments

The murine neuro-2a (N2a) neuroblastoma cell line (Ref: CCL-131; ATCC, Manassas, VA, USA) is
maintained in Dulbecco’s modified Eagle medium (DMEM, Lonza, Amboise, France) containing 10%
(v/v) of heat-inactivated fetal bovine serum (FBS) (Pan Biotech, Aidenbach, Germany) (30 min, 56 ◦C)
and 1% (v/v) of penicillin (100 U/mL) / streptomycin (100 mg/mL) (Pan Biotech). They were incubated
at 37 ◦C in a humidified atmosphere (5% CO2, 95% air) and passaged twice a week. The cells were
seeded, for the different experimental conditions, at a density of 1.2 × 105 cells per well containing
1 mL of culture medium with 10% FBS in 6-well plates (FALCON, Becton Dickinson, Le Pont de
Claix, France) or in Petri dishes at 30.000 cells/cm2 (100 mm diameter) in order to assess the ability of
polyphenols (trans-resveratrol (RSV), quercetin (QCT) and apigenin (API)) and fatty acids (α-linolenic
acid (ALA/C18:3 n-3); eicosapentaenoic acid (EPA/C20:5 n-3); docosahexaenoic acid (DHA, C22:6 n-3);
oleic acid (OA, C18:1 n-9)) to counteract the cytotoxicity induced by 7-ketocholesterol (7KC). 7KC (Ref:
C2394), the polyphenols (RSV, QCT and API) and the fatty acids (ALA, DHA and OA) were from
Sigma-Aldrich (St Quentin-Fallavier, France) whereas EPA was from Enzo Life Sciences (Villeurbanne,
France). The stock solution of 7KC (800 μg/mL; 2 mM) was prepared in a mixture of absolute ethanol
and culture medium (0.04, 0.96, v/v) as previously described [27]. The stock solutions of polyphenols
were prepared as follows: RSV at 50 mM in absolute ethanol (EtOH; Carlo Erba Reagents, Val de Reuil,
France), whereas dimethyl sulfoxide (DMSO; Sigma-Aldrich) was used as vehicle to dissolve QCT and
API prepared at 50 mM. Fatty acids stock solutions were prepared at 50 mM (ALA, DHA, OA) or 200
mM (EPA) in absolute ethanol and stored at −20 ◦C. After 24 h of culture, the culture medium was
removed and the cells were further incubated for an additional 48 h period of time with or without
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polyphenols or fatty acids associated or not with 7KC. Polyphenols (RSV, QCT and API) or fatty acids
(ALA, EPA, DHA and OA) were used at concentrations ranging from 1.5 to 50 μM and from 1.5 to 200
μM, respectively, to determine their effects on cell viability. When associated with 7KC, polyphenols
(RSV, QCT and API) and fatty acids (ALA, EPA, DHA and OA) were used at concentrations which
have no impact on cell viability ranging from 1.5 to 6.25 μM and from 6.25 to 50 μM, respectively.
The choice of the concentration of 7KC is based on the viability tests performed in this study which
show that 50 μM is the 50% inhibiting concentration (IC50) for N2a cells (Supplementary Figure S1).
α-tocopherol (Sigma-Aldrich) was used as a positive control for cytoprotection; the α-tocopherol
solution was prepared at 80 mM in absolute ethanol and diluted in the culture medium to obtain a 400
μM final concentration. α-tocopherol was used at the highest non-cytotoxic concentration (400 μM)
able to prevent 7KC-induced apoptosis [27].

4.2. Quantification of Cell Viability by the Fluorescein Diacetate (FDA) Assay

N2a cells viability was assessed using a lipophilic fluorochrome, fluorescein diacetate (FDA)
(Sigma-Aldrich). In the presence of intracellular esterases of living cells, the non-fluorescent FDA is
transformed into a green fluorescent metabolite “fluorescein” [16,22]. At the end of the treatment,
cells were incubated in the dark with FDA (15 μg/mL, 5 min, 37 ◦C), washed twice with phosphate
buffer saline (PBS 0.1 M, pH 7.4), and then lysed with 10 mM Tris-HCl solution containing 1% sodium
dodecyl sulfate (SDS). Fluorescence intensity of fluorescein was measured with excitation at 485
nm and emission at 528 nm using a microplate reader (Sunrise spectrophotometer, TECAN, Lyon,
France) in order to quantify living cells. All assays were performed in at least four independent
experiments and realized in triplicate. The results were expressed as % of control: (Fluorescence (assay)
× 100)/Fluorescence (control).

4.3. Flow Cytometric Evaluation of Reactive Oxygen Species (ROS) Production Using Dihydroethidium
Staining

ROS overproduction, including the intracellular superoxide anion (O2
•−), was detected by

dihydroethidium staining (DHE). DHE is a non-fluorescent probe capable of diffusing through the
cell membranes; it is rapidly oxidized by ROS to fluorescent hydroethidium (HE) that exhibits an
orange/red fluorescence (λ Ex max = 488 nm; λ Em max = 575nm). The HE intercalates at the DNA
base level [62]. The stock solution of DHE (Invitrogen/Thermo Fisher Scientific, Courtaboeuf, France)
was prepared in DMSO at a concentration of 10 mM and was subsequently used on the cells at a
final concentration of 2 μM. N2a cells incubated for 48 h with or without 7KC in the presence or
absence of polyphenols (RSV, QCT or API) or fatty acids (ALA, EPA, DHA, or OA) were trypsinized,
washed and then suspended in 1 mL of 1X PBS containing DHE (2 μM). After 15 min of incubation
at 37 ◦C, the analysis of stained cells was carried out by flow cytometry on a BD Accuri™ C6 flow
cytometer. The fluorescence of HE was collected through a 580 nm band pass filter. Ten thousand
cells were acquired per sample and the fluorescence was quantified on a logarithmic scale. The data
were analyzed with FlowJo software v10.6.2 (Tree Star Inc., Ashland, OR, USA). The percentage of
ROS producing cells corresponds to the percentage of HE positive cells. At least three independent
experiments were realized.

4.4. Flow Cytometric Measurement of Transmembrane Mitochondrial Potential Using DiOC6(3)

The measurement of transmembrane mitochondrial potential (ΔΨm) is widely used to
characterize mitochondrial metabolic state and cell death. The decrease in ΔΨm is a sign of a
depolarized mitochondria with a poor ability to accumulate lipophilic cationic probes such as 3,
3′-dihexyloxacarbocyanine iodide DiOC6(3) (λ Ex max = 484 nm; λ Em max = 501 nm) used in flow
cytometry. DiOC6(3) accumulates in the mitochondrial matrix as a function of the potential difference:
this probe accumulates all the more in the mitochondria with a normal ΔΨm (living cells) compared
to the mitochondria with a low ΔΨm (dying and dead cells) which will cause a decrease in green
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fluorescence collected through a 520 ± 10 nm band pass filter. To evaluate the effect on ΔΨm of the
different compounds tested at different concentrations, the adherent and non-adherent cells were
pooled after 48 h of treatment, washed and stained with a solution of DiOC6(3) (Invitrogen/Thermo
Fisher Scientific) at 40 nM for 15 min at 37 ◦C. At the end of the incubation time, the fluorescence
associated with DiOC6(3) was immediately measured on a BD Accuri™ C6 flow cytometer. Ten
thousand cells were acquired per sample and the fluorescence was quantified on a logarithmic scale.
Data were analyzed with FlowJo software (Tree Star Inc.). The percentage of cells with depolarized
mitochondria corresponds to the percentage of DiOC6(3) negative cells. At least three independent
experiments were realized.

4.5. Flow Cytometric Evaluation of Plasma Membrane Permeability and Cell Death Using Propidium Iodide

Propidium iodide (PI) is a hydrophilic fluorescent agent intercalating nucleic acids (DNA; RNA)
which produces a red/orange fluorescence when it is excited by a blue light (488 nm). It is used to
quantify cell viability and plasma membrane permeability: it only stains the nucleic acids of dead cells
that have lost their cytoplasmic membrane integrity [63,64]. The stock solution of PI was prepared in
milliQ water at a concentration of 1 mg/mL. N2a cells (adherent and nonadherent cells) were stained
with a PI solution at 1 μg/mL in 1X PBS for 5 min at 37 ◦C in order to assess their mortality after a
treatment of 48 h with polyphenols (RSV, QCT or API) or with fatty acids (ALA, EPA, DHA, and OA)
associated or not with 7KC. The cells were analyzed on a BD Accuri™ C6 flow cytometer and the
fluorescence of PI was selected on a 630 nm long pass filter. Ten thousand cells were acquired per
sample and the fluorescence was quantified on a logarithmic scale. Data were analyzed with FlowJo
software (Tree Star Inc.). The percentage of dead cells corresponds to the percentage of PI positive cells.
At least three independent experiments were realized.

4.6. Statistical Analysis

Statistical analyses were done using XLSTAT software 2020.1 (Microsoft, St. Redmond, WA, USA).
Data were expressed as mean ± standard deviation (SD); data were considered statistically different
(Mann-Whitney test) at a P-value of 0.05 or less.

Supplementary Materials: The following are available online. Figure S1: Evaluation with the fluorescein diacetate
(FDA) assay of the effects of 7-ketocholesterol on the cell viability of N2a cells.
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Abstract: Neurodegenerative diseases (NDDs) are one of the leading causes of death and disability
in humans. From a mechanistic perspective, the complexity of pathophysiological mechanisms
contributes to NDDs. Therefore, there is an urgency to provide novel multi-target agents towards the
simultaneous modulation of dysregulated pathways against NDDs. Besides, their lack of effective-
ness and associated side effects have contributed to the lack of conventional therapies as suitable
therapeutic agents. Prevailing reports have introduced plant secondary metabolites as promising
multi-target agents in combating NDDs. Polydatin is a natural phenolic compound, employing
potential mechanisms in fighting NDDs. It is considered an auspicious phytochemical in modulating
neuroinflammatory/apoptotic/autophagy/oxidative stress signaling mediators such as nuclear
factor-κB (NF-κB), NF-E2–related factor 2 (Nrf2)/antioxidant response elements (ARE), matrix metal-
loproteinase (MMPs), interleukins (ILs), phosphoinositide 3-kinases (PI3K)/protein kinase B (Akt),
and the extracellular regulated kinase (ERK)/mitogen-activated protein kinase (MAPK). Accordingly,
polydatin potentially counteracts Alzheimer’s disease, cognition/memory dysfunction, Parkinson’s
disease, brain/spinal cord injuries, ischemic stroke, and miscellaneous neuronal dysfunctionalities.
The present study provides all of the neuroprotective mechanisms of polydatin in various NDDs.
Additionally, the novel delivery systems of polydatin are provided regarding increasing its safety,
solubility, bioavailability, and efficacy, as well as developing a long-lasting therapeutic concentration
of polydatin in the central nervous system, possessing fewer side effects.

Keywords: polydatin; neurodegeneration; neuroprotection; therapeutic targets; pharmacology; novel
delivery system

1. Introduction

Neurodegenerative diseases (NDDs) are amongst the most common factors of disabil-
ity and death in humans, which refer to the gradual, symmetrical, and specific decreases in
sensory, motor, and mental nerve activity resulting in the death of neurons [1,2]. Nerve
death accounts for various signs of neurological dysregulations, both chronic and acute,
consisting of Parkinson’s disease (PD), Alzheimer’s disease (AD), central nervous system
(Brain/Spinal Cord) injuries, and stroke [3]. Additionally, autism, neuropathic pain, aging,
and depression are other NDDs that result from nerve cell death [4,5]. From a mechanistic
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point of view, various factors cause neurological problems, such as oxidative stress [6],
inflammation [7], and apoptosis [5,8]. The aforementioned pathological pathways play
a harmful role in neuronal cell death mechanisms. The microglia activity, inflammatory
cytokines, reactive oxygen species (ROS), and related mitochondrial disruption of oxidative
pathways have shown negative results on the process of nerve regeneration that eventually
leads to cell death [9,10].

Despite advances in clinical healthcare, neuroprotective agents are still clinically
challenged in nerve destruction and NDDs. Thus, there is an emerging need to develop
new multi-target therapies that further help to attenuate dysregulated signaling pathways
in NDDs [11–13]. Several natural compounds isolated from edible and medicinal plants
that exhibit anti-inflammatory properties have been investigated for potential application
as pharmaceutical candidates [14]. Natural products are rich sources of polyphenolic
compounds, consisting of stilbenoids, which are a big group of resveratrol substances such
as monomers, dimers, and oligomers. Stilbenoids are naturally occurring compounds in
a variety of plant families, such as Vitaceae, Gnetaceae, Cyperaceae, and Rocarpaceae.
Consequently, the wine grape, Vitis vinifera L., is considered the primary nutritional source
of these compounds [15].

Polydatin is a stilbenoid that passively penetrates cells. It also launches into the
cells through an active mechanism by a glucose carrier. The glucose moiety of polydatin
causes a higher resistance rate to enzymatic oxidation than resveratrol and has much
better water solubility [16,17]. Polydatin has been shown to suppress oxidative stress,
inflammation, and apoptosis as major pathways for nerve cell regeneration. The biological
activity of polydatin and certain derivatives entails preventing or interfering with several
neurodegenerative mechanisms [18].

In a previous study, the protective mechanisms of polydatin were evidenced in cere-
bral ischemia [19]. Recently, dementia-related disorders are also targeted by polydatin [20].
Besides, the general pharmacology and pharmacokinetic properties of polydatin were
developed by Du et al. [21]. As of yet, no review article has discussed the entire set of
neuroprotective mechanisms of polydatin. This review focuses on the pharmacological
targets, molecular mechanisms, therapeutic potentials, and clinical perspectives of poly-
datin in NDDs. The pharmacological mechanisms of action of polydatin in the treatment
or prevention of NDDs are provided.

2. Polydatin: Chemical Structure, Sources, and Pharmacokinetic Properties

Several studies concerning the chemical characterization of stilbenoids have been
motivated by their numerous promising biological functions, especially those of polydatin.
Polydatin (3,4′,5-trihydroxystilbene-3-β-D-glucoside) is a natural resveratrol glucoside
known as resveratrol-3-β-mono-D-glucoside, an active product from the Polygonum cuspi-
datum Sieb. et Zucc roots (Figure 1). However, it is also found in grapes, red wines, hop
cones, peanuts, cocoa/chocolate products, and several other meals [21].

Two isomeric types (cis and trans) of polydatin are found in nature. Cis-polydatin is
often detected in lower levels. Moreover, they are less biologically active than the trans
forms [22]. The most common sources of polydatin are grape juice and red/white wines.
Cis-polydatin is the predominant isoform in carbonated wines and rosé, while the trans
isomer is abundant in berries, peanuts, grapes, and pistachios [23]. The major sources of
polydatin isomers are the rhizomes and roots of Fallopia japonica (Houtt.) Ronse Decraene
(Polygonaceae), which have long been used in traditional Chinese and Japanese Medicine
as an anticancer, diuretic, analgesic, anti-pyretic, and expectorant agent in the management
of atherosclerosis [24]. However, this product is present in various other genera such as
Rumex, Picea, Rosa, Quercus, and Malus. Polydatin has received similar consideration to
resveratrol because glucoside concentrations are usually higher than aglycone ones in red
wine and other grape products. The exact ratio of glycosylated forms to aglycones in wine
relies on various aspects such as the fermentation method and ecological conditions in the
vineyards [25].
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Figure 1. Polydatin, a glycosylated form of resveratrol.

Pharmacokinetic studies are often required for the effective and safe clinical use of
drugs. The absorption, distribution, and metabolism of polydatin are connected to its
bioactivity. Polydatin might have higher bioavailability and a better antioxidant function
compared to resveratrol. In addition, intestinal absorption of polydatin is higher than
resveratrol made by glucose groups [26]. Polydatin enters the cell through an active glucose
carrier mechanism and passive diffusion, while resveratrol just passively penetrates cell
membranes [27]. The active transport of polydatin mainly passes through a sodium-
dependent glucose transporter 1 (SGLT1), chiefly present in the intestines and stomach [16].
Since the cell content of polydatin is not very low, it indicates an active transfer of polydatin
by SGLT1 [21,27].

Polydatin employs two possible pathways to be deglycosylated from trans-resveratrol.
The primary pathway is cleavage by cytosolic-β-glucosidase following the SGLT1 me-
diated by passing through the brush-border membrane. The second mechanism, which
happens on the luminal side of the epithelium, is deglycosylation by the membrane-bound
enzyme lactase-phlorizin hydrolase. This mechanism is followed by passive diffusion of
the released aglycone and additional glucuronoconjugation [17]. Although resveratrol is
more accumulated and leaves more residue in cells than polydatin, the half-life of poly-
datin is approximately four hours with a higher level of resveratrol Cmax at the same
dose [27]. However, more analytical methods need to be investigated for the determination
of trans-stilbene glycoside during pharmacokinetics studies [28].

Accordingly, polydatin as a glycosylated resveratrol could be a potential therapeutic
agent with fewer pharmacokinetic limitations in comparison to resveratrol.

3. Polydatin against NDDs

Polydatin has demonstrated several biological/pharmacological effects, such as anti-
inflammatory [29], anti-apoptotic [30], and antioxidant [31], against NDDs [32]. To combat
oxidative stress, polydatin increased antioxidant capacity through associated antioxidant
mediators, nuclear factor erythroid 2-related factor 2 (Nrf2) and sirtuin 1 (Sirt1), and an-
tioxidant response elements (AREs) [18]. Polydatin suppresses oxidative stress through
phosphoinositide 3-kinases (PI3K)/protein kinase B (Akt)-interconnected mediators [33]. It
also blocks oxidative stress and reduces microglial apoptosis through the Nrf2/heme oxy-
genase (HO-1) pathway [34]. From the inflammatory point of view, by suppressing nuclear
factor kappa B (NF-κB), polydatin can stop intercellular adhesion molecule-1 (ICAM-1)
protein/mRNA production. Polydatin has also been shown to reduce pro-inflammatory
cytokines (IL-1β, TNF-α, and IL-6) by down-regulating toll-like receptor-2 (TLR-2) and the
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NF-κB p65 pathway [35]. As mitochondria are the major source of ROS in cells, when the
intracellular mitochondria are damaged, electron transfer is abnormal, and ROS produc-
tion is increased, which ultimately accelerates the onset of apoptosis [36]. Several studies
have shown the beneficial influence of polydatin on mitochondria from a new perspective.
Polydatin has been considered to suppress mitochondria-related cytochrome c release,
moreover suppressing caspase-9 and caspase-3 [37]. Polydatin has been thought to de-
crease ROS release and improve mitochondrial activity by modulating the Sirt3/superoxide
dismutase 2 (SOD2) pathway. SOD2 is a mitochondrial antioxidant enzyme whose activity
is mediated by Sirt3 [38].

Overall, by modulating several mediators in inflammatory/apoptotic/autophagy/
oxidative stress pathways, polydatin could be a hopeful candidate in combating NDDs.

3.1. Polydatin against AD, and Cognition/Memory Dysfunction

As the most common form of NDDs, AD is characterized by a gradual decline in mem-
ory and mental impairment in all aspects of a person′s ability to perform daily activities,
with unknown causes [39]. Studies have shown that the accumulation of old extracellular
plaques, mainly consisting of the amyloid beta peptide (Aβ) and intracellular fiber nodules
composed of hyperphosphorylated proteins, plays an essential role in the neuropathology
of AD [40–42]. Besides, several inflammatory, apoptotic, and oxidative pathways are be-
hind the pathogenesis of AD. Due to numerous pathophysiological mechanisms for AD,
effective treatment has not yet been developed. Natural products have shown beneficial
therapeutic effects on AD [43]. Amongst natural entities, oral administration of polydatin
could dramatically reduce the production of malondialdehyde (MDA) and increase the
activity of the antioxidants SOD and catalase (CAT) to protect learning and memory impair-
ments in vivo. In addition, it lessened the damage caused by an oxygen-glucose deficiency
in cultured neurons [44]. Tong et al. investigated the protective effect of polydatin in cancer
patients undergoing chemotherapy, most of whom had cognitive impairments due to the
use of chemotherapy drugs. In their study, polydatin, at a daily dose of 50 mg/kg, reduced
doxorubicin-induced cognitive impairment and restored the hippocampal structure of the
hippocampus. In addition, polydatin reduced doxorubicin-induced stress by regulating
Nrf2, activating the NF-κB pathway, and reducing apoptosis [45,46]. In another study,
polydatin was reported to defend against learning and memory failure in neonatal rats
with hypoxic-ischemic brain injury (HIBI) caused by unilateral carotid artery ligation. In
addition, polydatin decreased memory deficiency and increased the expression of the
hippocampal brain-derived neurotrophic factor (BDNF) in rats with HIBI [47]. Moreover,
in a study on rat’s cognitive function exposed to chronic ethanol, polydatin increased cell
survival while decreasing the expression level of cyclin-dependent kinase 5 (cdk5), and
reversed functional defects in ethanol-treated mice evaluated by the Morris water test [48].
In another recent study, polydatin has shown protective roles against dementia-related
disorders by attenuating several dysregulated pathways, including suppressing neuroapop-
tosis, oxidative stress, N-methyl D-aspartate receptor subtype 2B (NR2B), senile plaques,
neurofibrillary tangles, and cholinergic dysfunctions [20]. Polydatin-mediated in vitro
inhibition of Aβ25–35 polymerization and associated fibrils/oligomers was also reported
by Rivière et al. [49,50]. As another anti-AD mechanism of polydatin, an in vitro increase
in α3 and α7 nicotinic acetylcholine receptors (nAChRs) could help combat NDDs [51].
During an in vivo study, the modulation of NR2B by polydatin in rats’ prefrontal cortex
reduced learning and memory impairments [52].

Therefore, polydatin could be a helpful candidate in preventing AD and cogni-
tive/memory impairment in various cases. Such an effect is exerted through the modulation
of several dysregulated mechanisms, including neurological deficit scores, oxidative stress
(e.g., Nrf2, SOD, CAT), inflammation (e.g., NF-κB), as well as Aβ, BDNF, and nAChRs.
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3.2. Polydatin against PD

PD is an aging-associated condition and the second-most significant reason for
NDDs [53]. PD is known for midbrain dopaminergic neuronal loss and the accumu-
lation of α-synucleins called Lewy bodies. Furthermore, damages to non-dopaminergic
pathways cause non-motor and motor malfunctions [54]. Owing to their poor effectiveness
and adverse side effects, traditional therapies for PD are challenging to implement, and
the development of novel innovative and safe agents is now needed. Oxidative stress and
neuroinflammation play a significant role in PD pathogenesis [55]. Therefore, preventing
the dysregulated mediators of these pathways has a considerable role in prohibiting the
dissemination of PD. From a pathophysiological perspective, the degradation of substantia
nigra dopaminergic neurons is caused by the hereditary sensitivity and response to harmful
environmental stimuli [56]. Bai et al. reported that polydatin could play a critical role
in combating PD. Besides, polydatin meaningfully decreased apoptosis and mitochon-
drial dysfunction during rotenone/Parkin deficiency induced in a human dopaminergic
neuronal cell line, SH-SY5Y. In their study, polydatin suppressed the rotenone-induced
cell death, mitochondrial membrane potential (MMP), Sirt 1, DJ1, and ROS production.
Their study found that when autophagy-related gene 5 (Atg5) is biologically inhibited,
the beneficial effects of polydatin are partly inhibited, implying Atg5-mediated neuro-
protection [57]. Parkin knockdown-induced oxidative stress, mitochondrial malfunction
autophagy deficiency, and mitochondrial fusion expansion were all alleviated by poly-
datin [58]. Polydatin therapy may also reverse abnormalities in mitochondrial morphology
and motor malfunction in a Drosophila model of PD caused by Parkin insufficiency [57].

In the pathogenicity of PD, neuroinflammation hyperactivates microglia and results
in the destruction of dopaminergic neurons. As a result, reducing microglial activity could
help in the management of PD [59]. Polydatin crosses the blood–brain barrier to protect
motor deterioration of substantia nigra and preserves dopaminergic neurons and motor
function by suppressing pro-inflammatory mediators and microglia [60,61]. Huang et
al. indicated that polydatin caused an increase in Nrf2, p-Akt, and p-glycogen synthase
kinase-3β (GSK-3β) Ser9, activated microglial BV-2 cells, and suppressed NF-κB and pro-
inflammatory mediators in the substantia nigra of PD rat-induced by lipopolysaccharide
(LPS). Polydatin also inhibited dopaminergic neurodegeneration caused by microglial
activation through modulating the Akt/GSK-3β/Nrf2/NF-κB signaling pathway [62].
It is worth noting the discrepancies on the anti/pro-inflammatory cytokines following
microglia activation. It reveals the complexity of the brain microglial regulation, including
the critical M1 (inflammatory microglia) and M2 (anti-inflammatory microglia). Microglia
activations, especially the M1 type, have been considered a critical orchestrator in triggering
inflammatory responses during NDDs. However, the production/release of inflammatory
cytokines has been highlighted as a common feature associated with the microglial response,
which is closely related to imbalanced protein homeostasis in NDDs [63]. So, modulating
microglia activation could be a promising strategy for polydatin in combating NDDs.

The disturbance of glycolysis and the decrease in ATP production are other factors
involved in the dysfunction of dopaminergic neurons and developing PD [64]. Zhang et
al. showed that polydatin might improve glycolysis, glucose metabolism, ATP produc-
tion, and motor dysfunction in mice with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced early dopaminergic neuronal degeneration. In their study, polydatin
prevented the loss of dopaminergic neurons in the striatum and substantia nigra, thereby
suppressing neural apoptosis (Bax and cleaved caspase-3) and improving motor function in
mice [65]. Suppressing complex I of the electron transport chain and heightened oxidative
stress are among the first triggers in the pathogenesis of PD [66]. In an in vitro study,
reducing lipid peroxidation, inhibiting apoptosis, and activating the mitogen-activated
protein kinase (MAPK) are introduced as the primary neuroprotective mechanisms of
polydatin on dopaminergic neurons [67]. A study by Ahmed et al. showed that polydatin
(3 mg/kg, intraperitoneally) possessed a neuroprotective effect in attenuating the degener-
ation of dopaminergic neurons in nigro-striatal regions of the brain. They also indicated
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that polydatin improved neuromotor behavior in a rat model of rotenone-induced PD.
Thus, the protective effect of polydatin against striatal degeneration is presented in their
report [68]. In a similar report, polydatin meaningfully prevented the rotenone-induced
dysregulations of MDA, manganese SOD, glutathione, and thioredoxin in the striatum.
Besides, polydatin inhibited the rotenone-induced neurodegeneration of dopaminergic
neurons in the substantia nigra [61].

Polydatin, as a balancer, may thus be a treatment strategy in PD by reducing oxidative
stress, as well as controlling autophagic mechanisms and mitochondrial fusion.

3.3. Polydatin against Central Nervous System (Brain/Spinal Cord) Injuries

Traumatic brain injury (TBI) is the leading cause of corporality, and permanent dys-
function has become a global public health problem [69]. People with severe TBI sometimes
necessitate lengthy therapy. Treatments are missing due to the complexity and obscurity of
the pathophysiological pathways in TBI [70]. TBI induced mitochondrial neuronal dam-
age, as evidenced by an increase in ROS mitochondria and a reduction in MMP, causing
the previous mitochondrial transition pore to open [69]. Polydatin has shown various
pharmacological benefits, including antioxidation, anti-inflammation, anti-apoptosis, and
brain-associated injuries [71,72].

Sprague–Dawley rats receiving 30 mg/kg polydatin intraperitoneally after TBI de-
creased in ROS and blocked TBI-induced MDA expression while increasing SOD levels
in damaged cortices. In their study, polydatin prevented MMP collapse and the previous
mitochondrial transition pore from opening TBI and reduced the endoplasmic reticulum
stress response following TBI [69]. Consistently, polydatin significantly lowered endoplas-
mic reticulum stress-related unfolded protein activation, containing blocked p-extracellular
regulated kinase (ERK) phosphorylation, declined spliced XBP-1, and cleaved activating
transcription factor 6 (ATF6) production, as well as increasing the expression of glucose-
regulated proteins (GRP78). Besides, polydatin regulated the p38MAPK signaling pathway
and the mitochondrial apoptotic pathway (e.g., caspase-3/9) and improved neurological
scores and the length of survival in TBI rats [69]. In another report, polydatin protected
against SCI by suppressing oxidative stress and apoptosis passing through Nrf2/HO-1
signaling in vitro and in vivo [34]. Polydatin also increased neuronal viability and pro-
tected against oxygen-glucose deprivation/re-oxygenation-induced mitochondrial injury
and apoptosis in a dose-dependent manner. Besides, polydatin modulated the activity
of neuronal mitochondria, including MMP, intracellular calcium levels, the opening of
the mitochondrial permeability transition pore (mPTP), ROS generation, and adenosine
triphosphate levels. From a mechanistic perspective, polydatin suppressed Keap1 and
upregulated Nrf2/HO-1 and NAD(P)H Quinone Dehydrogenase 1 (NQO-1) in oxygen-
glucose deprivation/re-oxygenation-treated spinal cord motor neurons. Additionally,
polydatin reversed the mitochondrial and neuronal damage induced by spinal cord is-
chemia/reperfusion in a mouse model, partially suppressed by the Nrf2 inhibitor. This
represents that the neuroprotective effects of polydatin pass through the Nrf2/ARE path-
way [73]. The engagement of Nrf2 on neuronal differentiation in both in vivo and in vitro
studies are also provided by Zhan et al. [74]. The involvement of Nrf2/ARE in the protec-
tive effects of polydatin is also presented in other reports [75]. In this line, the inhibitory
effect of polydatin on ferroptosis was shown both in vitro and in TBI mice. Those responses
were applied by preventing the accumulation of free Fe2+, increasing MDA, and decreasing
glutathione peroxidase (GPx) [76].

The most common causes of traumatic spinal cord injury (SCI) are motor/car collisions,
abuse, and falls [77]. Not unexpectedly, epidemiological trials discovered that SCI mainly
existed in young males and resulted in lifelong cognitive defects that significantly reduce
their life quality [78]. SCI is characterized by various symptoms, including limb paralysis,
a loss of feeling in the lower extremities, and uracratia or uroschesis. A growing body
of research suggests the aggregation of inflammatory cytokines across the compromised
spinal cord and is amongst the main risk aspects for SCI pathological symptoms [10,11].
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Findings indicated that several pro-inflammatory cytokines, including the macrophage
migration inhibitory factor (MIF), interleukin-1 (IL-1), IL-6, and tumor necrosis factor-α,
are intensified steadily after compression-induced SCI [9]. To modulate these mechanisms,
polydatin was injected into adult male Sprague–Dawley rats in a single intraperitoneal
dose. In this line, polydatin significantly reduced spinal cord edema and morphological
changes in vivo. It also decreased nitric oxide (NO) in spinal cord tissues of SCI rats,
which was consistent with the pattern of inducible nitric oxide synthase (iNOS) production.
Accordingly, LPS increased protein and mRNA levels of iNOS in BV2 cells, and polydatin
reversed these changes [78]. Consequently, polydatin decreased the LPS-induced rise in
NO and response to inflammatory microglia. Polydatin also significantly reduced IL-6,
IL-1, and TNF-α after a single injection and inhibited the development of inflammatory
cytokines in spinal cord tissues following SCI. Besides, polydatin blocked LPS-induced
NF-κB activation in BV2 microglia and inhibited the activity of NLRP3 inflammasomes [78].
This stilbene attenuated TBI-induced acute lung injury by suppressing the S100B-mediated
formation of neutrophil extracellular traps [79]. Polydatin also meaningfully decreased
MDA while increasing SOD, GPx, CAT, and the level of total antioxidant capacity in the
brain and liver. Besides, polydatin reduced inflammatory mediators of serum, such as IL-6,
IL-1β, and TNF-α. It also modulated the D-galactose-induced caspase-3 and Bcl-2/Bax
ratio elevation in the liver and brain [30].

Altogether, the critical role of polydatin in the modulation of Nrf2/ARE, ERK/MAPK,
and interconnected apoptotic/inflammatory pathways could pave the road in the modula-
tion of brain/SCI injuries.

3.4. Polydatin against Stroke: As a Coupled Complication to NDDs

Stroke is one of the most severe cerebrovascular disorders, affecting patients’ quality
of life [80]. Further pieces of evidence and mechanisms of polydatin protect against cerebral
ischemia. Two different shreds of evidence have been mentioned, namely the inhibition of
the neurological deficit score and limiting the brain infarction volume in rats with middle
cerebral artery occlusion after being treated with polydatin. Several mechanisms have been
provided for these two effects of polydatin [81].

Ischemic stroke increases neuroinflammation and ROS. Shah et al. investigated the
neuroprotective activity of polydatin against ischemic brain damage in a rat model of
chronic middle cerebral artery occlusion (MCAO). Their results indicated that polydatin
minimized infarction volume and mitigated neurobehavioral defects by limiting the activa-
tion of p38MAPK and c-Jun N-terminal kinase, thereby suppressing neuroinflammation
and ROS. They also demonstrated that polydatin upregulated the endogenous antioxidants
Nrf2, HO-1, and the thioredoxin pathway, and reduced inflammation and ROS in cortical
tissue [82]. As previously mentioned, inflammation and oxidative stress are two major
factors in cerebral ischemic pathogenesis. In this line, NF-κB activation plays a critical
role in inflammation. Besides, low levels of glioma-associated oncogene Patched-1 (Ptch1),
homolog1 (Gli1), and SOD1 will lead to oxidative stress. Ji et al. demonstrated that poly-
datin could protect the brain of rats with permanent MCAO. Such effects were exerted
by modulating inflammation via lowering NF-κB and the attenuation of oxidative stress
through increasing Ptch1, Gli1, SOD1 expression, as well as ameliorating blood–brain
barrier permeability [83]. Besides, the neuroprotective effects of polydatin on neurological
function and the Nrf2 pathway of rats with cerebral hemorrhage were identified. Their
study showed that polydatin enhanced neurological function and decreased oxidative
stress in rats by controlling the Nrf2/ARE pathway and downstream gene production [84].
Mitochondrial dysfunction and apoptosis are involved in the process of ischemic stroke.
In the study of Gao et al., the neuroprotective effect of polydatin was evaluated. Their
results demonstrated the anti-apoptotic effect of polydatin and improved mitochondrial
dysfunction due to ischemic/reperfusion injury in a rat MCAO model. Increasing Bcl-2
and decreasing cytochrome c, Bax, and caspases-3/9 are centrally associated protective
mechanisms [37].
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Considering the role of cell adhesion molecules (CAMs) in developing ischemia/
reperfusion-induced cerebrovascular diseases in a rat MCAO model, Cheng et al. found
that polydatin can reduce the volume of brain infarction by decreasing the levels of CAMs
in comparison to the control group, as well as the involvement of E-selectin, L-selectin,
integrins, ICAM-1, and vascular cell adhesion molecule-1 (VCAM-1) [85]. Metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1) is a non-coding RNA that has a
role in protecting the blood–brain barrier after an ischemic event. In the study of Ruan et
al., it has been demonstrated that polydatin could upregulate the expression of MALAT1.
Polydatin initiated a MALAT1/CREB/PGC-1α/PPARγ cascade that eventually led to pro-
tecting cerebrovascular endothelium and blood–brain barrier integrity from ischemia [81].
Moreover, Chen et al. discovered that high doses of polydatin could reduce edema, inflam-
mation, and apoptosis after an ischemic event in the brain tissue of rat models with MCAO
by regulating the expression of p53 and Notch1. The scores for the neurological function
and behavioral scores were also improved in such models [86]. During an in vitro study,
the protective effects of polydatin have also been shown in influencing the regulation of
neuroglobin (Ngb) promotor activity and mRNA expression [87]. Polydatin might also
regulate gene expression of Ngb through the attenuation of CREB, HIF-1α, p56, and early
growth response protein 1 (Egr1). Besides, a polydatin-associated reduction in NO was also
related to Ngb up-regulation [88,89]. From another point of view, polydatin meaningfully
inhibited cerebral edema in cerebral hemorrhage rats by suppressing excitatory amino
acids [90].

Beyond the stroke, polydatin has shown several other neuroprotective effects. For
instance, in the study of Guan et al., polydatin potentially showed anxiolytic effects
and suppressed neuroinflammation in a chronic pain mouse model by reducing pro-
inflammatory cytokines, including TNF-α and IL-1β in the amygdala [91].

Different mechanisms are employed by polydatin to combat stroke and anxiety, in-
cluding Nrf2/HO-1/ARE, Bax/caspases, Egr1/Ngb, CREB, and PGC-1. Additionally,
antioxidant activity, an improvement in mitochondrial health, free-radical scavenging,
anti-apoptotic/anti-inflammatory activities, up-regulation of BDNF/Shh/Ngb pathway,
and down-regulation of CAMs are other protective mechanisms of polydatin [19,92].

The entire set of neuropharmacological characteristics of polydatin against AD, PD,
TBI/SCI, and stroke are presented in Table 1. Overall, by employing several mechanisms
and the modulation of various dysregulated pathways, polydatin could be a promising
neuroprotective phytochemical against PD, AD, TBI/SCI, and stroke (Figure 2).

Table 1. Neuropharmacological mechanisms of polydatin against different NDDs.

NDDs Methods Models Neuropharmacological Mechanisms References

AD

Chronic cerebral
hypoperfusion in vivo: Sprague–Dawley rats ↓MDA, ↑CAT, ↑SOD [44]

Doxorubicin-induced
cognitive impairment in vivo: Sprague–Dawley rats ↓Nrf2, ↑NF-κB, ↓caspase-3, ↓caspase-9 [45,46]

HIBI in vivo: Sprague–Dawley rats ↓Memory deficient, ↑BDNF [47]

Chronic ethanol exposure in vivo: Sprague–Dawley rats ↑Cell survival, ↓cdk5, ↓functional defects [48]

Polymerization of Aβ in vitro: Aβ25–35 ↓Aβ25–35 polymerization [49,50]

D-galactose-induced in vitro: DPPH
in vivo: Male Kunming mice

↑Body weight, ↓MDA, ↑CAT, ↑SOD, ↑GSH,
↓IL-1β, ↓TNF-α, ↓IL-6, ↓ Bax/Bcl-2,

↓caspase-3
[30]
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Table 1. Cont.

NDDs Methods Models Neuropharmacological Mechanisms References

PD

Rotenone-induced in vitro: Human
neuroblastoma SH-SY5Y

↓Mitochondrial dysfunction,
Atg5-mediated autophagy, modulating

MMP, ↑Sirt 1,
↓ROS

[57]

LPS-induced in vitro: Microglial BV-2 cells
in vivo: Wistar rats

↑p-GSK-3β, ↑p-Akt, ↑Ser9,
↑Nrf2, ↓NF-κB [62]

MPTP-induced in vivo: Adult male BALB/c
mice

↑Glycolysis, ↑ATP production, ↓motor
dysfunction [65]

Rotenone-induced
in vivo: Sprague–Dawley rats ↑ATP, ↑SOD, ↑thioredoxin, [61]

in vitro: Dopaminergic
SH-SY5Y cells

↑MAPK, ↓caspase-3, caspase-7, ↓LPO,
↑ERK1/2/5 [67]

TBI/SCI

Brain injury in vivo: Wistar
albino male rats ↓MDA, ↑antioxidant potential [93]

SCI
in vitro: murine microglia BV2

cells
in vivo: Sprague-Dawley rats

↑Nrf2, ↑HO-1, ↓caspase-3, ↓Bax/Bcl-2 ratio [34]

Oxygen glucose
deprivation/re-oxygenation-

induced mitochondrial
injury

in vivo: C57BL/6J mice
in vitro: SMNs

↑Intracellular calcium levels, ↑mPTP,
↓ROS, ↓apoptosis, ↑ATP, ↓Keap1, ↑Nrf2,

↑HO-1, ↑NQO-1
[73]

Neuronal differentiation of
BMSCs

in vivo: C57BL/6 mice
in vitro: Bone marrow
mesenchymal stem cell

(BMSC)

↑Nrf2 [74,75]

Secondary damage of TBI in vivo: TBI mouse model
in vitro: Neuro2A cells ↓GPx, ↑MDA, ↓accumulation of free Fe2+ [76]

SCI
in vivo: Sprague-Dawley rats
in vitro: Murine microglia BV2

cells

↓TNF-α, ↓IL-1β, ↓NO, ↓iNOS, ↓ IL-6,
↓NF-κB [94]

D-galactose-induced in vivo: Male Kunming mice
in vitro: DPPH

↓TNF-α, ↓IL-1β, ↓IL-6, ↓ caspase-3,
↓Bax/Bcl-2 [30]

Stroke

MCAO in vivo: Sprague–Dawley rats ↑Nrf2, ↑HO-1, ↓ROS, ↓p38,
↑Gli1, ↑Ptch1, ↑SOD1 [82,83]

Intracerebral hemorrhage in vivo: Wistar rat ↑Neurological function, ↑NO, ↑SOD,
↑MDA, ↑GSSG, ↑GSH, ↑Nrf2 [95]

MCAO in vivo: Sprague–Dawley rats ↑Bcl-2, ↓IL-1β, ↓TNF-α, ↓ IL-6, ↓Bax,
↓caspases-3/9 [37]

Ischemia–reperfusion injury in vivo: Sprague–Dawley rats ↓CAMs, ↓E-selectin, ↓L-selectin, ↓ICAM-1 [85]

OGD
in vitro: Human embryonic

kidney cells (HEK-293T)
in vivo: Sprague–Dawley rats

↑MALAT1, ↑CREB, ↑PGC-1α [81]

MCAO in vivo: Sprague–Dawley rats ↓Edema, ↓apoptosis, p53/Notch1
modulation [86]

OGD in vitro: PC12 cell ↓CREB, ↓HIF-1α, ↓p56, ↓Egr1, ↑Ngb, ↓NO [87–89]

Hypoxia/ischemia and
oxidative stress-induced injury in vitro: N2a cells ↓CREB, ↑BDNF, ↑Shh, ↑Ngb, ↓apoptosis [19,92]

AD: Alzheimer’s disease, Akt: Protein kinase B, Atg5: Autophagy Related 5, ATP: Adenosine triphosphate, Aβ: Amyloid beta, Bcl-2:
B-cell lymphoma 2, BDNF: Brain-derived neurotrophic factor, BMSCs: Bone marrow mesenchymal stem cell, CAT: Catalase, Cdk5: Cyclin
dependent kinase 5, DPPH: 2,2-diphenyl-1-picrylhydrazyl, Egr1: Early growth response 1, ERK: Extracellular-signal-regulated kinase,
GRP78: Glucose-regulated protein, GPx: Glutathione peroxidase, GSH: Glutathione, GSK-3β: Glycogen synthase kinase-3β, GSSG:
Glutathione disulfide, HEK-293T: Human embryonic kidney cells, HIBI: Hypoxic-ischemic brain injury, HIF-1α: Hypoxia-inducible factor
1-alpha, HO-1: Heme oxygenase-1, ICAM-1: Intercellular adhesion molecule-1, IL: Interleukin, iNOS: Inducible nitric oxide synthase,
LPO: Lipid peroxidation, LPS: Lipopolysaccharides, MALAT1: Metastasis associated lung adenocarcinoma transcript 1, MAPK: Mitogen-
activated protein kinase, MCAO: Middle cerebral artery occlusion, MDA: Malondialdehyde, MMP: Matrix metalloproteinase, MPTP:
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, NF-κB: Nuclear factor kappa-light-chain-enhancer of activated B cells, Ngb: Neuroglobin,
NO: Nitric oxide, Nrf2: Nuclear factor E2-related factor 2, OGD: Oxygen-glucose deprivation, PD: Parkinson’s disease, PTCH1: Protein
patched homolog 1, ROS: Reactive oxygen species, SCI: Spinal cord injury, SMNs: spinal motor neurons, SOD: Superoxide dismutase, TBI:
Traumatic brain injury, TNF-α: Tumor necrosis factor α.
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Figure 2. Polydatin employs several mediators to combat PD, AD, TBI/SCI, and stroke.

4. Polydatin Novel Delivery Systems: Nanoformulations, and Targeted Therapy

Nanomedicine is the medicinal use of nanotechnology that employs biocompatible,
low-toxicity nanomaterials and nanoparticles to control drug pharmacokinetics, admin-
istration rate, and bioavailability [96]. In addition, polydatin may guard against brain
injury, kidney problems, heart failure, and improve glucose and lipid metabolism [97,98].
However, therapeutic activities of polydatin are constrained due to weak water solubility,
the chemical imbalance in aqueous alkaline medium, and substantial first-pass metabolism.
To address these limitations, recyclable nanostructures have sparked wide attention be-
cause of their potential in drug delivery and successful removal from the body [11]. In this
way, chitosan-loaded nanoparticles administrated daily by gastric intubation for about one
month improved the effect of polydatin in male Wistar albino rats [99].

In diabetes mellitus (DM), polydatin was used because of its various therapeutic
mechanisms consisting of controlling free-radical production and mitochondrial activity,
as well as regulation of inflammation and oxidative stress [97,98]. The anti-hyperglycemic
and antioxidant effects of polydatin resulted in a substantial reduction in hemoglobin A1C
in treated diabetic rats, and treatment resulted in a significant increase in hepatic glycogen
levels, which may be secondary to improved insulin levels and intervention [98].

Apart from its low water solubility, the reduced effectiveness and safety risk of poly-
datin must be addressed before being used in clinical trials. In this way, microenvironment-
sensitive nanoparticles have shown considerable promise in increasing the bioavailability
of lipophilic substances [100]. The depletion of liver fibrosis in mice given a polydatin-
loaded micelle (PD-MC) was verified by measuring hydroxyproline and fibrotic parameters,
including collagen type 1 (Col1), tissue inhibitor of metalloproteinases 1 (TIMP-1), trans-
forming growth factor-beta (TGF-β), and PD-MC, which not only inhibited hepatocyte
apoptotic cell death but also showed anti-inflammatory properties. The anti-inflammatory
activity of PD-MC was linked to its ability to suppress the ROS and TLR4/NF-B p65
signaling pathway. The mice treated with PD-MC had significantly less hepatic oxidative
stress due to the lower levels of 4-Hydroxynonenal (4-HNE) [101].
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Polydatin has a clear impact on the cardiac system, acting as an anticoagulant, anti-
inflammatory, anti-atherosclerotic, anti-hypercholesterolemic, and anti-ischemic agent. It
reduces platelet accumulation, increases microcirculation, strengthens the endothelium
and nervous system, and relieves coughing and asthma, which can be found to manage
shock [21]. However, the limited oral bioavailability (half-life 8–14 min) and low solubility
(the highest solubility is estimated to be 30 g/mL in water at 25 ◦C) of polydatin has
restricted its administration [21,102]. Accordingly, liposomes have shown increased solubi-
lization and stabilization while also providing good drug concentrations for water-soluble
and lipid-soluble medicines. The polydatin-loaded liposomes (10 mg/kg) system was
balanced in Sprague–Dawley rats. The long-lasting characteristics of the polydatin-loaded
liposomal system can improve the absorbance of polydatin in the digestive system, but
there are no organ histopathologic modifications after treatment with the polydatin-loaded
liposome [102].

In cancer, the traditional treatment options, such as surgery, chemotherapy, radioactiv-
ity, immunotherapy, and hormonal treatments, are inadequate for controlling cancer pro-
gression [103]. In this way, polydatin possesses various properties such as anti-proliferative,
antioxidant, anti-inflammation, and immunomodulatory. For improving the anticancer
effectiveness of polydatin and other novel therapies, the production of nanoparticles has
received much attention [104]. So, oral administration of polydatin-loaded poly (lactic-co-
glycolic acid) [PLGA] nanoparticles (polydatin-PLGA-NPs) in Syrian hamsters resulted
in lower amounts of lipid peroxidative byproducts. Polydatin-PLGA-NP therapy de-
creased tumor histological symptoms from extreme to mild and blocked the development
of squamous cell carcinoma. Besides, the administration of polydatin-PLGA-NPs led to a
substantial reduction in tumor volume and occurrence. Polydatin-PLGA-NPs significantly
increased enzymatic antioxidant rates such as SOD, CAT, and GPx, while decreasing the
rate of cytochrome (Cyt) p450, Cyt b5, glutathione S-transferase, gammaglutamil trans-
ferase, and glutathione reductase activities, which are among the metabolizing enzymes of
phases I and II. Polydatin-PLGA-NPs treatment caused apoptosis via sheared caspase-3
overexpression and the prevention of dimethyl benzyl anthracene-induced mutant p53
and cyclin-D1 production in a dose-dependent manner [105]. As another disorder, irritable
bowel syndrome is currently thought to result from dysfunction in the brain—gut axis,
including both central and peripheral pathways concerned, and in particular, involving
cannabinoid receptors and affecting the activity of most cells. To modulate these dysregu-
lated mechanisms, the effect of a co-micronized form of palmitoylethanolamide/polydatin
was examined in 157 patients with irritable bowel syndrome [106].

Altogether, in addition to its high effectiveness and the more appropriate pharma-
cokinetic characteristics of polydatin, using novel delivery systems for this secondary
metabolite could increase the associated efficacy and reduce some of the remaining limi-
tations of phytochemicals, by increasing solubility/bioavailability and decreasing safety
risks. Figure 3 shows the novel delivery systems of polydatin.

93



Molecules 2021, 26, 5985

 

Figure 3. Novel delivery systems of polydatin: Reduction in the pharmacokinetic limitations.

5. Conclusions

Polydatin is a multi-target stilbenoid secondary metabolite extracted from herbal
sources. As polydatin is a glycosylated form of resveratrol, several biological activities and
health benefits are connected to the administration of polydatin, including cardioprotective,
hepatoprotective, and neuroprotective factors. Prevailing studies focus on the neuroprotec-
tive potential of polydatin by employing several mechanisms, including Nrf2/Keap1/ARE,
PI3K/Akt, ERK/MAPK, TLR/NF-κB/TNF-α/ILs, and Bax/Bcl-2/caspases (Figure 4). In
this line, polydatin critically modulates inflammatory, apoptotic, and oxidative mediators
towards combating AD, PD, stroke, CNS injuries, and miscellaneous neuroprotective re-
sponses. On the other hand, the pharmacokinetic drawbacks of polydatin, including their
poor bioavailability, low solubility/selectivity, low plasma concentration, rapid metabolism,
and chemical degradation, limit the associated therapeutic uses. It reveals the importance of
novel drug delivery systems to reduce the restrictions in modulating tumor cell senescence.
It is also worth noting that providing a novel delivery system could potentially help the
polydatin to pass through the blood–brain barrier and develop a long-lasting therapeutic
concentration of drugs in the CNS, while possessing fewer side effects [107–109].

In the present study, the pharmacological targets, molecular mechanisms, and ther-
apeutic potentials of polydatin are highlighted through the attenuation of inflamma-
tory/apoptotic/oxidative pathways to tackle multiple dysregulated pathways in NDDs.
The need to provide novel delivery systems of polydatin, including nanoformulations, and
targeted therapy is also considered. Further pre-clinical studies are needed to elucidate the
precise neuroprotective mechanisms of polydatin followed by well-controlled clinical trials.
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Figure 4. Neuroprotective mechanisms of polydatin.
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AD Alzheimer’s disease
Akt Protein kinase B
Atg5 Autophagy Related 5
ATF6 Activating transcription factor 6 (ATF6)
ATP Adenosine triphosphate
Aβ Amyloid beta
Bcl-2 B-cell lymphoma 2
ARE Antioxidant response element
BDNF Brain-derived neurotrophic factor
BMSCs Bone marrow mesenchymal stem cell
CAMs Cell adhesion molecules
CAT Catalase
Cdk5 Cyclin dependent kinase 5
Col1 Collagen type 1
Cyt Cytochrome
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DPPH 2,2-diphenyl-1-picrylhydrazyl
Egr1 Early growth response 1
ERK Extracellular-signal-regulated kinase
Gli1 Homolog1
GRP78 Glucose-regulated protein
GPx Glutathione peroxidase
GSH Glutathione
GSK-3β Glycogen synthase kinase-3β
GSSG Glutathione disulfide
HEK-293T Human embryonic kidney cells
HIBI Hypoxic-ischemic brain injury
HIF-1α Hypoxia-inducible factor 1-alpha
HO-1 Heme oxygenase-1
ICAM-1 Intercellular adhesion molecule-1
IL Interleukin
iNOS Inducible nitric oxide synthase
LPO Lipid peroxidation
LPS Lipopolysaccharides
MALAT1 Metastasis associated lung adenocarcinoma transcript 1
MAPK Mitogen-activated protein kinase
MCAO Middle cerebral artery occlusion
MDA Malondialdehyde
MIF Macrophage migration inhibitory factor
MMP Mitochondrial membrane potential
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
nAChRs Nicotinic acetylcholine receptors
NDDs Neurodegenerative diseases
mPTP Mitochondrial permeability transition pore
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
Ngb Neuroglobin
NO Nitric oxide
Nrf2 Nuclear factor E2-related factor 2
NQO-1 NAD(P)H Quinone Dehydrogenase 1
OGD Oxygen-glucose deprivation
Ptch1 Patched-1
PD Parkinson’s disease
PD-MC Polydatin-loaded micelle
PI3K Phosphoinositide 3-kinases
PLGA Poly (lactic-co-glycolic acid)
ROS Reactive oxygen species
SCI Spinal cord injury
SD Sprague–Dawley
SGLT1 Sodium-dependent glucose transporter
Sirt1 Sirtuin 1
SMNs Spinal motor neurons
SOD Superoxide dismutase
TBI Traumatic brain injury
TGF-β Transforming growth factor-beta
TIMP-1 Tissue inhibitor of metalloproteinases 1
TLR Toll-like receptor
TNF-α Tumor necrosis factor α
VCAM-1 Vascular cell adhesion molecule-1
4-HNE 4-Hydroxynonenal
6-OHDA 6-hydroxydopamine
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Abstract: With the rising prevalence of Inflammatory bowel disease (IBD) worldwide, and the rising
cost of treatment with novel biological drugs, there is an increasing interest in various diets and
natural foods as a potential way to control/modulate IBD. As recent data indicates that diet can
modify the metabolic responses essential for the resolution of inflammation, and as wine compounds
have been shown to provide substantial anti-inflammatory effect, in this review we aimed to discuss
the current evidence concerning the impact of biological compounds present in wine on IBD. A
number of preclinical studies brought forth strong evidence on the mechanisms by which molecules
in wine, such as resveratrol or piceatannol, provide their anti-inflammatory, anti-oxidative, anti-
tumor, and microbiota-modulation effects. However, concerning the effects of alcohol, it is still
unclear how the amount of ethanol ingested within the framework of moderate wine consumption
(1–2 glasses a day) affects patients with IBD, as human studies regarding the effects of wine on
patients with IBD are scarce. Nevertheless, available evidence justifies the conductance of large-scale
RCT trials on human subjects that will finally elucidate whether wine can offer real benefits to the
IBD population.

Keywords: wine; inflammatory bowel disease; resveratrol; polyphenols; Crohn’s disease; ulcerative
colitis; diet; inflammation

1. Introduction

Inflammatory bowel disease (IBD) consists of a spectrum of chronic, non-communicable,
multifactorial diseases of the gastrointestinal tract. Two main types of IBD are Crohn´s
disease (CD) and ulcerative colitis (CD) [1]. The global prevalence of IBD is rising, increas-
ing the load on the working population and the healthcare system [2–4]. There are a lot of
unknowns in the etiology and pathophysiology of IBD. It is considered that IBD occurs in
a complex interplay of susceptible genes, an ill-fitted diet, changed intestinal microbiota,
and a pathologic immune response to dietary elements and intestinal microbes [5–7]. The
current treatment modalities for IBD consist of anti-inflammatory drugs (salicylates etc.),
immunosuppressants (azathioprine, corticosteroids, etc.), biological medications (anti-
TNF-α, anti-integrin, cytokine-targeted therapy), and surgical treatment [8–10]. Besides
these therapeutic modalities, there are also dietary therapies such as Exclusive Enteral
Nutrition [11,12]. In addition, there is an increasing interest in various diets and natural
foods as a potential way to control/modulate IBD [13]. The usual suspects being the
Paleolithic diet, low-FODMAP diet, gluten-free diet, specific carbohydrate-based diet, and
the Mediterranean diet (MedDiet) [12–14]. Interestingly, recent data indicates that diet
can modify the metabolic responses essential for the optimal healing of injury-induced
inflammation, as nutrients can act as signaling agents [14]. Lately, the MedDiet, primarily
through the usage of red wine and olive oil, is coming to the forefront of prevention and
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management of chronic diseases, including cardiovascular disease (CVD), diabetes mellitus
type 2, cancer, and IBD [15–17].

The Mediterranean diet is a dietary pattern commonly found in the olive oil tree-
growing parts of the Mediterranean basin [15,18]. Red wine and olive oil have been a
central part of the Mediterranean diet since the days of the ancient Greeks and Romans.
Even since those days, people have talked about the health benefits of olive oil and wine,
but only now, in modern times, can we dissect these foods and look at the molecules that
give them the desired effects on health.

This review will discuss the current evidence concerning the impact of biological
compounds found in wine on IBD. We will describe the composition of wine and the
impacts of wine as a whole or its isolated compounds on IBD pathophysiology by reviewing
in vitro, animal, and human studies, whilst respecting that a limited amount of these
compounds are found in wine.

1.1. Wine Composition

Wine, one of the oldest alcoholic beverages, is created during a process of grape
must fermentation. The main constituents of wine are water, ethanol (usually between
9–15%), carbohydrates, organic acids (malic acid, citric acid, tartaric acid, etc.), as well as
polyphenols, and volatile compounds [19,20]. The technological process of winemaking
and the different types of grapes used offer a plethora of different wines with varying levels
of alcohol and polyphenols [19,21]. Specifically, the concentration of phenolic compounds
within grapes is dependent on grape variety, growing season, soil type, maturity of wine,
as well as environmental and climatic conditions [22]. The phenolic composition (both con-
centration and composition) changes mainly in the first steps of vinification and continues
during storage. In line with this, it is important to address that phenolic composition of the
final wine differs from the composition of the corresponding grapes as a consequence of
production of new derivatives, such as tyrosol, flavenes, and free phenolic acids [23]. The
total content of phenolic compounds in grapes is affected by several factors: cultivar, the
geographic origin, year of production, soil chemistry, degree of maturation, as well as solar
radiation and temperature [23]. For all these reasons, estimation of polyphenol content in
wine is rather challenging, and consequently, it represents a major obstacle in creation of
“standardized moderate consumption” of wine.

Polyphenols are considered the main bioactive components in wine that positively
affect health (prevention and management of non-communicable diseases) [19,24]. Because
all grape parts are used during the winemaking process of red wine, the polyphenolic con-
tent is much higher in red wine when compared to white wine (1–5 g/L vs. 0.2–0.5 g/L) [18].
Polyphenols consist of a wide variety of chemical compounds that are generally classified
into two main branches: flavonoids, and non-flavonoids [25]. Flavonoids are represented
by flavonols (quercetin and myricetin), chalcones, flavononols, flavanols (catechin and
epicatechin), flavones, anthocyanidins and isoflavonoids. Non-flavonoids are represented
by phenolic acids, stilbenes (resveratrol), coumarins, lignans, and tannins [25,26]. Most
of these compounds have demonstrated some or all of these desired effects: antioxidant,
anti-inflammatory, anti-cancer, and anti-microbial (Figure 1) [27,28].
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Figure 1. Multiple molecular targets of wine polyphenols contributing to its anti-inflammatory and anti-oxidant effects,
changes in intestinal permeability and gut microbiota. Abbreviations: PAMPs: Pathogen-associated molecular patterns;
ZO-1: Zonula occludens-1; TLR: Toll-like receptor; Nrf2: nuclear factor erythroid-derived 2; MyD88: Myeloid differentiation
primary response 88; iRAKS: Interleukin-1 receptor associated kinase; TRAF6: Tumor necrosis factor receptor (TNFR)-
associated factor 6; TAK1: transforming growth factor-β-activated kinase 1; NF-κB: nuclear factor kappa-light-chain-
enhancer of activated B cells; IκB: inhibitor of nuclear factor kappa B.

1.2. Wine Composition

Since IBD is a chronic, non-communicable, inflammatory disease, a rising number
of research papers are trying to ascertain the potential positive effects of wine or its
components on IBD. Many of the phenolic compounds in wine have low bioavailability,
and hence, reach low concentrations in the bloodstream, while their high content present in
the gut can produce a more significant effect on enterocytes and the bacterial flora [29,30].

1.2.1. The Evidence In Vitro

The pathophysiology of IBD consists of an aberrant immune response of the gut,
with an increased expression of pro-inflammatory cytokines and an increased creation of
reactive oxygen species (ROS). This cascade’s main factors are COX-2, iNOS, IL-8, TNF-α,
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and NF-κB. Furthermore, a critical mechanistic determinant of IBD is a dysfunctional
intestinal barrier, as seen through altered expression and subcellular distribution of tight
junction (TJ) proteins [31]. Nunes et al. have demonstrated how a polyphenolic extract
from Portuguese red wine decreased the paracellular permeability in cytokine-stimulated
HT-29 colon epithelial cells. The red wine extract induced a significant increase in the
mRNA of the barrier-forming TJ proteins occludin, claudin-5, and zonula occludens (ZO)-1
compared to control cells. It also led to less formation of claudin-2 mRNA, which is a
channel-forming protein usually induced by pro-inflammatory conditions [31]. One other
paper that focused on the impact of wine-digested fluids on gut microbiota has shown
an increase in Akkermansia, Selenomonadaceae, and Megasphaera genus levels, as well as
a positive change in short-chain fatty acid (SCFA) levels which could lead to decreased
paracellular permeability [32].

On the other hand, a study by Asai et al. exhibited how a low and acute dose of ethanol
leads to apoptotic cell death in confluent Caco-2 cells and, therefore, impairs intestinal
barrier function [33]. Interestingly, these positive impacts of wine polyphenols on intestinal
permeability in vitro are in contrast to in vivo findings by Swanson et al., where moderate
wine consumption led to increased intestinal permeability [34].

Considering intestinal permeability, in vitro evidence on the impact of red wine extract
and wine digested fluids suggests a protective effect on the cellular barrier [31,32]. This
is in stark contrast to the in vitro evidence using an acute dose of ethanol and the in vivo
evidence provided by Swanson et al. [33,34]. Hence, it is probable that the polyphenolic
content per se has a positive effect on intestinal permeability, while the alcoholic content
potentially negates that effect.

Moreover, another study with Portuguese red-wine extract enriched in anthocyanins
exhibited an anti-inflammatory effect in HT-29 colon epithelial cells stimulated with pro-
inflammatory factors (TNF-α, IFN-γ, and IL-1). It was shown how the wine extract
decreases COX-2 activity, the synthesis of iNOS and IL-8, as well as decreases the degra-
dation of inhibitor of NF-κB [35]. Nevertheless, the polyphenol-enriched red wine extract
contains a higher concentration of polyphenols than the concentration ingested in the
usually recommended one glass of wine a day.

Considering the role of oxidative stress in IBD pathophysiology, many researchers
have investigated the potential benefits of antioxidants. A study by Deiana et al. has
shown how extracts from three different Sardinian grape varieties applied to Caco-2
cell monolayers counteracted the oxidative activity in a tert-butyl hydroperoxide (TBH)-
induced oxidative damage model [36]. Furthermore, Tannin procyanidin B2 has also
exhibited protective activity against oxidative stress in the human colonic Caco-2 cell
model by up-regulating glutathione S-transferase P1 (GSTP1) via s ERK and p38 MAPK
activation and Nrf2 translocation [37]. A study on the potential anti-oxidative effect of
resveratrol on porcine intestinal-epithelial cell line (IPEC-J2) treated with deoxynivalenol
(DON), has shown a reduction in ROS levels via Nrf2 signaling pathway activation [38].
Moreover, numerous studies have exhibited the anti-inflammatory effects of resveratrol
in intestinal cells. In one study on Caco-2 cells exposed to bacterial lipopolysaccharide,
resveratrol reduced the rate of degradation of an endogenous NF-κB inhibitor (IκB), and
therefore led to a reduction of NF-κB activity with a decrease in COX-2 expression [39].
Another beneficial effect of resveratrol is on alleviating mitochondrial dysfunction [40].
When resveratrol was applied in extremely high concentrations it prevented indomethacin-
induced mitochondrial dysfunction in Caco-2 cells [40,41]. In another study on Caco-2
cells stimulated with LPS, where researchers studied the effects of polyphenols from red
wine, cocoa and green tea they found how a dietary dose moderately modulates intestinal
inflammation, but does not increase HDL production [42].

A number of in vitro experiments using batch culture fermentation have shown
beneficial effects of wine components on fecal microbiota. The common impact seen is a
growth enhancement of Bifidobacterium spp. and Lactobacillus spp., with growth inhibition
of the Clostridium group [43–47]. These experiments show how wine and its components
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have a prebiotic effect on the “good” gut bacteria while also showing anti-microbial results
on those bacteria that could lead to intestinal pathology.

Overall, the above-mentioned in vitro experiments provide evidence that wine and
wine polyphenols have the following benefits: (i) they decrease the activity of NF-κB
and therefore decrease the production of pro-inflammatory cytokines, (ii) activate Nrf2
signalling pathway and therefore reduce ROS levels, (iii) polyphenols (quercetin) bind
to the ubiquinone site of complex I protecting it from inhibitors like indomethacin and
decreasing mitochondrial dysfunction, (iv) wine polyphenols support the growth of healthy
microbiota and inhibit the growth of pathologic microbiota (Table 1).

Table 1. In vitro studies on wine polyphenols and intestinal inflammation.

Study Cell Type Intervention Results

Nunes et al. [31] Cytokine-stimulated HT-29
colon epithelial cells

Polyphenolic extract from
Portuguese red wine

↑ mRNA of TJ-proteins
↓ mRNA of channel

forming proteins

Zorraquín-Peña et al. [32] Caco-2 cell monolayers
grown in Transwell® inserts

Intestinal-digested wine
(IDW) and colonic-digested

wine (CDW)

Reduction in Bacteroides and an
increase in Veillonella,

Escherichia/Shigella
and Akkermansia.
↑ SCFA levels

Nunes et al. [35]
HT-29 colon epithelial cells

stimulated with
pro-inflammatory factors

Portuguese red-wine extract
enriched in anthocyanins

↓ degradation of IκB
↓ COX2
↓ iNOS

↓ Interleukin 8

Deiana et al. [36]
Caco-2 cell monolayers

stimulated with tert-butyl
hydroperoxide

Wine extracts from three
different Sardinian

grape varieties

Scavenging of reactive oxygen
species and/or prevention of

their formation

Rodriguez-Ramiro et al. [37] Human colonic Caco-2
cell model Tannin procyanidin B2 Up-regulation of glutathione

S-transferase P1 (GSTP1)

Yang et al. [38]
porcine intestinal-epithelial

cell line (IPEC-J2) treated
with deoxynivalenol

Resveratrol
Reduction in ROS levels via

Nrf2 signaling
pathway activation

Cianciulli et al. [39] Caco-2 cells exposed to
bacterial lipopolysaccharide Resveratrol ↓ degradation of IκB

Carrasco-Pozo et al. [41] Caco-2 cells exposed to
indomethacin

Quercetin, resveratrol, rutin
and epigallocatechin gallate

Reduction of mitochondrial
dysfunction

Nicod et al. [42] Caco-2 cells stimulated
with LPS

Polyphenols from red wine,
cocoa and green tea

Moderate reduction in intestinal
inflammation markers

Hidalgo et al. [43]
pH-controlled, stirred,

batch-culture
fermentation system

Anthocyanins and gallic acid ↑ Bifidobacterium spp.
↑ Lactobacillus−Enterococcus spp.

Cueva et al. [44] Faecal batch-culture
fermentation

Two purified fractions from
grape seed

extract (GSE): GSE-M (70%
monomers and 28%

procyanidins) and GSE-O
(21% monomers and 78%

procyanidins)

↑ Lactobacillus/Enterococcus
↓ Clostridium histolyticum

1.2.2. The Evidence on Animal Models

As reviewed by Nunes et al., the benefits of resveratrol, a key active molecule present
in red wine, have also been confirmed in animal models of IBD and intestinal cancer [38].
For example, Martin et al. have shown that, in an early colonic inflammation model caused
by trinitrobenzenesulphonic acid (TNBS) instillation in rats, resveratrol (5–10 mg/kg/day)
administration has significantly decreased the index of neutrophil infiltration and levels
of proinflammatory cytokine IL-1β, whilst reducing the degree of colonic injury [48].
Furthermore, the same researches later showed how resveratrol extended its benefits to
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a rat model of chronic gut inflammation caused by TNBS. Resveratrol treatment led to
decreased neutrophil infiltration, reduced TNF-α levels, reduced COX-2 and the NF-κB
p65 protein expression, and also led to a significant increase of TNBS-induced apoptosis in
colonic cells [49]. Moreover, another study on the DSS-induced colitis mouse model, but
with a diet enriched with resveratrol, showed attenuation of colitis signs and symptoms.
The mice that ate a resveratrol enriched diet (at 20 mg/kg of diet) maintained their body
weight and had less diarrhoea and rectal bleeding. All the mice in the treatment group
survived compared to the 40% mortality rate in the non-resveratrol group. The same study
also showed a significant reduction in proinflammatory cytokines, TNF-alpha and IL-1beta,
and an increase of the anti-inflammatory cytokine IL-10 [50].

Moreover, Larrosa and associates demonstrated on rats with DSS-induced colitis how
low doses of resveratrol, similar to the dosage contained in a hypothetical daily diet of a
person weighing 70 kg, lead to a reduction in mucosal levels of inflammatory markers [51].
Similar to the previously mentioned studies, prostaglandin E (PGE)-2, COX-2, and PGE
synthase-1 were affected. In addition, this study showed an increase in Bifidobacterium and
Lactobacillus spp. with a reduction in E. coli growth [51]. This is in line with other studies
that have shown that resveratrol enhances the growth of Lactococcus lactis, whilst inhibiting
the growth of Enterococcus faecalis [52]. Importantly, the relation between resveratrol
and gut microbiota is a two-way street [53]. On one hand, resveratrol modulates gut
microbiota, yet on the other, resveratrol can be transformed by gut microbiota into various
bioactive metabolites.

In a DSS-induced colitis mouse model, Li et al. have exhibited that mice fed with mus-
cadine grape phytochemicals (MGP) or muscadine wine phytochemicals (MWP) for 14 days
had decreased levels of proinflammatory cytokines (IL-6, TNF-α), reduced myeloperox-
idase activity, while also preventing weight loss and preserving colonic length [54]. A
study researching the effects of grape seed extract (GSE) in a rat model of DSS-induced
ulcerative colitis yielded promising results. Male Sprague-Dawley rats were fed daily
(days 0–10) with GSE (400 mg/kg), and compared with no-GSE controls, GSE-fed rats
had significantly decreased ileal villus height (14%; p < 0.01) and mucosal thickness (13%;
p < 0.01), approaching the values of healthy controls. GSE also reduced the qualitative
histological severity score (p < 0.05) in the proximal colon, but there was no significant
effect in the distal colon [55]. In a study investigating the effects of proanthocyanidins from
grape seed (GSPE) in a TNBS-induced recurrent ulcerative colitis rat model, Wang et al.
demonstrated how GSPE treatment led to a recovery of pathologic changes in the colon,
reduced the colonic weight/length ratio, and improved the macroscopic and microscopic
damage scores. Furthermore, iNOS and myeloperoxidase activities were significantly
reduced in the GSPE group, while the superoxide dismutase and gluthatione peroxidase
activities were significantly increased [56].

These data indicate that proanthocyandins and wine/grape phytochemicals have
similar and probably synergistic effects on the colonic mucosa. The main characteristics
exhibited were modulation of the inflammatory response, inhibition of inflammatory cell
infiltration, a reduction in ROS-damage, and a promotion of colonic tissue repair and
regeneration [53–56].

Correspondingly, and as reviewed previously, a number of animal studies have
exhibited the benefits of resveratrol in decreasing the risk of colon cancer in animal models
with chronic intestinal inflammation [40]. In one study on a DSS colitis mouse model, they
found how resveratrol inhibited the formation of polyps, and also reduced cell damage
and subsequent proliferation of epithelial cells in the intestinal mucosa [57]. By these
effects, resveratrol inhibited the tumour initiation process, and we can argue that by these
mechanisms it can potentially lead to a decrease in colon cancer incidence in chronic
intestinal inflammation, such as IBD-. Moreover, in a study by Cui et al., the authors
demonstrated that resveratrol reduces tumour incidence and tumour multiplicity. In mice
treated with azoxymethane (AOM) + DSS, tumour incidence was 80%, while the mice
treated with AOM + DSS + resveratrol (300 ppm) had a 20% tumour incidence. Moreover,
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AOM + DSS-treated mice had 2.4 +/−0.7 tumours per animal, while the resveratrol treated
group had 0.2 +/− 0.13 tumours per animal [58]. In another study, rats were fed with
processed meat, and red wine and pomegranate extracts were added to their diet. The
rats that were fed polyphenols had significantly less precancerous lesions, with a full
suppression of faecal excretion of nitrosyl iron, therefore suggesting that nitrozation could
be a promoter of carcinogenesis [59].

Additionally, Dolara et al. have showed how red wine polyphenols can influence
carcinogenesis, intestinal microflora, oxidative damage and gene expression profiles in
rats [60]. The rats were treated with Azoxymethane (AOM) and 1,2-dimethylhydrazine
dihydrochloride (DMH) for colon cancer/adenoma induction, and statistically significant
reduction in adenoma number was seen in DMH group, while a significant reduction
in total tumor number (cancer + adenoma) was seen in AOM group. What’s more, the
main bacterial strains in the polyphenol treated group were Bacteroides, Lactobacillus and
Bifidobacterium spp., whereas in the control group the predominant strains were Bacteroides,
Clostridium and Propionibacterium spp. [60]. The authors used wine polyphenols which
contained 4.4% anthocyanins, 0.8% flavonols, 2.0% phenolic acids, 1.4% catechin, 1.0%
epicatechin and 28.0% proanthocyanidin units, consisting of 18.0% epigallocatechin, 13.2%
catechin, 65.0% epicatechin and 3.8% epicatechin gallate [59]. In addition, in a study
by Femia et al., the authors researched the effects of red wine polyphenols on AOM-
induced colon carcinogenesis in rats [61]. The results showed that rats treated with total
polyphenolic extracts from red wine (WE) had significantly less colorectal adenomas, while
there was no noticeable difference in rats treated with high molecular weight polyphenols
(HMWP) or low molecular weight polyphenols (LMWP), respectively, suggesting that a
synergistic effect of polyphenols is needed to exert a beneficial outcome [61].

Interestingly, a recent study investigated piceatannol, an analogue of resveratrol
found in grapes and wine as well, different just by an additional hydroxyl group located
at the 3′-carbon and metabolically more stable than resveratrol [61–63]. They showed
how piceatannol significantly inhibited VEGF-mediated signalling and cell proliferation
in VEGF-treated colon cancer cells (HT-29), as well as suppressed VEGF-mediated an-
giogenesis in zebrafish embryos [64]. Piceatannol is abundant in wine, with an average
concentration of 13.1 ng/mL in French red wine (3× that of resveratrol) [65]. Further-
more, as it was shown that piceatannol has a higher oral bioavailability than resveratrol,
added that it is also more metabolically stable than resveratrol, whilst having similar
anti-inflammatory, anti-cancer, and cardioprotective properties, piceatannol positioned
itself as a molecule on which additional future research should be focused [61,64,65].

Overall, the presented studies on animal models confirm the findings from in vitro
studies (Table 2). These studies show how bioactive compounds found in wine (resveratrol,
piceatannol, proanthocyanidins, total phenolic extracts) exert an anti-inflammatory, anti-
oxidative, and anti-tumor effect, as well as positive effect on intestinal flora [39,50,51,58,59,61].

Table 2. Animal studies on wine polyphenols and IBD.

Study Animal Model Intervention Results

Martin et al. [48] TNBS instillation in rats resveratrol (5–10 mg/kg/day) ↓ neutrophil infiltration
↓ Interleukin-1β

Martin et al. [49] rat model of chronic gut
inflammation caused by TNBS resveratrol 10 mg/kg/day

↓ TNF-α
↓ COX 2

↓ NF-κBp65 protein expression

Sánchez-Fidalgo et al. [50] DSS-induced colitis mouse model Diet enriched with resveratrol
(20 mg/kg of diet)

↓ rectal bleeding
↓ diarrhoea
↓ mortality

Larrosa et al. [51] DSS-induced colitis rat model

diet with resveratrol, similar to
dosage contained in a

hypothetical daily diet of a person
weighing 70 kg

↓ PGE-2
↓ COX-2

↓ PGE synthase-1
↑ Bifidobacterium and Lactobacillus spp.

↓ E. coli

Qiao et al. [52] mice fed with high fat diet diet with resveratrol (200 mg/kg) ↑ Lactococcus lactis
↓ Enterococcus faecalis
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Table 2. Cont.

Study Animal Model Intervention Results

Li et al. [54] DSS-induced colitis mouse model diet with MGP or MWP
↓ Interleukin-6, TNF-α

↓ myeloperoxidase activity
↓ weight loss

Cheah et al. [55] DSS-induced rat model of
ulcerative colitis

grape seed extract (400 mg/kg)
gavage

↓ ileal villus height
↓ mucosal thickness

↓ proximal colon qualitative
histological severity score

Wang et al. [56] TNBS-induced recurrent
ulcerative colitis rat model

proanthocyanidins from grape
seed (GSPE)

↓ colonic weight/length ratio
↓ iNOS and myeloperoxidase activity

Altamemi et al. [57] DSS colitis mouse model resveratrol treatment via
oral gavage

↓ formation of polyps
↓ cell damage and subsequent
proliferation of epithelial cells

Cui et al. [58] mice treated with AOM + DSS, resveratrol (300 ppm) ↓ reduces tumour incidence and
tumour multiplicity

Bastide et al. [59] rats were fed with processed meat diet with red wine and
pomegranate extracts

↓ less precancerous lesions
↓ faecal excretion of nitrosyl iron

Dolara et al. [60]
rats were treated with AOM and

DMH for colon
cancer/adenoma induction

diet enriched with red
wine polyphenols

↓ adenoma number in DMH group
↓ total tumor number in AOM group

Femia et al. [61] AOM-induced colon
carcinogenesis in rats

rats treated with WE, HMWP
or LMWP

↓ less colorectal adenomas in WE group
↔ No noticeable difference in HMWP

and LMWP groups

Kwon et al. [64]
VEGF-treated colon cancer cells
(HT-29), and VEGF-mediated

angiogenesis in zebrafish embryos
treatment with piceatannol ↓ cell proliferation

↓ VEGF induced angiogenesis

1.2.3. The Evidence on Humans

While the evidence of the beneficial effects of wine and/or wine polyphenols on
intestinal inflammation are plentiful in in vitro and animal models, the human in vivo stud-
ies are still lacking large randomized control trials (RCTs) and meta-analyses. Nevertheless,
the current evidence is also promising and mandates further research on the matter.

An RCT study investigating the effects of resveratrol on patients with ulcerative coli-
tis, in which the patients were given 500 mg resveratrol or placebo capsule for 6 weeks,
showed that resveratrol supplementation led to a significant decrease in plasma levels
of TNF-a, hs-CRP, as well as decrease in activity of NF-kB in PBMCs [66]. Moreover, the
score of inflammatory bowel disease questionnaire-9 (IBDQ-9) increased, while the clinical
colitis activity index score has significantly decreased in the treatment group [66]. In a
small sample study by Sabzevary-Ghahfarokhi et al., it was demonstrated on patients
with UC that resveratrol can reverse the inflammatory effects of TNF-α by reducing IL-1β
and increasing IL-11 production, thereby providing protective effects on UC patients [67].
Additionally, a study by Gonzalez et al. analyzed intestinal immune markers in healthy
volunteers before and after red wine consumption. They demonstrated that in a subgroup
of participants with a high basal cytokine level, red wine ingestion led to a significant re-
duction in pro-inflammatory markers (TNF-α, IL-6, and IFN-γ) that usually promote initial
inflammation [68]. However, poor water solubility and low bioavailability of resveratrol
limit its clinical applications [69]. Hence, Intagliata et al. recently reported multiple modal-
ities that could reverse these issues using different delivery systems such as liposomes,
polymeric and lipid nanoparticles, but also by chemical modifications thus improving its
physicochemical properties [70].

Furthermore, the aforementioned study by Swanson et al. investigated the effects of
moderate red wine consumption on intestinal permeability and stool calprotectin, which
are associated with recurrent IBD disease activity [34]. Interestingly, the study had mixed
results, as 1–3 glasses of daily red wine consumption led to decreased stool calprotectin lev-
els in inactive IBD patients, while it also led to increased intestinal permeability measured
by urinary lactulose/mannitol excretion (small bowl permeability) and urinary sucralose
secretion (large bowl permeability). Nevertheless, the study had several notable limitations:
small sample size (21 subjects), short follow-up duration (1 week), and a lack of assessment
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of mucosal activity. We can argue that these effects result from harmful effects of alcohol
on those areas of the gut that are sensitive because of previous inflammatory damage and
match the location of the disease. Given all the evidence from in vitro and animal studies
regarding the anti-inflammatory effects from compounds found in wine, we hypothesize
how these biologically active compounds are causing the decrease in stool calprotectin
levels. In a previous study, the same author found how patients with inactive IBD drink al-
cohol in quantities similar to the general population, and how 75% of IBD patients reported
a worsening of GI symptoms after drinking alcohol [71]. Another prospective cohort study
also indicated how alcohol consumption increases the risk of exacerbation in patients with
UC [72].

Moreover, in a crossover study, Hey et al. investigated the effects of five different
alcoholic drinks on patients with CD [73]. Twenty patients with CD in remission and twelve
healthy controls were randomly given red wine, white wine, Smirnoff Ice, Elephant Beer
and pure ethanol. No differences in alcohol absorption were found between the groups,
but CD patients reported a higher abdominal pain symptom score after ingesting Smirnoff
Ice and Elephant beer. Authors argue how high sugar content present in these drinks leads
to more intestinal fermentation that could present itself with symptoms of abdominal pain
and bloating [73].

In our previous observational study investigating MedDiet adherence in patients with
IBD, only 4.5% of patients in the UC group and 8% of patients in the CD group reported
daily red wine intake in the MedDiet framework. Notably, when the participants were
asked about the suspected foods that aggravate IBD-related symptoms, 50% in the UC
group and 36% in the CD group reported alcohol as a suspect [74]. Interestingly, in a
Swedish prospective cohort study that showed how the MedDiet lowers the risk of late-
onset Crohn’s disease, moderate alcohol intake increased with the MedDiet adherence
score. In the highest MedDiet score bracket [6–8], 61% of participants moderately consumed
alcohol, while the number of moderate alcohol consumers in the lowest bracket [0–2] was
only 14% [75]. While some of the IBD patients associate wine intake with symptom
aggravation, it seems that moderate wine consumption in the framework of the MedDiet
could lead to IBD prevention [74,75].

2. Precautions and Future Directions

In general, alcohol was shown to increase gut permeability by causing transepithelial
and paracellular permeability [76]. Chronic alcohol ingestion also leads to gut dysbio-
sis (less Lactobacillus and Bifidobacterium spp.), bacterial overgrowth, and a disruption of
intestinal immune response [76–78]. The research shows that chronic and uncontrolled
ethanol ingestion disrupts intestinal homeostasis and increases intestinal and, later on,
systemic inflammation [76,79]. The other well-established deleterious effects of wine on
liver function, metabolism, brain, and alcohol addiction, must not be neglected as well [80].
On the other hand, as we have discussed in this review, other studies show how biologi-
cally active compounds found in alcoholic beverages such as wine (polyphenols, tannins,
organic acids) have a completely different effect on intestinal homeostasis, and exert anti-
inflammatory, anti-oxidative, and positive microbiota effects, making wine capable of
assisting in disease control and affecting disease monitoring [29,40]. Nevertheless, most of
the alcohol-mediated effects seem to aggravate intestinal inflammation and consequently
impact disease onset, recurrence, and control of symptoms. Furthermore, British Society
of Gastroenterology consensus guidelines address the importance of alcohol reduction
because alcohol further reduces bone mineral density, which is already substantially struck
by corticosteroids [81]. Finally, alcohol use interferes with the metabolism of most IBD
medications, leading to either increase in side effect occurrence rate or loss of drug’s ef-
fect [82]. Specifically, mesalamine, azathioprine, methotrexate, and biologic medications
can all be affected by concomitant alcohol intake via a variety of mechanisms. Nevertheless,
a large number of authors advocates moderate wine consumption based on inferences
drawn from large-scale populational studies. Although questioned by certain authors, the
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J-shaped curve explaining the relationship between alcohol use and total mortality has
been well established [83,84]. Namely, the lowest mortality risk was observed at 6 g/day
of alcohol (half of a drink/day), but with lower mortality with up to 4 drinks/day in
men and 2 drinks/day in women when compared with no alcohol consumption, even
after adjustment for a myriad of confounding variables. Furthermore, as presented by
Xi et al., light alcohol consumption appears to be protective against cancer mortality, un-
like heavy alcohol use which is associated with increased cancer risk [85–87]. Unlike the
cardiovascular effects of wine, which have been extensively studied, the role of wine in
IBD, or any other gastrointestinal pathology for that matter, has been poorly elucidated.
Although certain inferences from studies exploiting the effects of wine on vascular function
can be drawn to IBD because of the overlapping mechanisms, such as anti-inflammatory
properties and protection from oxidative stress, the evidence on the effect of wine and
alcohol on IBD course is still inconclusive.

Hence, as detrimental effects seem to prevail, at least for now, future research should
focus on finding the optimal dose of red wine for these patients. We are casting about for
dosage (if it exists) in which the beneficial effects of polyphenols, tannins, and organic
acids will outweigh the detrimental effects of ethanol. It should also be noted that even if
we found optimal dosage, adherence to the exact dosage of wine will be very challenging,
markedly owing to the addictive nature of alcohol consumption. In summary, before we
have firm evidence from more extensive prospective studies, caution should be advised in
recommending red wine consumption to patients with IBD.

3. Conclusions

This review summarized the current evidence concerning the effects of wine com-
pounds on IBD. A number of in vitro and animal model studies provide strong evidence
on the mechanisms by which molecules found in wine, such as resveratrol or piceatannol
provide their anti-inflammatory, anti-oxidative, anti-tumor, and microbiota-modulation
effects. However, concerning the effects of alcohol, it is still unclear how the amount of
ethanol ingested within the framework of moderate wine consumption (1–2 glasses a day)
affects patients with IBD, as human studies on the effects of wine and its molecules on
IBD/intestinal inflammation are scarce. In addition, it is doubtful whether the above-noted
effects can be obtained by drinking wine exclusively, as this beverage contains only scarce
amount of these compounds. Since more and more patients are turning to dietary options,
such as the Mediterranean diet, as a means to control their diseases, there is an increasing
need for high-quality, evidence-based information. Therefore, we have a strong foundation
for translation into clinical studies and human research. With the rising prevalence of IBD
worldwide and the rising cost of treatment with novel biological drugs, wine polyphenols
could serve as a cheaper therapeutic modality accessible to more patients. We conclude
that the evidence provided can serve as a basis for large-scale RCT trials on human subjects
that will finally elucidate whether wine can offer real benefits to the IBD population.
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Abbreviations

TJ-protein Tight Junction protein
SCFA Short-chain fatty acid
COX2 Cyclooxygenase-2
I-κB inhibitor of nuclear factor kappa B
iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharides
TNBS trinitrobenzenesulphonic acid
WE total polyphenolic extracts from red wine
HMWP high molecular weight polyphenols
LMWP low molecular weight polyphenols
MGP muscadine grape phytochemicals
MWP muscadine wine phytochemicals
VEGF Vascular endothelial growth factor
DSS dextran sulfate sodium
AOM azoxymethane
DMH 1,2-dimethylhydrazine dihydrochloride
PGE2 Prostaglandin E2
TNF-α tumor necrosis factor alpha
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Abstract: A considerable amount of literature has been published claiming the cardiovascular
benefits of moderate (red) wine drinking, which has been considered a distinguishing trait of the
Mediterranean diet. Indeed, red wine contains relevant amounts of polyphenols, for which evidence
of their biological activity and positive health effects are abundant; however, it is also well-known
that alcohol, even at a low level of intake, may have severe consequences for health. Among others, it
is directly related to a number of non-communicable diseases, like liver cirrhosis or diverse types of
cancer. The IARC classifies alcohol as a Group 1 carcinogen, causally associated with the development
of cancers of the upper digestive tract and liver, and, with sufficient evidence, can be positively
associated with colorectum and female breast cancer. In these circumstances, it is tricky, if not
irresponsible, to spread any message on the benefits of moderate wine drinking, about which no
actual consensus exists. It should be further considered that other hallmarks of the Mediterranean
diet are the richness in virgin olive oil, fruits, grains, and vegetables, which are also good sources of
polyphenols and other phytochemicals, and lack the risks of wine. All of these aspects are reviewed
in this article.

Keywords: olive oil; resveratrol; alcohol; phytochemicals; tyrosol

1. Introduction

In November 2010, following a transnational nomination submitted by Spain, Greece,
Italy, and Morocco, the UNESCO decided to inscribe the Mediterranean Diet as an Intangi-
ble Cultural Heritage of Humanity (https://ich.unesco.org/en/Decisions/5.COM/6.41,
accessed on 1 September 2021), further enlarged in December 2013 with the incorpora-
tion of three other countries: Croatia, Cyprus, and Portugal (https://ich.unesco.org/en/
Decisions/8.COM/8.10, accessed on 1 September 2021). In its decision, the UNESCO
recognized the Mediterranean diet (MedDiet) as “a set of skills, knowledge, practices
and traditions ranging from the landscape to the table, including the crops, harvesting,
fishing, conservation, processing, preparation and, particularly, consumption of food ( . . . )
characterized by a nutritional model that has remained constant over time and space, ( . . . )
always respecting beliefs of each community.”

Consistent associations of this Mediterranean dietary pattern with cardiovascular
benefits were first reported in the 1960′s from the earlier results of the Seven Countries
Study (https://www.sevencountriesstudy.com/, accessed on 1 September 2021), describ-
ing significantly lower mortality rates and incidences of cardiovascular diseases in the
Italian, Greek, and Croatian cohorts than in the rest of the included (non-Mediterranean)
countries [1]. Further confirmation of these outcomes was obtained from the HALE project
(Healthy Ageing—a Longitudinal study in Europe), analysing data on lifestyle, dietary,
and biological determinants of healthy ageing from individuals of 13 European countries,
collected from the Seven Countries, as well as the FINE (Finland, Italy, Netherlands Elderly
study) and SENECA (Survey in Europe on Nutrition in the Elderly—a Concerted Action)
prospections. It was found that adherence to a MedDiet, together with a healthful lifestyle
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(i.e., being physically active, non-smoking for more than 15 years, and moderate alcohol
intake) was associated with a more than 50% lower rate of all-causes and cause-specific
mortality, including coronary heart disease (CHD), cardiovascular disease (CVD), and
cancer [2].

Similar observations were made from many other epidemiological and intervention
studies. A comprehensive analysis of the results from observational studies and ran-
domised clinical trials—comprising a total population of over 12,800,000 individuals—was
made by Dinu et al. [3], concluding that there was robust evidence to suggest that greater
adherence to a Mediterranean diet style is associated with a reduced risk of overall mor-
tality, CVD, overall cancer incidence, neurodegenerative diseases, and type-2 diabetes.
In a previous screening across intervention trials, Serra-Majem et al. [4] also concluded
that there was good evidence to suggest that a MedDiet improves the lipid profile, en-
dothelial function, and blood pressure, despite the fact that the authors also highlighted
that there were discrepancies on how the different studies defined and formulated the
Mediterranean diet.

Indeed, the Mediterranean diet does not constitute a close and unique nutritional
model, but it is rather a compendium of diverse dietary habits traditionally followed by
countries around the Mediterranean basin. In spite of their heterogeneity, some common
patterns are observed across these countries, namely a high consumption of plant products
such as fruits, vegetables, legumes, and nuts, as well as cereals (bread, pasta, rice, and
whole grains); a moderate intake of dairy products, fish, poultry, and eggs as main protein
sources, with small amounts of red and processed meat; the use of olive oil as a main
fat source and water as a beverage of choice. Additionally, the diet is characterized by
infusions and optional moderate amounts of wine taken with meals, and a preference
for seasonal, fresh, and locally low-processed products. This was summarized in the
Pyramid of the Mediterranean diet proposed by the “Fundación Dieta Mediterránea”
(https://dietamediterranea.com/en/fundacion, accessed on 1 September 2021) (Figure 1).

Figure 1. Pyramid of the Mediterranean diet (https://dietamediterranea.com/en/fundacion, accessed on 1 September 2021).

Relevant nutrients and bioactive compounds contributed by the main food items in
the Mediterranean diet are summarized in Table 1.
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Table 1. Main bioactive compounds provided by representative foodstuffs of the Mediterranean diets.

Food Item Main Bioactive Compounds

Fresh fruit Vitamin C, polyphenols, dietary fiber
Citrus fruits Vitamin C, flavonoids

Nuts Polyunsaturated fatty acids, phytosterols, vitamin E
Whole grains Complex carbohydrates, dietary fiber

Legumes Proteins, dietary fiber, saponins
Raw vegetables

(tomatoes, carrots) Hydrosoluble vitamins, carotenoids

Leafy green vegetables Folic acid, dietary fiber
Cruciferous Glucosinolates

Fish n-3 Long-chain polyunsaturated fatty acids, high-quality
proteins

Dairy products Calcium, bioactive peptides, high-quality proteins
Eggs and poultry High-quality proteins

Extra virgin olive oil Monounsaturated fatty acids, polyphenols, phytosterols
Red wine Polyphenols

Allium compounds Sulphur compounds

The dietary patterns of the MedDiet have been suggested to likely overlap with those
for optimal prevention of both cardiovascular diseases and cancer. Thus, it is considered
that, whatever the particular food choices, Mediterranean diets provide adequate intakes
of total fat and long-chain polyunsaturated fatty acids, dietary fiber, antioxidant vitamins,
carotenoids, and polyphenols, as well as a balanced n-6/n-3 ratio of essential fatty acids
and low amounts of saturated fatty acids (SFA) [5–7]. All of these characteristics are
related to beneficial effects on endothelial and cardiovascular function. Furthermore,
monounsaturated fatty acids (MUFA) present in olive oil (i.e., oleic acid) are acknowledged
to improve the blood lipid profiles [8]. Actually, a common and consistent feature of the
MedDiet seems to be the existence of a high MUFA/SFA ratio (estimated to be around
2.0 on average) [5], which has been significantly associated with low CVD mortality and
overall mortality [9]. Complex carbohydrates and dietary fiber contributed by whole
grain products, legumes, and vegetables have also been related with gut health and
protection against different cancers, especially colorectal cancer [10,11]. There are also
glucosinolates and other organosulphur compounds present in cruciferous vegetables and
allium condiments, which have acknowledged anti-inflammatory properties [12]. Another
feature of the MedDiet which is usually associated with its health-promoting properties is
the supply of significant amounts of different classes of antioxidant polyphenols, which
are even higher than those of other dietary antioxidants, such as vitamin C, vitamin E, or
carotenoids [13]. Regular intake of these compounds has been related to beneficial effects on
the lipids profile, blood pressure, glucose metabolism, adiposity, or inflammatory processes,
and are also associated with a reduction in the incidence of several chronic diseases, like
cardiovascular diseases, type-2 diabetes, metabolic syndrome, neurodegenerative disorders,
or different cancers [14–16].

The purpose of the present review is to discuss the role of wine and wine polyphenols
in the health benefits of the Mediterranean diet. A particular mention is made to resveratrol,
owing to the special attention that has been paid to its possible contribution to the beneficial
effects of moderate wine intake, as associated with the MetDiet. Reference is also made to
olive oil as a distinguishing food in the MetDiet with claimed health benefits, which have
been proposed to rely, at least in part, on its characteristic polyphenols, which are different
to those present in wine.

2. Polyphenols as Key Components of Mediterranean Diets

Plant phenolic compounds, commonly referred to as polyphenols, are widespread
in the diet, and are nowadays considered, at least in part, responsible for the health
protective effects of fruit and vegetable-rich diets. They can be classified in two major

119



Molecules 2021, 26, 5537

classes: flavonoids and non-flavonoids, including phenolic acids (i.e., hydroxybenzoic and
hydroxycinnamic acids and their derivatives), stilbenes, and lignans (Figure 2), as well as
phenolic alcohols and their secoiridoid derivatives.

 

Figure 2. Core structures of the main classes of plant phenolic compounds.

The dietary intake of polyphenols largely varies among individuals, and is estimated
to range from a few hundred mg/day to more than 1800 mg/day depending on the
region and target population, as well as the methodology used for the assessment [17].
Hydroxycinnamic acid esters, namely caffeoylquinic acids and flavan-3-ols oligo/polymers
(i.e., proanthocyanidins), are usually reported as the most important groups of consumed
polyphenols, followed by anthocyanins and flavonols [17]. In general, the contribution
of phenolic acid derivatives and flavonoids tends to be equilibrated, although there are
differences across countries and population groups as a function of their dietary habits.
For example, there are higher proportions of flavonoids in Mediterranean regions, while
phenolic acids would predominate in non-Mediterranean countries [18–21]. The main
food sources for individual polyphenols tend to be similar among individuals, with coffee,
tea, and fruits as major items, and vegetables and red wine in a second range [17]. It is
suggested that moderate red wine drinkers consume polyphenols at levels well above the
population average [6].

Despite the fact that the antioxidant capacity of polyphenols is well-substantiated
in vitro and has been recurrently associated in the literature to their health effects, the
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little bioavailability and large biotransformation of most polyphenols in the organism raise
doubts that this activity can have a primary role on their in vivo effects [17]. Although
this possibility might not be discarded for particular compounds or situations, nowadays,
other alternatives are considered to contribute to the in vivo effects of polyphenols. For
example, they could act as modulators of gene expression and intracellular signaling cas-
cades involved in cell function and protection [22,23]. There is also increasing evidence
about the crucial role of the interactions between polyphenols and gut microbiota as a
mainstay to explain the health benefits of their consumption. A vast majority of the con-
sumed polyphenols reach the large intestine unaltered, where they can be catabolized
by the colonic microflora to a variety of metabolites [24,25]. Some of these metabolites
can be biologically active, and be responsible for the activity associated with their parent
polyphenols. Among others, this would be the case of tyrosols, produced from oleuropein
and related phenolics from olive oil, with putative effects against some types of cancer [26];
urolithins, involved in the lipid-lowering effects and improvement in the cardiovascular
risk biomarkers of ellagitannins [27]; or estrogenic S-equol, enterodiol, and enterolactone,
derived from soy isoflavones [28] and lignans [29], respectively. The role of other metabo-
lites, such as phenolic acids and aldehydes resulting from the bacterial breakdown of
flavonoids, is still uncertain, although they might be expected to contribute to a part of
their effects, both at the local and systemic level. Additionally, unabsorbed polyphenols
and phenolic metabolites can also have an impact on the composition of the gut microbiota,
acting as prebiotic-like compounds. For instance, they have been suggested to be able to
decrease the Firmicutes/Bacteroidetes ratio [30,31], linked to obesity trends in humans [32],
and increase the abundance of beneficial Bifidobacteria and Lactobacilli spp. [30,33–35], while
producing a reduction in the levels of Bacteroides, Streptococci, Enterobacteriacae, or
Clostridia [36,37]. In the end, several mechanisms might be involved in the biological
effects of polyphenols and contribute to their health benefits. This is a current active field
of research that is rapidly progressing, so that advances are expected in coming years [38].

Most of the available information on the biological activity and effects of the phenolic
compounds has been obtained from in vitro, ex vivo, and animal studies, whereas data
directly obtained in humans are scarce, and restricted, in general, to short-term intervention
trials on a reduced number of people. Some attempts have been made in Mediterranean
cohorts, whose results support the role of polyphenol-rich foods to the health benefits of
the Mediterranean diet [16,19,39,40]. Nevertheless, assessing the precise contribution of
dietary polyphenols to those benefits remains complex, owing to the fact that the same
food sources are also rich in other bioactives, such as vitamins, minerals, dietary fiber, or
other antioxidants, which should also contribute to the health effects [17].

3. Olive Oil

Olive oil, and especially virgin olive oil (VOO), is one of the products most usually
associated with the health properties of the MedDiet. Its regular consumption has been
claimed to provide benefits against a number of disease conditions, such as atherosclerosis,
diabetes mellitus, obesity, cancer, or neurodegenerative diseases [41]. It is well-known
that olive oil is very rich in monounsaturated fatty acids—mainly oleic acid, accounting
for up to 80% of its total fatty acids—with acknowledged positive effects on the profiles
of plasmatic lipoproteins, triglycerides, and platelet aggregation [42,43], which has been
linked to protection against cardiovascular and neurodegenerative diseases [44]. Actually,
the EFSA has approved health claims regarding the positive effects of “monounsaturated
fatty acids (mainly oleic acid)”, “oleic acid”, and “extra virgin olive oil” in the maintenance
of normal blood LDL-cholesterol concentrations and the maintenance of normal (fasting)
blood concentrations of triglycerides, when replacing saturated fatty acids (SFAs) in foods
or diets [8].

In addition to its fatty acid profile, VOO also contains a series of biologically active
polyphenols, in a concentration that oscillates within a large range from 50 to 1000 mg/kg,
depending on the olive cultivar and ripening stage, environmental factors (climate, altitude,
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agricultural practices), extraction techniques, storage conditions, and time [45]. It has been
estimated that they may account for up to around 2% of total olive oil weight, contributing
not only to olive oil’s health properties, but also to its taste and fatty acid stability against
oxidation [46].

VOO possesses a unique phenolic composition mainly consisting of secoiridoid
derivatives, the most abundant one being oleuropein, the glucosylated form of
3,4-dihydroxyphenylethanol-elenolic acid (3,4-DHPEA-EA). Oleuropein is considered the
main compound contributing to the bitterness of olives. Other related secoiridoids are
the ligstroside aglycone (p-HPEA-EA) and the dialdehydic form of elenolic acid linked to
either hydroxytyrosol (3,4-DHPEA-EDA; oleacein) or tyrosol (p-HPEA-EDA; oleocanthal),
both existing as aglycones and glucosyl derivatives. Besides, VOO also contains pheno-
lic alcohols such as tyrosol (p-HPEA) and hydroxytyrosol (3,4-DHPEA), mostly derived
from their se-coiridoid precursors. The structures of these polyphenols are depicted in
Figure 3. Other phenolic compounds also reported in lower amounts in VOO include
lignans (pinoresinol, 1-acetoxypinoresinol, and 1-hydroxypinoresinol), verbascoside (i.e.,
caffeoylrhamnosyl-glucoside linked to hydroxytyrosol), some phenolic acids (vanillic, gal-
lic, coumaric, caffeic acids) and flavonoids (especially flavonols derived from apigenin,
luteolin, or quercetin) [46,47].

Figure 3. Representative polyphenols present in virgin olive oils.

Olive oil phenolics have been extensively studied for their potential to counteract
the onset and progression of a variety of chronic and aging-related diseases, and is at-
tributed to hypoglycemic, anti-obesity, cardioprotective, neuroprotective, antimicrobial,
and anti-cancer properties [47–49]. Several in vitro and in vivo studies have associated the
health-promoting effects of olive oil phenolics to their antioxidant and anti-inflammatory
potential as related to their ability to modulate a series of molecular pathways. Thus, they
have been reported to be able to activate AMPK (AMP-activated protein kinase) with subse-
quent inhibition of the mTOR signaling pathway [22], which is involved in the regulation of
adipose tissue functions, such as adipogenesis, thermogenesis, and lipid metabolism. It also
modulates processes like mitochondrial biogenesis and functionality, hypoxia signaling, au-
tophagy, and cell cycle progression [50]. In intervention studies, VOO-rich Mediterranean
diets were deemed effective in reducing several inflammatory markers, such as C-reactive
protein, TNF-α, interleukin-6 (IL6), endothelial adhesion molecules (VCAM-1, ICAM), or
chemokines like MCP-1, which has been related to their polyphenol content [40,51]. A
compound that demonstrated strong in vitro anti-inflammatory properties is oleocanthal,
with a structure that resembles ibuprofen, which was shown to cause a dose-dependent
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inhibition of cyclooxygenase enzymes COX-1 and COX-2 [52]. Similarly, hydroxytyrosol
was able to inhibit TNF-α, iNOS, and COX-2 in LPS-challenged human monocytic cell
lines [53]. Additionally, in vitro and animal studies have reported that oleuropein and
hydroxytyrosol may reduce fat tissue accumulation by downregulating the expression
of adipogenesis-related genes like PGC-1α, lipoprotein lipase, acetyl CoA carboxylase-1,
and carnitine palmitoyltransferase-1 [54]. Recent reviews can be consulted for further
information on olive oil phenolic effects and mechanisms of action [44,47,49,55,56].

The beneficial effects of phenolic compounds from olives and olive oil (i.e., hydroxy-
tyrosol and oleuropein complex) were recognized by the European Food Safety Author-
ity (EFSA), which authorized health claims in relation to polyphenols in olives and the
protection of LDL particles from oxidative damage, the maintenance of normal blood
HDL-cholesterol concentrations, the maintenance of normal blood pressure, and “anti-
inflammatory properties”. It also recognized their contribution to upper respiratory tract
health, body defences against external agents, and the maintenance of a normally function-
ing gastrointestinal tract [57].

Within the PREDIMED study (http://www.predimed.es, accessed on 1 September
2021), a large Spanish trial on the primary prevention of chronic diseases through the
Mediterranean Diet carried out in subjects at cardiovascular risk followed since 2013, it
was estimated that olive oil and olives may provide about approximately 11% of the total
polyphenol intake in a typical MedDiet, representing an important differential contribution
to the profile of phenolic compounds consumed by Mediterranean populations [19]. Less
optimistic calculations have been made by other authors. Thus, Parkinson and Cicerale [56],
assuming a mean VOO intake of 30–50 g/day in Mediterranean countries, estimated that
the amount of polyphenols ingested from VOO consumption would not exceed 9 mg/day.
Whatever the dietary intake, at present there is not enough evidence to confirm that the
consumption of olive phenolic compounds isolated by or as components of the VOO can
be healthy [58]. Most of the in vivo studies with olive oil polyphenols have been carried
out using supraphysiological concentrations that are difficult to extrapolate to a dietary
context, while the number and variety of randomized clinical trials (RCT)—providing
the highest level of scientific evidence—are very limited and insufficient to confirm their
beneficial effects on humans, except for some markers of cardiovascular risk. Actually,
the strongest piece of evidence has been obtained for the ability of VOO polyphenols to
protect lipoproteins from oxidation and to reduce systolic blood pressure in hypertensive
individuals [56]. Extensive RCT in different population groups with distinct disorders and
at phenolic levels adjusted to usual VOO consumptions are, therefore, necessary to achieve
high quality scientific evidence before nutritional recommendations can be given [56,58].

The health benefits attributed to olive oil could also be supposed for table olives.
Nevertheless, the phenolic composition of table olives differs from that of olive oil, as they
are influenced not only by the cultivar and harvesting time (green or fully ripened), but
also by the processing conditions used for making them edible, which lead to chemical
transformations in the polyphenols [59,60]. Thus, under the alkaline conditions used
for the debittering of fruits in Spanish-style olives, oleuropein is hydrolyzed to practical
disappearance. Moreover, in Greek-style black olives, in which the fruits are collected
fully ripened and directly put into brine, an acid hydrolysis of oleuropein occurs, and
orthodiphenols are oxidized and polymerized during the darkening step [60]. Tyrosol
and hydroxytyrosol and their acetates have been identified as the most representative
phenolic compounds in table olives, with concentrations of total polyphenols ranging
between 200 mg/kg to 1200 mg/kg, depending on the cultivar and processing method,
with oxidized olives containing the lowest levels. A further decrease of phenolic content
is produced in pitted olives due to their loss in the washing liquids, which reduce their
concentration to almost half that of the nonpitted fruits [60].

Besides polyphenols, olives also contain other bioactive compounds in the unsaponifi-
able fraction, such as pentacyclic triterpenoids like maslinic acid and oleanolic acid (Figure 4).
A range of biological activities have been shown for maslinic acid, mostly from in vitro
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studies, such as anti-inflammatory, antiproliferative, antioxidant, and antidiabetic prop-
erties. In regard to oleanolic acid, hepatoprotective, antitumor, and antiviral properties
have been reported [60–62]. These compounds are not lost during processing, and they
are present in table olives and olive-pomace oil, a byproduct from olive oil extraction
submitted to a refining process that leads to the complete loss of polyphenols. Table olives
may contain more than 1300 mg/kg (dw) of maslinic acid, which is considered its richest
food source [63]. Other dietary sources are spinach and eggplant, aromatic herbs, legumes,
and to a lesser extent, some fruits like mandarin and pomegranate. Actually, plant-based
diets including olives and olive oil, like the MedDiet, could provide a constant supply of
maslinic acid, which might partly contribute to their health-enhancing properties [61].

Maslinic acid Oleanolic acid 
Figure 4. Structures of oleanolic and maslinic acids.

4. Wine in the Context of the Mediterranean Diet

Wine is considered another distinguishing food of the Mediterranean diet contributing
to its health benefits [44]. Nevertheless, it should not be forgotten that in several countries
and regions that follow typical Mediterranean dietary patterns, alcohol, and therefore wine,
is excluded for religious reasons.

Since the early St. Leger et al. [64] and Framingham studies [65], a lot of epidemiologi-
cal evidence has accumulated, pointing to the existence of inverse relationships between
light to moderate alcohol consumption—especially wine—and incidences and mortality of
cardiovascular diseases (see, e.g., [66–69]), as well as of other chronic disorders like type
2 diabetes [70–73] or dementia and cognitive decline in old age [74,75]. The relationship
has been described as a U- or J-shaped curve [76], with a minimum situated at a level of
consumption around 10 to 30 g of alcohol/day. These studies are not free from debate, as
they have been attributed to suffer from methodological limitations, which may have led to
misinterpretations or biased conclusions [77–80]. Nevertheless, despite possible bias, many
authors agree that when confounding factors are specifically adjusted, epidemiological
trials still continue to be remarkably consistent regarding the beneficial effects from low
to moderate alcohol/wine intake on CVD morbidity and mortality, as well as diabetes,
osteoporosis, and neurological disorders [81–83].

A point of discussion is whether the purported wine benefits are due to ethanol or
to other components. It is known that ethanol itself is able to increase HDL-cholesterol,
prevent platelet aggregation, and enhance fibrinolysis, which may have positive effects on
the cardiovascular system [84]. However, when differentiation among drinks is made, it is
generally concluded that wine provides superior health benefits to other alcoholic drinks—
especially spirits—either regarding protection against CVD [85–88], type 2 diabetes [73], or
dementia [89]. This perception has also been supported by the results obtained in human
clinical studies [90–94] and observations over Mediterranean cohorts [19,39,95].

The intended superior benefits of wine have been related to its phenolic compounds,
which are absent or in very low concentrations in other alcoholic drinks. Wine contains a
variable mixture of flavonoid and non-flavonoid compounds, extracted from the grape dur-
ing winemaking. Phenolic contents in red wine is usually well above 1 g/L—concentrations
that are higher than those that can be found in most fruits and vegetables—while in white
wine, it does not commonly exceed a few hundred mg/L, due to the fact that it is not
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normally submitted to maceration with grape solids during winemaking [96]. The majority
phenolic fraction in red wine is constituted by flavonoids (>85%), especially procyanidins
(i.e., flavan-3-ol oligo/polymers; condensed tannins). Actually, red wine is one of the
richest dietary sources of procyanidins [97], a type of compound recognized to possess
a range of biological activities, and that is related with the disease preventive proper-
ties of plant-based diets [98,99]. Red wine is also rich in anthocyanins (especially young
red wine) and flavonols, with acknowledged biological activities, including antioxidant,
anti-inflammatory, antiproliferative, or gene modulating abilities [100], which are also
considered to contribute to the health protective effects of fruits and vegetables. Hydrox-
ycinnamic acids and their tartaric esters are the most important phenolic compounds in
white wine, while other phenolics, like hydroxybenzoic acids, stilbenes (e.g., resveratrol),
lignans, or dihydroflavonols are usually present in low concentrations in either type of
wine, usually not exceeding a few mg/L [96].

Polyphenols, and especially flavonoids, have been proposed to be the main vasoactive
components in red wine. They have been reported to be able to modulate the plasmatic
lipid profile to a healthy shape, reducing triglyceride and LDL-cholesterol circulating
levels [90,101,102]. They may also improve both systolic and diastolic blood pressure,
stimulate endothelial-dependent vasodilation by enhancing nitric oxide (NO) generation,
decrease platelet aggregation, and inhibit the activity of inflammatory enzymes and the
production of several types of proinflammatory and oxidant mediators [103–105]. Many
recent reports have been published dealing with the putative health effects of polyphenols,
either from wine or other plant sources, and their possible mechanisms of action (see,
e.g., [17,106–111]), and thus it does not seem necessary to insist herein.

In addition to polyphenols, other bioactive phenolic and non-phenolic components
can also be present in wine that might contribute to the putative health effects and that
are usually less considered. Thus, during must fermentation, yeasts catabolize aromatic
amino acids—such as tyrosine, tryptophan, and phenylalanine—to their respective aro-
matic alcohols, tyrosol, tryptophol, and phenyl ethanol, which also possess bioactive
properties and are also associated with some of the beneficial effects of moderate wine
consumption [112]. Tyrosol has been indicated to be the second most abundant non-
hydroxycinnamate phenolic in many wines, with concentrations that may reach up to
95 mg/L. Its antioxidant and anti-inflammatory properties were suggested to contribute to
the beneficial effects attributed to a moderate consumption of wine [113,114]. Among oth-
ers, tyrosol was found to be able to inhibit the LPS-induced production of pro-inflammatory
cytokines tumor necrosis, like factor alpha (TNF-α), and interleukins IL-1β and IL-6 in
human peripheral blood mononuclear cells at nanomolar concentrations, either alone or in
synergy with caffeic acid [113,114]. Hydroxytyrosol is also present in wine in levels under
10 mg/L [115–117], but it can also be formed in the human organism from hydroxylation
of tyrosol. De la Torre et al. [118] found that the consumption of moderate doses of wine or
olive oil by healthy subjects led to a higher increase in urinary concentrations of hydroxy-
tyrosol in the wine group, despite the fact that the amount of hydroxytyrosol administered
was fivefold greater in the olive oil group (1.7 mg vs. 0.35 mg). This was explained by the
biotransformation of tyrosol to hydroxytyrosol; besides, the alcohol could help to increase
the bioavailability of the tyrosol present in the wine. The authors indicated that a single
glass of wine was at least equivalent to 25 mL (22 g) of virgin olive oil in its capacity to
increase hydroxytyrosol concentrations in the body, leading to similar beneficial effects.
The same group found that there was a direct association between wine consumption and
the urinary concentrations of tyrosol and hydroxytyrosol determined in individuals at car-
diovascular risk included in the PREDIMED study [119], suggesting that the endogenous
formation of hydroxytyrosol might explain part of the cardiovascular benefits associated
with light-to-moderate wine consumption.

Another bioactive compound that may contribute to the health benefits of wine is mela-
tonin (n-acetyl-5-methoxytryptamine). This is a neurohormone secreted from the pineal
gland, with well-characterized antioxidant, anti-inflammatory, and immune-modulating
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properties. It also contributes to the regulation of the circadian rhythms and has been
attributed to tumor inhibitory activities and positive effects on the cardiovascular system,
lipid, glucose metabolism, and neuroprotection [120,121]. It is present in grapes and can
also be formed in wine from tryptophan metabolism by yeasts [122]. Actually, its content
in wine is mostly influenced by the fermentation process, where the yeast strain and the
fermentation time are the most influential factors [122]. It has been shown that blood levels
of melatonin and total antioxidant capacity in plasma increased after the dietary intake of
food containing it [123–125]. Melatonin concentrations ranging from a few μg/L to more
than 150 μg/L have been reported in wine [126], which is higher than those found in most
fruits and vegetables. Moreover, most fruits and vegetables are usually situated in the low
ng/g level, with only a few products, such as mushrooms, coffee beans, or some berries
showing contents in the μg/g range [120]. Therefore, wine can be considered a significant
source of dietary melatonin, though it is not unlikely that it could be a contributor to the
beneficial effects associated with wine consumption [121].

5. What about Resveratrol?

A phenolic compound that has been frequently associated with the putative beneficial
effects of wine is the stilbene resveratrol (3,4′,5-trihydroxy-trans-stilbene), a phytoalexin
that can be found in grape skin and is extracted into wine during winemaking. The average
contents of resveratrol in wine does not usually exceed a few mg/L [96]. Since white wine
is not usually submitted to maceration with grape solids, it possesses lower resveratrol
concentrations than red wine.

Dietary sources of resveratrol are scarce and, in addition to grapes, they include
rhubarb, peanuts, or berries, though they are always present in low levels. Actually, grapes
and wine are considered the most relevant food sources for humans [127]. Stilbenes are
synthetized by plants in response to biotic or abiotic stress, so that exposure to UV radiation
can induce the formation of resveratrol in grapes, increasing its concentration by up to
tenfold [128]. Post-harvest UV irradiation has been employed as a strategy to increase
resveratrol levels so as to “functionalize” grapes [129].

The presence of resveratrol in wine was firstly described in 1992 [130], suggesting that
it might be an active component in the lowering effects of serum lipids associated with wine
consumption. Since then, a high number of studies have been published reporting a diver-
sity of bioactivities and multiple potential health outcomes for stilbene, including antioxi-
dant, anti-inflammatory, anti-obesity, chemopreventive, glucose-modulating, cardiovascu-
lar protective, or calorie restriction mimicking effects [131]. A departure point in resveratrol
research could be established in the study by Jang et al. [132], reporting its ability to inhibit
the enzymatic activity of both forms of cyclooxygenase (COX1 and COX2), suggesting that
it may behave as an anti-inflammatory and anticarcinogenic agent. Further studies showed
that it was able to enhance stress resistance and extend lifespan in various model organisms,
including Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster, fish, and
mice [133–135]. Those effects were related to the activation of Sir2 proteins (sirtuins), a
family of NAD+-dependent deacetylases and mono-ADP-ribosyltransferases involved in
key regulation processes, such as glucose and insulin production, fat metabolism, the
regulation of the p53 tumour suppressor, and cell survival [136].

Later on, several authors have also explored the effects of resveratrol on obesity, brain
function, and visual performance. The results obtained in a number of studies in cell,
animal, and human trials revealed that resveratrol and related stilbenes were able to inhibit
adipocyte differentiation and proliferation, decrease lipogenesis, and promote lipolysis
and fatty acid beta-oxidation [137], pointing out that it may be used as an anti-obesity
agent. Regarding brain function, Kennedy et al. [138] found that the oral administration of
a single dose of resveratrol (250 or 500 mg) to healthy adults increased cerebral blood flow
during task performance in a dose-dependent way without affecting cognitive function.
Furthermore, Evans et al. [139] reported that daily consumption of 150 mg of resveratrol for
14 weeks enhanced verbal memory and overall cognitive performance in postmenopausal
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women. Another study in postmenopausal women concluded that supplementation with
75 mg of trans-resveratrol twice a day for a year improved overall cognitive performance
and cerebrovascular responsiveness to cognitive stimuli, which was also associated with
a reduction of fasting blood glucose [140]. By contrast, a nutritional intervention with
200 mg/day of resveratrol failed to show significant improvements in verbal memory
after 26 weeks in healthy elderly individuals [141]. Moreover, in a meta-analysis on the
results obtained from four randomized clinical trials, Farzaei et al. [142] did not conclude
significant effects on memory and cognitive performance assessed by auditory verbal
learning test. Similarly, Marx et al. [143] concluded that, despite the fact that resveratrol
supplementation might improve cognitive performance, the results obtained among clinical
trials are limited and inconsistent. As for visual performance, studies carried out in
different retinal cell lines found that resveratrol at micromolar concentrations was able to
protect them from damage caused by oxidative stress and hyperglycemia-induced low-
grade inflammation, suggesting that it might contribute to preventing age-related ocular
disorders like cataracts, glaucoma, or macular degeneration [144–146]. Additionally, oral
administration of resveratrol (5 to 200 mg/kg for 5 days) to mice was seen to prevent
endotoxin-induced uveitis by inhibiting oxidative damage, leading authors to propose that
supplementation with resveratrol is a possible strategy to treat ocular inflammation [147].

However, despite the range of evidence on the potential benefits of resveratrol ob-
tained in model and preclinical studies, attempts have failed to come to clear and consistent
outcomes in cohort and clinical trials [148,149]. It must also be highlighted that the avail-
able studies have been performed using relatively high doses of resveratrol, which are
unlikely to be provided by the diet when taking into account the scarcity of food sources
and the very low concentrations at which stilbenes are present. It does not seem that
Mediterranean diets, either with or without wine, can represent further improvements
in this sense. Thus, it should not be expected that resveratrol may have a relevant con-
tribution to the beneficial health effects associated with Mediterranean diets or any other
type of diet. Supplementation or therapeutical approaches might, therefore, be the way
to take advantage of its potential benefits. Nonetheless, much work seems still required
in this respect. As recently reviewed by Ren et al. [148], poor pharmacokinetics and low
potency—as well as possible toxicity issues, including gastrointestinal disorders, headache,
rash, or nephrotoxicity [131,148]—seem the main bottlenecks to overcome for its nutritional
or therapeutical application. The development of more potent analogues and/or novel
resveratrol formulations to enhance its bioavailability may be promising strategies to take
it from bench to people [148].

6. The Social Context

Polyphenols are not the only reason that has been argued to support the beneficial
effects associated with wine consumption, but socioeconomical and contextual factors also
matter and could be even more important. Indeed, when interpreting the relationship
between wine consumption and health, the underlying lifestyle and dietary patterns have
to be considered, as they can be as influential on the health outcome as the type of drink.
Mediterranean diets are themselves considered to constitute healthy dietary and lifestyle
behaviour, making it difficult to extract the contribution of wine; otherwise, they might
counteract the negative impact of alcohol on the organism.

It has been claimed that the MedDiet involves a “Mediterranean way of drinking”,
that is, a regular, moderate wine intake mainly consumed with meals [6]. When consumed
with meals, wine tends to be sipped more slowly as compared to other alcoholic drinks,
which may provide metabolic advantages. Among others, the concomitant presence of food
in the stomach slows down gastric emptying and subsequent ethanol absorption which
favours hepatic metabolism and clearance, lowering the peak of alcohol concentration in
the blood [150]. It has been reported that, when consumed within meals, alcohol intake is
associated with a lower risk of acute myocardial infarctions [151]. The concurrent presence
of food might also reduce the amount of alcohol available to the oral microbiota, which
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has the capacity to metabolize ethanol to acetaldehyde, a compound associated with the
tumorigenic effects of ethanol in the upper gastrointestinal tract [152]. It has also been
observed that when wine is consumed with food, the onset of the plasma uric acid elevation
coincides with the period of postprandial oxidative stress produced after a meal, which
may contribute to the wine’s protective effects [153]. Moreover, the presence of alcohol
may improve the bioavailability of polyphenols in the food bolus, which would thus be
more easily assimilated [154].

Studies in countries where wine is not the traditional alcoholic drink have also sup-
ported that a preference for wine is associated with healthy outcomes and more favourable
dietary patterns [155]. Burke et al. [156], in a health screening on middle-aged men in
Australia, found that a preference for wine was related to a greater consumption of fruit,
vegetables, and bread, as compared to people that preferred beer. In a survey in Finland,
Mannisto et al. [157] observed that wine drinkers had significantly higher intakes of antiox-
idants in their diet, indicating a greater consumption of fruit and vegetables than groups
with other drink preferences. A higher intake of fruits, salads, cooked vegetables, fish, and
olive oil was also found by Tjonneland et al. [158] in those that preferred wine, as compared
with other alcoholic drinks, in a cross-sectional study conducted in Denmark. Similarly,
Sluik et al. [159], in a representative sample of people from the Netherlands, found that
wine drinkers consumed less energy and more vegetables and fruit juices, while the choice
of beer was associated with a higher intake of meat, soft drinks, margarine, and snacks.
All those behaviours associated with wine choice result in diets closer to the MedDiet,
supporting the idea that it is not only wine, but the associated dietary and lifestyle patterns
which contribute to healthier outcomes. Interestingly, this type of association has not been
found in studies performed in some Mediterranean countries, as was the case of some
Italian [160] or Spanish cohorts [161,162], where no significant correlation between wine
consumption and healthier dietary habits was observed in relation to non-drinkers or
consumers of other alcoholic beverages.

7. Risks of Wine Consumption

Despite the fact that moderate consumption may have health benefits, it is also well-
known that alcohol, even at a low level of consumption, has some risks. It is well-known
that there is a causal relationship between alcohol intake and the incidence of a variety
of pathologies—particularly liver diseases—which, in their more severe form, such as
the alcoholic hepatitis, lead to a mortality rate exceeding 50% in three months. Other
manifestations, like steatosis of alcoholic cirrhosis, are initially less severe, although in
advanced cirrhosis, the median of survival is situated around 1–2 years [163]. In addition,
there are also well-established relationships between alcohol intake and incidence of
pancreatitis and diverse types of cancer, as well as some infectious diseases and non-
intentional injuries.

A comprehensive report on alcohol-attributable deaths was released in 2018 within
the frame of the Global Burden of Diseases, Injuries, and Risk Factors Study 2016 [164]. For
that, a meta-analysis of relative risks for 23 health outcomes associated with alcohol use
was made using 694 data sources of individual and population-level alcohol consumption,
along with 592 prospective and retrospective studies on the risk of alcohol use. The study
used 195 locations and a time span from 1990 to 2016, including people aged above 15 of
both sexes. It was concluded that alcohol use was a leading risk factor for the global disease
burden worldwide, causing substantial health loss from many causes and accounting for
nearly 10% of global deaths among people aged 15–49 years. The risk of all-cause mortality,
and of cancers specifically, raised with increasing levels of consumption, with no level of
consumption that can be considered free of risks [164].

The International Agency for Research on Cancer (IARC) classifies alcohol as a Group
1 carcinogen, causally associated with the development of cancers of the upper digestive
tract and liver, and has sufficient evidence to be positively associated with colorectum and
female breast cancer, without differences among the type of alcoholic drink [165]. The
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existence of a high association between alcohol intake and the increased risk of different
types of cancers was confirmed in many prospective studies. In a meta-analysis carried
out on 156 epidemiological studies, Corrao et al. [166] concluded that the risk for all types
of cancer significantly increased for ethanol intakes of above 25 g/day. Also, a highly
significant association was found for liver cirrhosis and essential hypertension, although,
for coronary heart disease and ischemic stroke, a reduction in the risk was observed with a
minimum consumption of 20 g alcohol/day [66].

An aspect to notice is that observational studies on alcohol and health usually consider
average alcohol consumption, which may hide risky drinking behaviours, such as irregular
binge drinking, that always involves higher health risks and mortality rates [167,168]. A
pattern of irregular heavy drinking is associated with pathophysiological mechanisms that
increase the risk of sudden cardiac death, hypertension, atrial or ventricular fibrillation,
and cardiomyopathy, even if the average consumption is comparable to moderate con-
sumption [169]. Heavy drinking during pregnancy is known to produce foetal alcohol
syndrome, leading to abnormalities and mental retardation. Nevertheless, there is also
evidence that prenatal exposure to light to moderate levels of alcohol could affect foetal
development and result in decreased body weight, neurodevelopmental deficits, and long-
term effects on the growth of children [170,171]. All in all, there is no level of alcohol that
can be considered safe during pregnancy. As a result, its consumption must be avoided by
pregnant women, as well as during the period of breastfeeding. Similarly, alcohol must be
avoided by younger people: adolescent alcohol use shows clear positive relationships with
total mortality and is associated with an increased risk for development of chronic alcohol
use disorders in adulthood [172].

It has been suggested that the detrimental effects of ethanol might be partly coun-
terbalanced by the polyphenols contained in wine and other foods that play a part in the
MedDiet, like extra-virgin olive oil [173], although this may be more of a perception that
is not supported by consistent studies in humans. In a recent position paper on Dietary
Guidelines for the Spanish Population [174], the Spanish Society of Community Nutri-
tion (SENC) established that the consumption of alcoholic beverages is not encouraged
or recommended in any case. Nevertheless, taking into account the prevalence of the
Mediterranean uses and customs in Spain, an optional consumption of wine in limited
amounts (no more than 40 g alcohol/day for men and no more than 20 g alcohol/day for
women) and with meals is suggested only for adults who so desire and are not subject to
contraindication due to a health condition or medication use. The SENC also highlighted
that people who do not use alcoholic beverages should not start drinking because of its
potential beneficial effects, and that equivalent results can be achieved through an adequate
diet without the potential risks of alcohol.

8. Concluding Remarks

The Mediterranean diet has been associated with beneficial health outcomes in the
prevention of chronic degenerative disorders, including cardiovascular diseases, type-
2 diabetes, cognitive decline, or cancers. Its benefits were recognized by the UNESCO,
which in 2010 inscribed the Mediterranean diet as an Intangible Cultural Heritage of
Humanity. A feature of the MedDiet that has been related to its health benefits is that
it contributes significant amounts of antioxidants, and especially polyphenols, whose
regular intake is related to beneficial effects on the lipids profile, blood pressure, glucose
metabolism, adiposity, and inflammatory processes. Virgin olive oil and moderate wine
consumption have been indicated as two distinctive hallmarks of the MedDiet, contributing
to its health benefits [44]. Indeed, olive oil represents a differential Mediterranean product,
with a peculiar phenolic composition based on secoiridoids and derived phenolic alcohols,
described to be able to improve the blood lipidic profile, maintain blood pressure, and
provide anti-inflammatory properties, as recognized by the EFSA with a health claim.

On the other hand, a moderate consumption of wine, especially red wine, has been
proposed to provide some degree of protection against cardiovascular diseases, diabetes
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mellitus, or cognitive decline, which has been related to its polyphenol content. The avail-
able studies in this respect are, however, limited by their observational nature, and there
is a lack of randomized clinical trials that may prove a causal relationship. Furthermore,
wine contains alcohol, which even at moderate consumption increases the risks of liver
disorders and several types of cancers, among other diseases, Although the Mediterranean
habit of drinking wine with meals may delay ethanol absorption and favour its more rapid
clearance, at the same time that it may contribute to a decrease in postprandial oxidative
stress produced after a meal. Furthermore, although polyphenols present in wine are also
found in fruits and vegetables that lack the risks associated with alcohol, the concomitant
presence of ethanol in the food bolus might make wine polyphenols more bioavailable.
Some authors have, however, highlighted that a high wine and total alcohol intake, partic-
ularly by men, can represent a problematic aspect of the Mediterranean diet that may have
not been critically evaluated [175]. Indeed, the potential risks of wine consumption, even
at moderate doses, may have been overlooked or undervalued by many authors, which
inadvertently may have disclosed a confusing message, although not only restricted to
the context of the Mediterranean diets. Certainly, it does not seem wise to think of wine
or any other alcoholic drink as an element for health promotion, but the risks of alcohol
should always be considered in the first place. Releasing any message that might induce
people to drink in the hope of gaining health benefits could likely have more harmful than
beneficial consequences.

All in all, it is not easy to give a simple answer to the question of whether wine
should be considered a key food contributing to the beneficial health outcomes of the
MedDiet. Despite the fact that it is excluded from the diet in many Mediterranean areas
for religious reasons, we do think that it definitely constitutes a distinguishing feature
of many Mediterranean cultures, and plays an undeniable part of their historical legacy.
In those regions, wine can be a relevant contributor to polyphenol intake and could be
considered a side element in the beneficial health effects of the MedDiet, provided that it
is consumed in the ‘traditional’ way, that is, light to moderate regular consumption with
meals. In our opinion, wine has to be regarded as a fruitive food, to be enjoyed responsibly
and in moderation, in a convivial environment and in the context of an adequate diet. In
this case, it may constitute another element of a healthy lifestyle, provided that there are
no reasons that advise against their intake.
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Abstract: Dietary habits are a determining factor of the higher incidence and prevalence of chronic
non-communicable diseases (NCDs). In the aim to find a possible preventive and intervention strategy,
the Mediterranean diet (MedDiet) has been proposed as an effective approach. Within the MedDiet,
moderate wine consumption with meals is a positive item in the MedDiet score; however, recent studies
have reported a dose-response association between alcohol consumption and higher risk of a large
number of NCDs. This review aimed to evaluate the association between NCDs and wine consumption
in the framework of the MedDiet, with a simple review of 22 studies of the highest-level literature
published over the last five years. We found that the information regarding the effects of wine in
different health outcomes has not varied widely over the past five years, finding inconclusive results
among the studies evaluated. Most of the literature agrees that light to moderate wine intake seems
to have beneficial effects to some extent in NCDs, such as hypertension, cancer, dyslipidemia and
dementia, but no definitive recommendations can be made on a specific dose intake that can benefit
most diseases.

Keywords: Mediterranean diet; wine intake; cardiovascular disease; cancer; dementia

1. Introduction

Lifestyle, including dietary habits, is a determining factor of the high incidence and prevalence
of chronic non-communicable diseases (NCDs), such as cardiovascular disease (CVD), diabetes and
dementia [1]. Several studies have shown that non-smokers, the practice of physical activity, having an
adequate body mass index (BMI) and a healthy diet pattern (rich in vegetables, fruits, legumes and fish,
and limited in red meat), with moderate alcohol consumption, are factors associated with a lower risk
of mortality by all causes and CVD (≥65%) compared to subjects who have an unhealthy lifestyle [2–4].
Moreover, the adoption of a healthy lifestyle is associated with a longer life expectancy free of the main
NCDs (cancer, CVD and type 2 diabetes [T2DM] [5].

In this sense, the Mediterranean diet (MedDiet), one of the most widely evaluated dietary patterns
throughout different clinical trials, and prospective cohort studies and has been proposed as an effective
approach for CVD prevention and intervention [6–8]. This healthy dietary pattern is recommended
by the American Heart Association and has been included in the 2015–2020 Dietary Guidelines for
Americans [6,9]. The MedDiet has been associated with better long-term weight control, blood pressure
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(BP), lipid profile, glucose metabolism and insulin resistance, inflammation, endothelial dysfunction,
the presence of arrhythmia, and gut microbiome [6,8], and a significant reduction in all-cause mortality
(8–10%), and the risk of CVD (10%) and neoplasias (4%) for every two-point increment in adherence to
the Mediterranean diet pattern (MDP) [10,11].

The MedDiet is characterized by a high consumption of plant foods, that mainly comprises fruits
and vegetables, whole-grain cereals and breads, nuts and seeds; locally grown, fresh and seasonal,
unprocessed foods; primarily extra-virgin olive oil as a main source of healthy fat for cooking and
dressing meals; moderate amounts of dairy products; small amounts of red meat, moderate amounts
of fish; and light-to-moderate intake of red wine often during the main meals [12].

Although moderate consumption of wine with meals (≤1 and ≤2 drinks/day for women and men,
respectively) is a positive item in the MedDiet score, results from recent studies have reported that
there is a dose-response association between alcohol consumption and a high risk of a large number of
NCDs [13,14]. Specifically, a certain association has been observed between alcohol consumption and
the risk of developing different types of cancer, regardless of the amount consumed [15]. On the other
hand, some authors have reported that alcohol consumption is associated with a decreased incidence
of cancer because of its stilbenoid content [16–22].

According to the World Health Organization (WHO), the amount and pattern of alcohol
consumption plays a key role in the appearance of detrimental effects on health [14]. Excessive alcohol
consumption is not only linked to an increased risk of traffic accidents and deaths, child abuse,
spousal violence and suicide [23] but also to the development of cancer and liver disease [24].
In 2016, the WHO reported that CVD death was directly associated with excessive alcohol consumption,
accounting for 19% of deaths [14]. In addition, other determining factors on the harmful effects of alcohol
on health are gender (male or female), inter-individual variability, type of alcoholic beverage consumed
(fermented or distilled), amount (low, moderate, high, excessive) and duration of consumption,
drinking patterns (occasional, daily, compulsive), as well as socioeconomic factors [23,25–27].
Furthermore, a systematic review and meta-analysis analyzing 2865 participants performed by
Roerecke et al. [28] reported that participants who alcohol intake >6 drinks/day leads to reduction
of BP in a dose-dependent manner with an apparent threshold effect at 2 drinks/day. Drinkers (≤2
drinks/day) did not report significant reduction in BP after reducing their consumption near abstinence.
The same authors in a new systematic review and meta-analysis of cohort studies [29], including 361,254
participants and 90,160 incident cases of hypertension, concluded that the risk of hypertension was
increased for any alcohol consumption in men, in contrast to women who showed no greater risk
with a daily consumption of 1 to 2 drinks or higher. According to results reported by Wood et al. [30],
in high-income countries, among current alcohol drinkers, 100 g of alcohol per week, showed a lower
risk threshold for all-cause mortality. In addition, exploratory analysis showed among alcoholic
beverages that beer or spirits drinkers and binge drinkers have a higher risk of all-cause mortality.
Nonetheless, wine, a fermented drink, consumed during meals and in the context of a MDP, has shown
favorable effects on the prevention of CVD. These cardio-protective mechanisms involve not only
an increase of high-density lipoprotein cholesterol (HDL-C) levels and the regulation of blood lipids
but also improvement in glucose metabolism and endothelial function, decreasing inflammation and
platelet aggregation as well as exerting antioxidant effects [31–33]. Moreover, wine consumption in the
context of a healthy diet, such as the MedDiet, has shown positive effects against cancer risk. Results of
a meta-analysis with an overall population of 2,130,753 subjects [34] reported that moderate wine
consumption in the framework of a MDP has a higher protective effect (relative risk (RR) 0.89; 95% CI:
0.85–0.93) compared to the rest of its components (fruit, vegetable and whole grain intake).

Wine is an alchemy with unique properties, having a rich and original composition in terms of
known polyphenols and antioxidants [35–39]. The alcohol content varies among different types of
wines, being 14% for red wine and 11% for white wine, a much lower content than spirits (approximately
35%) [40–43]. In addition to ethanol, the polyphenol content in wine can provide a greater protective
effect on health [44–46]. While red wine has a high concentration of bioactive compounds, the content
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in white wine is lower and is practically negligible in distilled beverages (liquors and spirits) [40].
Resveratrol, anthocyanins (ANC), catechins, and tannins (proanthocyanidins and ellagitannins) are the
main polyphenols in wine [35,47]. Since alcoholic beverages present a different molecular composition,
different health effects are to be expected. Besides wine, other bioactive components from the
MedDiet, such as polyphenolic compounds and phytosterols in olive oil (hydroxytyrosol, tyrosol,
oleocanthal), and nuts, fruits and vegetables (flavonoids, mainly), can also contribute to increasing this
cardioprotective effect through different synergic mechanisms [47].

1.1. Moderate Alcohol Consumption

According to the WHO and the US National Institute on Alcohol Abuse and Alcoholism,
the measure most frequently used in studies is a standard drink, which is defined as the amount
of alcohol an average adult can metabolize in 1 h [40,48,49]. While in the United Kingdom and
Iceland a standard drink is defined as an alcoholic beverage that contains 8 g of pure alcohol (10 mL),
other countries such as Australia, France, the Netherlands or Spain consider a standard drink as 10 g of
pure alcohol (12.5 mL), and the United States considers it as 14 g of pure alcohol (17.5 mL) [50]. In lay
terms, these amounts can be translated into 330 mL of beer (~5% ethanol), 125 mL of table wine (~12%
ethanol), or 40 mL of distilled spirits or liquor (~40% ethanol) [50,51]. Moreover, the alcohol content in
wine can vary from 5% to 15% according to the different formulations [40].

The definition of moderate alcohol consumption may vary depending the country referred,
as may the amount of alcohol content in an alcoholic drink. The American Dietary Guidelines
Advisory Committee [52] consider a moderate alcohol intake by adults of legal drinking age as a daily
amount consumed ≤10 g of ethanol (≤1 drink) for women and ≤20 g of ethanol (≤2 drinks) for men.
However, other guidelines consider a low-risk pattern as a daily consumption of 10 g up to 42 g of
alcohol (1 to 3 drinks) for women or 10 g to 56 g for men (1 to 4 drinks).

Furthermore, besides the amount of alcohol consumed, other aspects such as age (young people
engage in more heavy drinking episodes than older individuals), sex (women are more sensitive
to the toxic effects of alcohol), ethnicity, genetics, type of alcoholic beverage consumed (wine, beer,
distilled), drinking frequency (heavy or binge, occasional, daily, weekend, etc.) and socioeconomic level,
account for the inter-individual variability of the adverse effects of alcohol on health [23,25,27,51,53].

1.2. Wine Polyphenols in Human Health

Wine matrix composition is complex and mainly constituted by water (86%), ethanol (8–15%),
glycerol and polysaccharides or other trace elements (1%), different types of acids (0.5%), and a volatile
fraction (0.5%) [54]. The wine matrix contains several hundred compounds that are found in very low
concentrations, and they have been found to play an important role in the evolution and quality of
wine, as well as in the protection against NCDs [55].

Among the minority compounds, wine contains a large variety of phenolic compounds (range
from 2000 to 6000 mg/L in red wines), also called polyphenols, which are responsible for special
organoleptic features of wine (color, flavor, smell) [52,55]. Currently, there is a great interest in the
volatile fraction of wine as these compounds are closely related to beverage flavor [56]. These volatile
organic compounds (VOC) include alcohols, esters, aldehydes, ketones, acids, terpenes, phenols,
and sulfur compounds in a great variety of concentrations that are secondary metabolites produced in
grape plants as a defense mechanism [57]. The perception of aroma and flavor are a result of a complex
interaction between the volatile (which includes flavor and aroma compounds) and nonvolatile (ethanol,
polyphenolic compounds, proteins, and carbohydrates) fractions in wine [57,58]. It is estimated that
wine contains more than a thousand volatile compounds, whose concentrations range between mg/L
to ng/L [58]. Wine flavor is obtained by varietal aroma, grape variety, pre-fermentative (during
alcoholic and malolactic fermentations) and post-fermentative aroma (during conservation and aging
of wine) [54,59]. Wine aroma is quantitatively produced by higher alcohols, acids and esters, which are
important for the sensory properties as quality of wine, intrinsic factors that influence consumer
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acceptance [54,60]. While the higher amount of alcohol is directly associated with wine quality (higher
amounts, less wine quality), the amount of esters (generally ≤100 mg/L) is associated with wine
odor (higher amounts, strong odor) [54,61]. Wine oligosaccharides (complex carbohydrate molecules)
have been associated with significant physicochemical properties beneficial to consumers’ health.
So, some oligosaccharides such as arabinoxylan-, fructo-, gluco-, galacto-, isomalto-, mannan-, xylo-,
soyo-oligosaccharides and others can be fermented, exerting benefits on the intestinal microbiota
(prebiotic effect) [62,63]. In addition, it has been suggested pectin-derived acidic oligosaccharides and
arabinoxylooligosaccharides may have anti-cancer [64] and antioxidant effects [65,66]. Similarly, it has
been suggested that polysaccharides could also have a significant antioxidant effect in wine [63].
In addition, some of these VOCs are sesquiterpenes and monoterpenes, which have been shown to
have potential health benefits, such as decreased risk of chronic diseases. These compounds have been
associated with anti-inflammatory, antioxidant, anti-carcinogenic and anti-bacterial properties [67–70],
contributing to wine’s health effects.

During the red winemaking process the contact with grape skins and seeds is longer, and therefore,
red wines tend to have a higher polyphenol content (six-fold greater) than white wines. It is
estimated that the polyphenolic compound content in red wine varies from 1800 to 3000 mg/L [71].
Polyphenols, especially flavonoids such as flavonols (quercetin and myricetin), flavanols (catechin
and epicatechin) and ANC, and non-flavonoids, which include phenolic acids (hydroxybenzoic
acids and hydroxycinnamic acids) and stilbenes (trans-resveratrol), have been related to beneficial
effects on human health due to their protective properties, antioxidant activity and capacity to delete
reactive oxygen species (ROS) caused by exercise, food metabolism and environmental factors, such as
exposure to air pollutants. These free radicals can lead to aging, cardiovascular and neurodegenerative
diseases and even cancer by the reduction of cell proliferation, which can be used for potential cancer
therapy [36,55,71].

Even though the alcoholic fraction of wine (ethanol) has been associated with pro-oxidant effects,
the phenolic content (polyphenols) seems to counteract the potential pro-oxidant effect of ethanol [38].
The antioxidant capacity of wines is only associated to its phenolic content or the action of a single
phenolic compound but within the total polyphenol content (synergistic antioxidant effect) [55].

To date, the main biological effects attributed to phenolic acids (gallic acid or caffeic acid) are their
antioxidant, anti-mutagenic, anti-proliferative and antimicrobial properties [36]. In addition, in vitro
studies have reported vasodilator activity of phenolic acids [36,71]. However, Mudnic et al. [72] found
a negative correlation between antioxidant activity and vasodilatory capacity after testing nine different
phenolic acids. Moreover, caffeic acid has been associated with neuroprotective activity [73] and
inhibition of peroxynitrite-induced neuronal injury, and ferulic acid is considered to have antidiabetic
properties [74] because of its capacity to reduce blood glucose levels through increasing plasma
insulin concentrations.

Flavonols (quercetin, mainly) found in red wine have an approximate concentration of 50 mg/L [75].
The beneficial effects of dietary flavonol on human health have been related to the inhibition of
low-density lipoprotein cholesterol (LDL-C) oxidation and a reduction of oxidative stress through
decreases in BP, which are primary risk factors for the development of atheroma plaque [71,76].
This flavonol is able to reduce oxidative stress through an upregulation of nitric oxide synthase
(NOS) expression, as well as an activation and modulation of antioxidant mechanisms. In addition,
quercetin has been associated with decreased inflammation, reduction of the expression of Toll-like
receptors (TLR2 and TLR4) by the inhibition of nuclear factor kappa-B’s (NF-κB) translocation to the
nucleus. Quercetins can inhibit cell proliferation, which leads to an attenuation of the progression
of cancer [55]. Besides their anti-hypertensive and anti-atherogenic effects, flavonols have been
inversely related to aging, obesity and the occurrence of neurodegenerative diseases, CVD and
several specific types of cancer such as breast, pancreatic, uterine, prostate or urinary tract cancer,
among others [36,55,77–81].

142



Molecules 2020, 25, 5045

It has also been demonstrated that ANC are beneficial to human health. Their concentration
in red wine is approximately 500 mg/L [82]. ANC are strong antioxidants and have the capacity
of inhibiting cancer cell growth, inflammation, neuro-inflammation and oxidative stress, as well as
preventing obesity [83–87]. Finally, stilbenes are bioactive compounds with concentrations in red wine
of approximately 20 mg/L [88]. The main function of stilbenes in plants is to protect them against
pathogens and fungi, and therefore, they present a strong antifungal and antimicrobial capacity [89].
The most important stilbene is trans-resveratrol, as it presents multiple relevant pharmacological
effects on health. These compounds (resveratrol, mainly) present anti-inflammatory, anti-oxidative and
anti-aggregatory effects, as well as a high capacity for modulating lipoproteins and inhibit the initiation,
promotion and progression of tumors. Therefore, their biological activity has frequently been related
to atherosclerosis, cancer, CVD or neurodegenerative diseases (e.g., Alzheimer’s disease) [71,90–93].
In addition, resveratrol is associated with a lower risk of coronary heart disease (CHD) and myocardial
infarction [94], and several clinical studies and meta-analyses have found a significant reduction of
systolic BP (SBP) with resveratrol intake. Therefore stilbenes might have an protective role against
hypertension, as well as diabetes and diabetes-related complications [95–99].

There is noteworthy information suggesting that the potential benefits of wine intake on NCDs
such as dyslipidemia, hypertension, MetS, CVD and T2DM, are dependent on the bioavailability of
polyphenols [55]. Phenolic compounds’ bioavailability can be affected by different factors such as
environmental, dietary factors (fibers and fats that help or reduce absorption), possible interactions
with others compounds of similar mechanisms of absorption. Moreover, thermal treatments, storage,
cooking techniques, food matrix, chemical structure, amount of polyphenols in food could contribute to their
bioavility. Therefore, others intrinsic factors such as age, gender and genetic differences, enzyme activity,
transporters, intestinal microflora, health status, among others may influence [36,100,101]. So not all
polyphenols are absorbed with equal efficacy, only between 5 to 10% of the total polyphenol intake
may be directly absorbed in the small intestine [102,103].

This review aimed to evaluate the association between NCD (hypertension, T2DM, dyslipidemia,
cancer and dementia) and wine consumption within the framework of a MDP and its underlying
mechanisms of protection, with a simple review of the highest-level literature (randomized control
trials (RCT) and meta-analyses) published in the last five years, evaluating humans, adults (>18 years),
addressing wine intake or specifically red wine polyphenols. The bibliographic search was performed
through PubMed, ScienceDirect, and Google Scholar from June 2020 to August 2020.

2. Results

A total of 22 studies were selected for the final evaluation; seven studies evaluating hypertension
as an outcome, eight studies on T2DM, four studies on dyslipidemia, four studies on cancer and one
study on dementia. Some of the studies evaluated two or more outcomes, thus overlapping in the
results. The study characteristics are summarized in Table 1.
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2.1. Hypertension

Alcohol intake has been associated with BP levels in a J-shaped form, in which low to moderate
intake contributes to lower BP levels, and higher intakes increase these levels [40,49]. A RCT by Gepner
et al. evaluated the effect of moderate red wine intake on BP in individuals with T2DM who abstained
from alcohol intake. After a 6-month intervention, reductions in BP were observed in the red wine
group at midnight (SBP −10.6 mmHg, 95% confidence interval (CI) −14.1 to −0.6; p = 0.03 and diastolic
(DBP) −7.7 mmHg, 95% CI −11.8 to 0.9; p = 0.076) and at 7 to 9 am (SBP −6.2 mmHg, 95% CI −17.3 to
−0.8; p = 0.014), but no long-term effects in the mean 24-h BP were found [104]. Other studies using
ambulatory BP monitoring have described a biphasic BP pattern after alcohol intake, showing lower
levels after acute ingestion but higher levels after 13–23 h [123]. In 2016, Mori et al. published a RCT
that evaluated the effects of red wine (24–31g of alcohol/day) over four weeks on BP levels in 24 adults
with T2DM. The authors described that red wine significantly increased awake SBP and DBP compared
to water (2.5 ± 1.2 mmHg vs 1.9 ± 0.7 mmHg; p = 0.033 and p = 0.008 respectively), but decreased DBP
during sleep (2.0 ± 0.8 mmHg; p = 0.016), resulting in a non-significant overall effect on the mean 24-h
SBP and DBP [105].

Within the MDP, high intakes of green leafy vegetables are recommended. Dietary nitrate (NO3
−)

and nitrite (NO2
−) intake, present in vegetables, can affect BP levels by increasing plasma nitric

oxide (NO) production and help reduce BP in a dose-dependent manner [106,107]. NO can reduce
vascular oxidative stress and act as a natural vasodilator. It has been described that red wine intake
along with NO3

− or NO2
− promotes NO formation, attributing this phenomenon to its polyphenol

content [106,124]. In 2018, McDonagh et al. published a RCT evaluating the response to a NO3
−

rich meal associated with red wine (175 mL), compared to vodka or water intake, in 12 healthy
normotensive males. Results showed that compared with the controls SBP decreased at 2 h after
consumption of red wine (111 ± 7 mmHg vs. 116 ± 6 mmHg; p < 0.05) and at 5 h (115 ± 8 mmHg versus
119 ± 7 mmHg), and DBP was also significantly reduced after consumption of red wine (1h: −3 mmHg,
2h: −4 mmHg) compared with baseline and also compared with controls (1h: 59 ± 5; 2h 58 ± 4 mmHg
vs. 1h: 62 ± 5, 2h: 61 ± 6 mmHg; p < 0.05). Moreover, the mean arterial pressure was reduced
2 h after intake of the NO3

− rich meal alongside red wine (76 ± 4 mmHg) compared with baseline
(80 ± 6 mmHg) and controls (80 ± 6 mmHg; p < 0.05) and also at 3 h (77 ± 6 mmHg) compared with
controls (81 ± 7 mmHg). Even though vodka was also effective in reducing BP, the magnitude of the
SBP reduction was consistently higher after red wine intake [106]. Another crossover trial by Roth et al.
evaluated the effects of short-term white wine and gin intake (21 days) on BP and plasma NO in 41
adult men (55 to 80 years) with cardiovascular risk factors. All participants presented low to moderate
alcohol consumption, quantified around 30 g ethanol per day. After the intervention, white wine intake
showed a significant mean reduction in SBP (−4.91 mmHg, 95% CI −9.41 to −0.42; p = 0.033) and DBP
(−2.90, 95% CI −5.50 to −0.29; p = 0.030), and this reduction was also significant when compared to gin
intake (p < 0.040). Moreover, plasma NO concentrations significantly increased after white wine intake
(27.86, 95% CI −6.86 to 62.59; p = 0.013), but no differences were observed between the two groups.
The authors suggested that the hypotensive effects of white wine evaluated in this study could be
attributed to non-alcohol compounds found in this beverage [107].

It has been described that the phenolic content of wine contributes to its BP lowering effect. In vitro
studies in human endothelial cells have described that wine polyphenols inhibit nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activity and increase calcium intracellular concentrations
and NO synthesis, contributing to the vasorelaxant effect attributed to wine [125,126]. Red wine is
a rich source of ANC, an important type of polyphenols. Multiple cardio-metabolic components
can be altered in response to ANC food products, and their intake has been associated with a lower
risk of CVD [108]. Studies evaluating the effects of ANC and other polyphenols on cardio-metabolic
risk factors (i.e., serum lipids, blood glucose levels, insulin resistance, hypertension, among others)
show inconsistent results, depending on various factors, such as the health status of the participants,
sources of bioactive compounds, type and dose of polyphenols supplied, their bioavailability, and host
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characteristics. A meta-analysis by García-Contesa et al. studied the association between various food
sources of ANC, including red wine, with different biomarkers of cardio-metabolic risk. The study
included 128 human RCTs, with a total of 5538 participants. The authors found that the intake of specific
sources of ANC significantly reduced SBP (−3.31; p = 0.014) and DBP (1.50; p = 0.002), specifically red
wine; nonetheless red wine did not reduce total cholesterol or glycated hemoglobin (HbA1c) [108].

Another important polyphenol present in wine is resveratrol, which has been widely studied.
A meta-analysis published by Weaver et al. evaluated the effects of red wine polyphenols,
especially resveratrol, on vascular health. Supplementation with red wine polyphenols significantly
decreased SBP (−2.62 mmHg, 95% CI −4.81 to −0.44; p = 0.010), but group analysis showed this effect
only in at-risk populations (−3.2 mmHg, 95% CI −5.7 to −0.8; p = 0.010) and not in healthy cohorts
(0.7 mmHg, 95% CI −2.5 to 3.8; p = 0.673). When analyzing resveratrol-only studies, this significant
mean difference was maintained (−3.7 mmHg, 95% CI −7.3 to −0.0; p = 0.047) but was not seen in the
non-resveratrol group. No significant effects were found for DBP (−1.0 mmHg, 95% CI −2.2 to 0.3;
p = 0.139). The authors suggested that the non-significant effect on DBP could be attributed to the small
changes seen in DBP in clinical hypertension [109]. Nonetheless, these findings are consistent with
previous studies on resveratrol [95]. Moreover, Ye et al. published a meta-analysis of 9 randomized
intervention studies evaluating the effects of wine intake on BP, glucose parameters and the lipid profile
of T2DM patients. The results showed no significant differences in SBP (weighted mean difference
(WMD) 0.12, 95% CI −0.05 to 0.28; p = 0.17)), yet a reduction was seen in DBP levels (WMD 0.10,
95% CI: 0.01 to −0.20; p = 0.03). These findings were attributed to the fact that the results were pooled
as an average, rather than evaluated at individual hours [110].

These studies published over the last five years indicate that, overall, wine intake helps reduce
BP. Even though this effect could be different depending on the time of day and time after intake,
the general conclusion in most studies is that wine and its polyphenol supplementation help reduce
SBP and DBP when taken in light to moderate quantities.

2.2. Type 2 Diabetes Mellitus

Epidemiological studies suggest that the risk of T2DM is decreased in moderate alcohol
drinkers [111,112]. Alcohol, especially wine, has been associated with enhanced glycemic control [127,128].
A RCT study by Gepner et al. recruited 224 alcohol-abstaining adults 40 to 75 years of age with T2DM.
The subjects were randomized to consume mineral water, white wine or red wine (150 mL) and
were followed during 24 months. The authors described that both types of wine tended to improve
glucose metabolism, yet only white wine significantly decreased fasting plasma glucose (−17.2 mg/dL,
95% CI −28.9 to −5.5 mg/dL; p = 0.004) and the Homeostatic Model Assessment for Insulin Resistance
(HOMA-IR) score by 1.2 (95% CI −2.1 to −0.2; p = 0.019) compared with the water group. Red wine did
not significantly decrease these measures. No changes were observed in HbA1c% for either type of wine.
The authors suggested that the effect of wine seen on glycemic control was mainly due to alcohol [111].

It has been suggested that the glucose lowering effect of alcohol may be mediated by the incretin
effect (glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1)).
Abraham et al. carried out an interventional study evaluating if acute red wine intake affects
glycemic control during an oral glucose tolerance test and the potential involvement of incretins in the
augmentation of insulin response after alcohol intake. Nine diabetic or pre-diabetic subjects consuming
263 mL of water or red wine were evaluated in a randomized crossover study. After 45 min, a higher
rate of increase in glucose was observed in the wine group (0.15 ± 0.01 vs. 0.11 ± 0.01 mmol/L/min;
p < 0.001), yet the incremental blood glucose area under the curve (iAUC) was similar in both groups
(917 ± 88 vs. 904 ± 79 mmol/L/min for water and wine, respectively; p = 0.82). The iAUC for insulin
was 50% greater after wine than after water intake (14,837 ± 4759 vs. 9885 ± 2686 μU/mL/min; p < 0.05),
as GIP iAUC increased 25% after wine treatment (7729 ± 1548 vs. 6191 ± 1049 pmol/L/min; p < 0.05),
with no difference in GLP-1 iAUC. The authors suggested that the higher insulin secretion after wine
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intake may be partially defined by an increase in GIP levels. Nonetheless, wine did not alter glucose iAUC,
and therefore, glycemic control, which could be explained by the basal insulin resistance of the subjects [112].

Huang et al. carried out a meta-analysis of 13 prospective studies to evaluate the association between
specific types of alcoholic beverages (wine, beer, spirits) and the risk of T2DM. Alcohol consumption was
categorized into three groups of intake, low (0–10 g/day), moderate (10–20 g/day) and high (>20 g/day).
The results showed that wine consumption reduced the risk of T2DM by 15% (RR 0.85, 95% CI 0.80
to 0.89). Moreover, all three categories of intake significantly decreased the risk of T2DM, showing a
U-shaped relationship. For wine, all levels of consumption <80 g/day were associated with a decreased
risk of T2DM, with the lowest risk at 20–30 g/day (pooled RR of moderate and high intake category
0.83, 95% CI 0.76 to 0.91). Beer consumption showed a slightly lower risk of T2DM (RR 0.96, 95% CI
0.92 to 1.0), and spirits intake did not have a significant effect on reducing the risk of diabetes (RR 0.95,
95% CI 0.89 to 1.03). The authors suggested that the greater effect of wine in the reduction of T2DM
risk could be attributed to the polyphenols present in wine, especially resveratrol [113].

In the literature, moderate wine consumption has been associated with a decreased risk of metabolic
syndrome and CVDs [129]. These effects have been attributed to the polyphenols present in wine, as seen
in animal studies [130]. Unfortunately, these findings have been difficult to consistently observe in human
studies. Woerdeman et al. performed a RCT to evaluate the effects of an 8-week supplementation with
red wine polyphenols on insulin sensitivity in obese subjects (body mass index ≥30 kg/m2). The authors
described that high dose red wine polyphenols (600 mg per day) did not alter insulin sensitivity measured
by a hyperinsulinemic-euglycemic clamp, the Matsuda index and HOMA-IR, compared with placebo.
The authors attributed these findings to the healthy state of the participants, the small sample size and the
unknown bioavailability of the polyphenols in the study subjects [114].

The previously cited meta-analysis by García-Contesa et al. also studied the association between
various food sources of ANC on HbA1c, finding that this parameter was increased (+0.97; p= 0.038) [108].
In a similar study by Mori et al., adults with T2DM consumed red wine, dealcoholized red wine
and water during four weeks, over a three-period cross-over study. The authors described that red
wine had no significant impact on home blood glucose monitoring or the HOMA-IR score, relative to
dealcoholized red wine or water [105]. Moreover, in a RCT by Golan et al., 224 diabetic subjects were
studied to observe if moderate wine consumption, as part of a MedDiet, would decrease their metabolic
risk. After two years, the subjects assigned to white or red wine consumption showed a non-significant
reduction in carotid total plaque volume (TPV) (−1.2 mm3, 95% CI −3.8 to 6.2; p = 0.6 and −1.3 mm3,
95% CI −3.4 to 6.0; p = 0.5, respectively). Among participants with the highest tertile of baseline carotid
TPV, those assigned to wine consumption showed a significant regression in carotid plaque compared
to baseline levels (mean −0.11; p = 0.04). The authors concluded that moderate wine consumption was
associated with no progression in carotid plaque or de novo formation, and that a small regression
could be seen in subjects with a higher baseline burden. They speculated that MedDiet counseling
could have contributed to this result [115]. Finally, in a similar meta-analysis by Ye et al., the nine
interventional studies evaluated showed no significant differences in fasting glucose (WMD −0.00,
95% CI −0.58 to 0.59; p = 1.00), fasting insulin (weighted mean difference (WMD) −0.22, 95% CI −2.09
to 1.65; p = 0.82) or HbA1C% (WMD −0.16, 95% CI −0.40 to 0.07; p = 0.17) [110].

Most studies evaluated in this review suggest that acute or long-term wine intake has little
or no effects on blood glucose markers. Nonetheless, one meta-analysis did show that the overall
T2DM risk decreased with wine intake [113]. More information is needed in order to provide
definitive recommendations.

2.3. Dyslipidemia

It has been widely studied that the beneficial effects of alcohol on cardiovascular health are mainly
due to its ability to raise HDL-C levels [131]. In the previously mentioned study by Gepner et al.,
HDL-C levels significantly increased in the red wine group (2.0 mg/dL, 95% CI 1.6 to 2.2 mg/dL;
p < 0.001) compared to water, and both types of wine decreased triglyceride levels. The authors
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suggested that red wine may be superior in improving lipid variables, which may be attributed to the
synergistic effect between alcohol and non-alcoholic wine compounds [104].

Red wine has also been associated with a protective effect against LDL-C for its higher antioxidant
capacity compared to white wine [132]. Taborsky et al. published a RCT in 2017 in which they evaluated
the long-term effects (12 months) of red and white wine intake (0.2–0.3 L per day) on biomarkers of
atherosclerosis in 157 healthy subjects with mild to moderate CVD risk. They observed that HDL-C
levels significantly decreased at six months in the white wine group compared to baseline (−0.14 ± 0.41;
p = 0.005) with a significant reduction in LDL-C in both groups at 6 (−0.39 ± 0.74; p < 0.001 and
−0.27 ± 0.68; p = 0.001 for white and red wine respectively) and 12 months (−0.24 ± 0.68; p = 0.003 and
−0.24 ± 0.78; p = 0.013 for white and red wine respectively) compared to baseline. Total cholesterol
showed a significant reduction in both groups at 6 months (−0.33 ± 0.99; p < 0.001 and −0.33 ± 0.82;
p = 0.001 for white and red wine respectively), but only for red wine at the 12-month evaluation
(−0.24 ± 0.82; p = 0.016). Triglyceride levels were not significantly altered. The authors could not
confirm any clinically important differences in biomarkers of atherosclerosis between the two types of
wine, and they attributed this partially to the prospective long-term design of the trial [116].

Previous studies have evidenced that red wine can modulate the inflammatory response caused
by different types of meals [133]. Di Renzo et al. published a RCT in which they evaluated the
effects of different types of beverages (red wine, white wine and vodka) on the oxidative status of 55
healthy subjects after a Mediterranean or high-fat meal. They found significant differences in oxidized
low-density lipoprotein cholesterol (oxLDL-C) levels between the Mediterranean meal and the high-fat
diet (−1.32 ± 20.43 vs. 21.29 ± 29.93%; p ≤ 0.05, respectively) and between the high-fat diet alone
versus the high-fat diet plus red wine intake (21.29 ± 29.93 vs. −4.97 ± 33.18%; p ≤ 0.05, respectively).
Moreover, a significant up-regulation was observed in catalase levels after red wine intake (4.04-fold
change in gene expression). No other differences were observed. It was speculated that the fat profile
found in the high fat meal could explain the higher levels of oxLDL-C observed, and that these could
be reduced by the presence of the antioxidant molecules found in red wine. The authors also suggested
that ethanol may play a role in the bioavailability of polyphenols during digestion [117].

In a similar meta-analysis by Ye et al., the intervention studies evaluated showed a significant
reduction in total cholesterol following wine intake in T2DM patients (WMD −0.16, 95% CI 0.02 to
0.31; p = 0.03). Moreover, no significant associations were found for measures of LDL-C, HDL-C or
triglycerides. The authors associated these results with the wine dose, trial duration and the study
populations evaluated in the different studies [110].

The most recent studies evaluating the effect of wine on the lipid profile have shown different
and inconsistent results. Even though the most accepted effect is the rising of HDL-C, one RCT and a
meta-analysis failed to support this outcome. Nonetheless, oxLDL-C was lowered, contributing to the
healthier cardiovascular profile attributed to wine intake within a MedDiet.

2.4. Cancer

It has been widely described that only 5 to 10% of all cancers can be attributed to genetic
predisposition, leaving 90 to 95% of cases to be associated with lifestyle factors [134]. Among these
factors, diet and more specifically, alcohol consumption have been studied as an important modifiable
risk factor. Alcohol has been described to show different effects on cancer risk depending on location.
A meta-analysis by Fang et al. published in 2015 evaluated the association between gastric cancer and a
diversity of dietary factors, with alcohol being among them. Among the 76 prospective studies revised
(n = 6,316,385 subjects and 32,758 incident gastric cancer cases), the authors found a strong effect of
alcohol on gastric cancer risk (RR 1.15, 95% CI 1.01 to 1.31) when comparing the highest reported
intake with the lowest, but not of wine intake (RR 1.02, 95% CI 0.77 to 1.34). The authors suggested
that these findings could be associated with the protective substances found in wine [118].

Another meta-analysis by Chen et al. evaluated the dose-response association between wine
intake and the risk of breast cancer. They included 26 prospective studies with a total of 18,106 breast
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cancer cases and found an increased risk of breast cancer (RR 1.36, 95% CI 1.20 to 1.54; p < 0.001) when
comparing the highest versus the lowest category of wine drinking. Furthermore, a dose-response
analysis showed that greater wine intake could lead to a higher risk of breast cancer, with a 0.59% of
non-significant risk increase for every 1g of ethanol per day derived from wine (RR 1.0059, 95% CI
0.9670 − 1.0464; p = 0.6156). Moreover, the lowest risk was observed in women who consumed <40 g
of wine per day (<5 g of ethanol) [119].

Vartolomei et al. published a meta-analysis in 2018 in which they studied the effect of moderate
wine consumption on prostate cancer. They included 17 studies and found a pooled RR for prostate
cancer risk of 0.98 (95% CI 0.92 to 1.05; p = 0.57). When evaluating each type of wine, the authors
described that moderate white wine intake increased the risk of prostate cancer (pooled RR 1.26, 95%
CI 1.10 to 1.43; p = 0.001) and moderate red wine consumption decreased this risk (pooled RR 0.88,
95% CI 0.78 to 0.999; p = 0.047). Nonetheless, it must be taken into account that this study is based
in non-randomized observational studies, implying possible bias [120]. Another meta-analysis by
Xu et al. evaluated the effects of wine intake on the risk of colorectal cancer in 17 observational studies
(12,110 colorectal cancer cases). The risk of developing colorectal cancer due to wine consumption was
RR 0.99 (95% CI 0.89 to 1.10) compared to non-drinkers. The authors did not find any associations for
red wine consumption or white wine consumption [standardized rate ratio (SRR) 0.98, 95% CI 0.68 to
1.40 and SRR 0.95, 95% CI 0.69 to 1.32, respectively]. When evaluating the amount of intake, light to
moderate drinkers (<2 drinks per day) showed a lower risk (SRR 0.93, 95% CI 0.80 to 1.08) than heavy
drinkers (≥2 drinks per day) (SRR 1.00, 95% CI 0.86 to 1.16). Overall, no association could be found
between wine consumption and the risk of colorectal cancer [121].

Finally, a meta-analysis by Schwingshackl et al. was aimed at evaluating the association between
a MedDiet and the risk of cancer in 83 prospective studies. Among other components of the MedDiet,
the authors found an inverse association between moderate alcohol intake and the risk of developing
cancer (RR 0.89, 95% CI 0.85 to 0.93), when compared to higher intakes. The authors of this study
stated that even though red wine contains beneficial compounds that may play a role in cancer, to date
it is impossible to certify the effects of alcohol on tumor pathogenesis, and therefore it should not be
recommended to abstinent individuals [34].

When evaluating the risk of cancer, it appears that dose and type of beverage are two main factors
that affect this risk. Alcohol by itself, at high doses, seems to increase the risk of cancer, and the same
seems to happen with wine intake. A recent review showed that alcohol intake at low doses does not
increase the risk of cancer, with the exception of breast and prostate cancer [135]. However, red wine
seems to have a more protective effect when compared to other alcoholic beverages.

2.5. Dementia

Dementia is a progressive neurodegenerative disorder and is a major cause of disability worldwide.
Modifiable lifestyle factors, including diet and specific foods, have been addressed as risk factors
for this disease with inconclusive results [136,137]. A meta-analysis published by Xu et al. in 2017
evaluated the association between alcohol intake and dementia in order to better define the quantity of
alcohol that could significantly increase the risk of this disease. A U-shaped association was observed
between alcohol consumption and the risk of dementia, in which light, light-to-moderate and moderate
intake showed an inverse association, while heavier doses showed higher risk, even though there
was no statistical significance. Moreover, only wine showed a trend towards a protective effect for
dementia when comparing current drinkers with never drinkers (RR 0.67, 95% CI 0.48 to 0.94; p = 0.2)
or light-to-moderate drinker versus none (RR0.58, 95% CI 0.39 to 0.87; p = 0.196), among other types of
alcoholic beverages. Furthermore, the authors identified the dose of alcohol intake to be associated
with the lowest risk of dementia, revealing that intake ≤ 12.5 g/day decreased the risk. The authors
concluded that a modest quantity of alcohol consumption might help decrease the risk of dementia,
mainly due to its higher polyphenolic content [122].
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3. Conclusions

The information regarding the effects of wine on different health outcomes has not varied widely
over the last five years. Inconclusive and contradictory studies remain an important part of the
available information, mainly because of the different populations, alcohol dosage, and study design
used in the analyses. For now, light to moderate wine intake seems to have some beneficial effects on
NCD, such as hypertension, cancer, dyslipidemia and dementia. We can agree that high doses of any
alcohol intake, including wine, are harmful and should be avoided. Nonetheless, there is still a long
way to go before definitive recommendations on wine intake can be made.
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Abstract: In support of the J curve that describes the association between wine consumption and
all-cause mortality, researchers and the lay press often advocate the health benefits of (poly)phenol
consumption via red wine intake and cite the vast amount of in vitro literature that would corroborate
the hypothesis. Other researchers dismiss such evidence and call for total abstention. In this review,
we take a skeptical, Pythagorean stance and we critically try to move the debate forward by pointing
the readers to the many pitfalls of red wine (poly)phenol research, which we arbitrarily treat as if they
were pharmacological agents. We conclude that, after 30 years of dedicated research and despite the
considerable expenditure, we still lack solid, “pharmacological”, human evidence to confirm wine
(poly)phenols’ biological actions. Future research will eventually clarify their activities and will back
the current recommendations of responsibly drinking moderate amounts of wine with meals.

Keywords: wine; polyphenols; flavonoids; diet; clinical trials; metabolites

1. Introduction

The association between alcohol consumption and health follows a J-shaped curve [1]. Moderate
alcohol use is associated with better prognosis and lower all-cause death, whereas excessive intake
is detrimental to human health [1]. The mechanisms underlying the protective effects of moderate
alcohol consumption are under investigation and mostly involve reduced plasminogen levels and
lower thrombogenicity observed in moderate drinkers vs. abstainers [1]. Some authors propose the
superiority of wine, namely red wine over other alcoholic beverages and attribute such advantage
to the (poly)phenolic components of red wine [2]. Even though this notion is not fully proven and
is, conversely, often challenged [2], much research is being performed to elucidate the purported
biochemical mechanisms through which wine (poly)phenols would afford better health, in particular
by lowering cardiovascular risk. The debate on alcohol use and health is becoming heavily polarized:
one party underscores a large amount of data in support of the J curve [1,3] whereas the other side
dismisses such evidence and calls for total abstention [2,3]. In support of the former, researchers and
the lay press often advocate the health benefits of (poly)phenol consumption via red wine intake and
cite the vast amount of in vitro literature that would corroborate the hypothesis [4,5].

In this review, we take a skeptical, Pythagorean stance and we critically try to move the debate
forward by pointing the readers to the many pitfalls of red wine (poly)phenol research, which we
arbitrarily treat as if they were pharmacological agents.

2. Phenolic Compounds and Health

Diet and nutrition are essential to promote and maintain good health throughout life and for many
years they have been known to be of crucial importance as risk factors for chronic diseases, making
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them essential components of prevention activities [6]. The consumption of foods derived from plant
products such as wine, fruits, vegetables, nuts, cereals, legumes, spices and others integrated into
the Mediterranean or the DASH diets [7], is associated with beneficial health effects and a protective
role against the development and progression of diseases, such as cardiovascular disease (CVD) [8].
The ability of some plant-derived foods to reduce disease risk has been associated with the presence of
non-nutrient secondary metabolites (phytochemicals) to which a wide variety of biological activities
are attributed [9,10]. These metabolites have moderate potency as bioactive compounds and low
bioavailability compared to drugs, but when ingested regularly and in significant amounts can have
noticeable mid/long term physiological effects. Phytochemicals present in foods associated with a
beneficial health effect include glucosinolates, terpenoids and a large group of phenolic compounds
(anthocyanins, flavones, flavan-3-ol, stilbenes, etc.) collectively known as (poly)phenols [10,11].

3. Classification and Amounts of Wine Phenolic Compounds

Phenolic compounds have as a common characteristic in their chemical structure the presence of
one or more hydroxyl groups attached to one or more aromatic or benzene rings. In general, phenolic
compounds that contain more than one phenolic group are called polyphenols to distinguish them from
simple phenolics. Typically, these compounds are found in a conjugate form with one or more sugar
residues linked by β-glycosidic (O-glycosylated) bonds or by direct linkages of sugar to an aromatic ring
carbon atom (C-glycosides) [12]. Phenolic compounds are grouped according to their chemical structure
into two main categories, flavonoids and non-flavonoids, each comprising several sub-groups. In wine,
sub-groups of flavonoids compounds include flavonols, flavononols (also known as dihydroflavonols),
anthocyanins, flavan-3-ols, flavanones and flavones, while non-flavonoids contain hydroxycinnamic
and hydroxybenzoic acids, and stilbenes (Table 1). (Poly)phenolic composition varies among different
wines according to the type of grape used, vinification process used, type of yeast that participates in
the fermentation, and whether grape solids are present in the maceration process [13]. For instance,
in grapes, the composition in phenolic compounds is location-dependent, i.e., pulp, skin and seeds
have different types and proportions of (poly)phenols); since red wines are exposed to all grape parts
during the vinification process they contain more (poly)phenols than white wines, whose contents
essentially originate from the pulp. In this sense, the minimum and maximum levels of total phenolic
contents reported in a representative set of studies (expressed as the median (Q25–Q75) in mg of gallic
acid equivalents (GAE) per liter) were 1531 (983–1898) and 3192 (2700–3624), and 210 (89–282) and
402 (347–434) for red and white wines, respectively (Table 2). The content of polyphenols in rosé wine
is intermediate between red and white wines [14,15].

Table 1. Classification of phenolic compounds found in wine.

Group Subgroup Main Parent Compounds and Representative Derivatives

Flavonoids

Flavonols 
Kaempferol R1 = R2 = H 

Myricetin R1 = R2 = OH 

Quercetin R1 = OH, R2 = H 

Flavan-3-ols (+)-Catechin R1 = R4 = R5 = OH, R2 = R3 = H 

(-)-Epicatechin R1 = R3 = R5 = OH, R2 = R4 = H 
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Table 1. Cont.

Group Subgroup Main Parent Compounds and Representative Derivatives

Anthocyanins 

 

Cyanidin R1 = OH, R2 = H 

Delphinidin R1 = R2 = OH 

Malvidin R1 = R2 = OCH3 

Peonidin R1 = OCH3, R2 = H 

Petunidin R1 = OH, R2 = OCH3  

Flavanones 

 

Naringenin R1 = H, R2 = OH 

Hesperetin R1 = OH, R2 = OCH3 

Flavanolols 

 

Dihydroquercetin R1 = R2 = OH 

Dihydromyricetin R1 = R2 = R3 = OH 

Flavones Apigenin R1 = H 

Luteolin R1 = OH 

Non-flavonoids

Hydroxycinnamic acids 

 

Caffeic acid R1 = R4 = H, R2 = R3 = OH 

Ferulic acid R1 = R4 = H, R2 = OCH3, R3 = OH 

p-Coumaric acid R1 = R2 = R4 = H, R3 = OH  

o-Coumaric acid R1 = OH, R2 = R3 = R4 = H  

Sinapic acid R1 = H, R2 = R4 = OCH3, R3 = OH 

Hydroxybenzoic acids 

 

2,3-Dihydroxybenzoic acid R1 = R2 = H, R3 = R4 = OH 

2-Hydroxybenzoic acid R1 = R2 = R3 = H, R4 = OH  

4-Hydroxybenzoic acid R1 = R3 = R4 = H, R2 = OH 

Gallic acid R1 = R2 = R3 = OH, R4 = H 

Gentisic acid R1 = R4 = OH, R3 = R2 = H 

Syringic acid R1 = R3 = OCH3, R2 = OH, R4 = H  

Protocatechuic acid R1 = H, R2 = R3 = OH, R4 = H 

Vanillic acid R1 = H, R2 = OH, R3 = OCH3, R4 = H 

Stilbenes  

Resveratrol R1 = R2 = H, R3 = OH  

Piceatannol R1 = H, R3=R2 = OH 
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Table 2. Range of total phenolic content in red and white wines in a representative set of studies.

Red Wine White Wine

Total Phenolic Content a Total Phenolic Content a

Range Range

Min. Max. n Min. Max. n Reference

1615 4177 7 216 854 7 [16]

1313 2389 16 89 407 17 [17]

2193 3183 6 292 402 4 [18]

622 3200 20 - - - [19]

1724 1936 5 282 434 5 [15]

2340 3730 23 - - - [20]

1460 3380 39 210 390 47 [21]

2082 3184 3 213 277 5 [22]

1402 3180 24 189 425 11 [14]

3200 5900 8 - - - [23]

1788 3070 4 55 370 20 [24]

1012 3264 11 - - - [25]

554 2669 2 167 347 3 [26]

1181 3589 23 - - - [27]

- - - 291 2103 14 [28]

860 2710 8 - - - [29]

1602 1968 7 - - - [30]

1837 3467 6 - - - [31]

896 6319 38 77 83 2 [32]

Mean ± SD 1538 ± 664 3406 ± 1139 189 ± 85 554 ± 545

Median
(Q25–Q75)

1531
(983–1898)

3192
(2700–3624)

210
(89–282)

402
(347–434)

a Data are expressed as gallic acid equivalents (GAE) in mg/L.

3.1. Flavonoids

Flavonoids have a skeleton with 15 carbon atoms and are represented in a C6-C3-C6 type system,
where a benzene ring (designated as B) is joined (in most cases) to the C2 position of a γ-pyran type
ring (C) included in a chromane ring (Table 1) [33]. The structure of flavonoids is shaped by different
levels of hydroxylation, prenylation, alkalization or glycosylation reactions, which give rise to different
sub-groups [34]. In plants, most flavonoids exist as glycosides in combination with monosaccharides
such as glucose and rhamnose (most common), followed by galactose, xylose and arabinose [35].

3.2. Flavonols

Flavonols are characterized by a hydroxyl group in C3 (Table 1) and are often named
3-hydroxyflavones. These compounds are known to play a wide range of biological activities
and are considered the main active compounds within the flavonoids group [36,37]. Flavonols and
their glycosides are present in red and in white wines, influencing their color, taste, and health
properties [38]. Flavonols in red wine include aglycons such as myricetin, quercetin, kaempferol,
and rutin and their respective glycosides (glucosides, glucuronides, galactosides and diglycosides).
Quercetin 3-O-glucoside is the most representative flavonol in wines [39]. Flavonol levels in red wine
can reach over 150 mg/L (Table 3).
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3.3. Flavan-3-Ols

Flavanols or flavan-3-ols are responsible for the astringency, bitterness, and structure of wines,
and are found in important concentrations in red wine [40]. They are benzopyrans, having no double
bond between C2 and C3, and no C4 carbonyl in Ring C. Furthermore, due to the hydroxylation
at C3 flavanols have two chiral centers. (+)-Catechin (trans configuration) and (−)-epicatechin
(cis configuration) are the two main flavan-3-ol isomers found in red wine, with average combined
concentration over 100 mg/L (Table 3). Catechins usually occur as aglycones, or esterified with gallic acid,
and can form polymers, which are often referred to as proanthocyanidins (or condensed tannins) because
an acid-catalyzed cleavage of the polymeric chains produces anthocyanidins. Proanthocyanidins,
which present an average concentration over 350 mg/L in red wine, include, for example, procyanidin
dimers B1, B2, B3 and B4. Trimers such as procyanidin C1 (three epicatechins) have also been identified.

4. Anthocyanins

Anthocyanic pigments (anthocyanidins and anthocyanins) have a structure based on the
flavylium cation (2-phenylbenzopyrylium). In fact, anthocyanins are anthocyanidin glycosides,
being the corresponding aglycons (anthocyanidins) obtained by hydrolysis. The great variety of
anthocyanins found in nature (more than 500 anthocyanins have been described) is characterized by
the different hydroxylated groups, conjugated sugars and acyl moieties they present [41,42]. The main
anthocyanidins found in red wine are malvidin (most abundant), petunidin, peonidin, delphinidin and
cyanidin. Often anthocyanins are found linked (mainly in position 3) to one or more sugar molecules,
usually glucose, and also to acyl substituents bound to sugars, aliphatic acids, and cinnamic acids.
Anthocyanins can be present in amounts higher than 700 mg/L in red wine, whereas in white wine
they are essentially absent (Table 3).

4.1. Flavanones

Flavanones, also known as dihydroflavones, lack the double bond between carbons 2 and 3 in the
C-ring of the flavonoid skeleton. Some flavanones have unique substitution patterns, e.g., prenylated
flavanones, furanoflavanones, pyranoflavanones, benzylated flavanones, resulting in a large number
of derivatives of this subgroup. One of the main flavonones found in wine is naringenin at levels that
can reach 25 mg/kg (Table 3).

4.2. Flavones

Flavones are characterized by absence of a hydroxyl group in the C3 position and a conjugated
double bond between C2 and C3 in the flavonoid skeleton. Flavones and their 3-hydroxy derivatives
flavonols, including their glycosides, methoxides and other acylated products on all three rings, make
this the largest subgroup among all polyphenols. These compounds were found in grape skin and
wine in both aglycones and glycosides forms. Apigenin, for example, has been described in red wine
only in trace amounts (Table 3).

5. Non-Flavonoids

The non-flavonoid phenolic constituents in wine are divided into hydroxybenzoic acids and
hydroxycinnamic acids, stilbenes and other miscellaneous compounds [43]. These phenolic compounds
can reach levels that range from 60 to 566 mg/L [44].

6. Hydroxycinnamic Acids

Hydroxycinnamic acids are the foremost group of phenolic compounds in grapes and wine [45].
Caffeic, coumaric, and ferulic acids, essentially conjugated with tartaric acid esters or diesters, are some
of the most important compounds in this polyphenol sub-class. For instance, caftaric acid, which is
composed of caffeic acid esterified with tartaric acid, is found in the pulp and represents up to 50% of
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total hydroxycinnamic acids [43,46]. The average amount of hydroxycinnamic acids present in red
wine is around 100 and 30 mg/L in red and white wines, respectively (Table 3).

7. Hydroxybenzoic Acids

In comparison with cinnamic acid derivatives, benzoates are present at lower levels in wine
(Table 3). Hydroxybenzoic acids are phenolic metabolites with a general C6–C1 structure and occur
mainly in their free forms in wine, mainly as p-hydroxybenzoic, gallic, vanillic, gentisic, syringic,
salicylic, and protocatechuic acids [43], although ethyl and mehyl esters of these phenolic acids have
been also identified [47]. Gallic acid, which is present in important levels in white and, especially,
in red wine, is the precursor of all hydrolyzable tannins and is incorporated in condensed tannins [46].

8. Stilbenes

Stilbenes are widely distributed molecules in the Plant Kingdom. However, their presence in the
diet is not very significant, being basically restricted to grapes, red wine and, to a lesser extent, peanuts
and blueberries [48]. Chemically they are 1,2-diarilethenes and usually have two hydroxyl groups in
the meta position of ring A, while ring B is substituted with hydroxyl groups and methoxyl groups in
the meta and/or para positions (Table 1). Although its concentration in wine is much lower than other
polyphenols, i.e., often traces, resveratrol has received much attention for its biological properties and
potential therapeutic effects (see below). The levels of resveratrol aglycone, its piceid glycoside, and its
dimeric and trimeric forms (e.g., pallidol, viniferins) combined may range from negligible up to more
than 100 mg/L (Table 3) when grapes are exposed to fungi.

9. Effects on Human Health

The Greek philosopher Pythagoras of Samos allegedly used to say “All is number” or “God
is number” [49]. He meant that he only believed in what could be measured. This was echoed by
William Thomson, 1st Baron Kelvin who, in his Popular Lectures and Addresses vol. 1 (1889) ‘Electrical
Units of Measurement’, delivered 3 May 1883 notoriously said “When you can measure what you are
speaking about, and express it in numbers, you know something about it, when you cannot express
it in numbers, your knowledge is of a meager and unsatisfactory kind; it may be the beginning of
knowledge, but you have scarcely, in your thoughts advanced to the stage of science.” [50]. What both
scientists meant was that we should base our knowledge on hard evidence. More recently, Dr. Archie
L. Cochrane set out clearly the vital importance of randomized controlled trials (RCTs) in assessing the
effectiveness of treatments [51]. How does this apply to wine (poly)phenols?

We shall start by mentioning that there are thousands of papers published on this topic (a cursory
PubMed search ran on August 14th, 2020 retrieved 2954 entries just by entering “wine polyphenols”).
The near totality of such studies has been performed in vitro. Needless to say, in vitro studies are
indispensable to address mechanisms of action and to propose new avenues of in vivo research.
The case of wine (poly)phenols, however, is rather unique and presents us with a paradigmatic
opportunity to underscore the current very limits of (poly)phenol research.

In keeping with the above, we would like to discuss the case of resveratrol as an example of
molecules for which there exists a strong dyscrasia between the lay public perception of health benefits
and hard scientific data.

Resveratrol became popular in 1991, when Drs. Michel de Lorgeril and Serge Renaud appeared in
the “60 Minutes” CBS show to talk about the French Paradox and to attribute it to the French habit
of drinking red wine, which would theoretically inhibit lipid peroxidation. Note that, back then the
“free radical/antioxidant hypothesis” [52] was in full swing and it was commonplace to believe that
eating and drinking (poly)phenols would scavenge free radicals and prevent their noxious effects,
for example by inhibiting LDL oxidation [53]. This conjecture, now largely proven wrong [54], granted
red wine (poly)phenols, namely resveratrol, immediate popularity and trigger the vast amount of
well-funded research mentioned above.
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Two major issues developed during the nearly three decades that separate the 60 min show from
our current knowledge.

The first problem is that we came to realize that (poly)phenols are very weak (if at all effective)
in vivo direct antioxidants [55]. For kinetic reasons they do not scavenge free radicals and their
bioavailability is generally so low that they contribute very little to the integrated cellular antioxidant
machinery, which is mostly composed of enzymes [56–58]. Alas, plenty of investigators still perform
research and publish papers on the in vitro antioxidant abilities of individual (poly)phenols or of
some raw mixtures of them. Luckily, plenty of researchers correctly use (poly)phenols’ metabolites in
their in vitro studies [59,60]. The hurdle then becomes the difficulty of synthesizing such metabolites,
which are often produced by the organism in different forms. It is worth underscoring that we are
making progress in the identification of metabolites, but—until recently—we mainly focused on
the liver-derived ones [61]. The relatively recent discovery of microbiota-synthesized metabolites
amplifies the list of potential biologically-active molecules produced by the body after the ingestion of
(poly)phenol-rich foods [58,62,63].

In consonance with the above, the lay press often overlooks the bioavailability issue. As regards
resveratrol, already in 1993 Soleas and Goldberg acted as the harbinger of the subsequent in vivo
debacle of the molecule by calling it “a molecule whose time has come and gone” [64]. That conclusive
title might have been a bit too harsh, but it’s a fact that many years of research and many million
dollars invested in it did not yield major results [65,66].

Finally, animal studies often employ very high doses of grape (poly)phenols, e.g., resveratrol and
their results cannot be readily transferred to humans, who would need to ingest several grams of extracts
to replicate the same effects. Indeed, a discrepancy between animal and human effects has just been
underscored [5] and resveratrol’s potential toxicity has been recently reviewed [67]. An often overlooked
paper reported that resveratrol promoted atherosclerotic development in hypercholesterolemic rabbits,
by a mechanism that is independent of observed differences in gross animal health, liver function,
plasma cholesterol concentrations, or LDL oxidative status [68].

10. Human Studies of Resveratrol and Red Wine (Poly)Phenols

One of the fields where red wine (poly)phenols are most actively studied is that of weight control,
namely obesity and its associated insulin sensitivity [69]. The rationale behind studying red wine
(poly)phenols and, particularly, resveratrol is that type II diabetes is rampant in developed countries
and that many researchers are looking for fasting mimetics, to approximate the beneficial effects of
calorie restriction or intermittent fasting on insulin sensitivity [70]. The results are equivocal, to say the
least, as most trials failed to report significant effects, e.g., [71]. The molecular rationale for studying it
is the finding that resveratrol and, maybe, other wine (poly)phenols activate SIRT1, a modulator of
pathways downstream of calorie restriction that produces beneficial effects on glucose homeostasis
and insulin sensitivity [72,73]. This hypothesis is quite controversial for at least two reasons. One is the
factual role of sirtuins as longevity promoters [74]. The other one is that several researchers question
the reproducibility of those data, e.g., [75]. In summary, the jury is still out [76] and the quixotic search
for a substance that would fix the cardiometabolic effects of inordinate diets is not over [77].

Rather than trying to single out individual molecules purportedly responsible for the beneficial
effects of moderate wine use (which is a pharmacological approach), an alternative is to test the effects
of the whole (poly)phenolic fraction. We retrieved 24 publications of human studies that employed
dealcoholized wine (Table S1). Taken together, their results indicate that wine (poly)phenols do exert
healthful effects, ranging from anti-inflammatory actions to modulation of the microbiota, which is now
gaining traction from an industrial viewpoint [78,79] and might be one of the next applications of these
compounds. The extent and precise nature of such activities, however, remains to be fully elucidated.
For example, some publications stem from the same study; there are some contradictions between
data and their discussion (e.g., LPS and LPB data in [80], fatty acid data in [81], inflammatory markers
in [82], etc.); and the true clinical relevance of microbiota modification as related to, e.g., circulating
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lipids (Table S1) [83–106]. In summary, there is indeed evidence that wine (poly)phenols modulate
human physiology, but puffery should be avoided until we can clearly correlate such modifications
with undisputable clinical outcomes.

We also searched the literature for acute or short-term human effects of wine (poly)phenols
(Table S2) [107–123]. Even though this might be seen as a more classic “pharmacological” approach,
even small effects repeated over time might—in the end—affect human physiology and health.
Some outcomes fall in the now-outdated “plasma antioxidant capacity” or “oxLDL” areas, i.e., are
poor proxies of prognosis. Other data are more physiologically relevant and indicate, e.g., salubrious
effects on endothelial function and related flow-mediated dilation. Anti-inflammatory effects have also
been reported. Other studies focused on bioavailability, with scant indications of biological effects. It is
worth noting that ethical reasons often impede research on alcohol in humans [1].

11. Wine vs. Other Alcoholic Beverages: Does Digestion Make the Difference?

Often miscategorized as direct antioxidants [124] (see above) wine (poly)phenols might act as such
during digestion. Several pieces of evidence reveal that, during digestion, lipid peroxides are formed in
the stomach at millimolar concentrations [125]. In addition, we eat pre-formed hydroperoxides, whose
formation is unavoidable in fat-containing foods. Dr. Kanner called the stomach “a bioreactor” [125]
where hydroperoxides are formed and subsequently absorbed. This is particularly noteworthy in the
case of red meat (hypothetically because of its iron content [126]), but it is likely to happen with any
animal food. Lipid peroxidation during digestion can be decreased by the consumption of (poly)phenol
rich foods and beverages such as extra virgin olive oil [127] and—germane to this review—red
wine [128,129]. In a wider context, these data experimentally explain the evolutionary-sound habit of
eating fruit and vegetables, i.e., (poly)phenols with protein [130]. Further, most cultures have culinary
routines that involve drinking (poly)phenols during or after meals, including tea [131], coffee [132,133],
red wine [128], etc.

Another place where wine (poly)phenols might act as indirect antioxidants is the liver, where
ethanol is metabolized to acetaldehyde by the microsomal ethanol oxidizing system (MEOS),
via cyp2E1 [134]. In doing, ROS are generated as by-products. Possibly, (poly)phenols might
lessen this untoward effect of ethanol ingestion, through mechanisms that are yet to be elucidated.

12. Conclusions

In this review, we took a pharma-nutritional approach to wine (poly)phenols. Epidemiological
evidence describes the association between alcohol use and all-cause mortality as following a J-shaped
curve. Many investigators claim the superiority of wine, namely red wine with respect to other
alcoholic beverages and call for (poly)phenols to support their hypothesis. The result is that the lay
public often believes in this premise, in part because there is plenty of in vitro and some animal data
and in part due to wish bias [135]. Indeed, there appears to be a discrepancy between the strength of
biochemical data and the scantiness of well-controlled human trials of individual molecules isolated
from wine. This is commonplace in nutritional research [136,137] and there is no easy way out of
it [138]. In a way, wine (poly)phenols are paradigmatic of the current tension between treating such
compounds as non-essential nutritional agents and expecting pharmacological actions from them [139].
In the former case, we must accept the fact that the biological effects of wine (poly)phenols are minimal
and very difficult to detect with current technologies and biomarkers [138,139]. The latter scenario
involves the unavoidable acceptance of side effects and is not epistemologically applicable to human
nutrition. Another limitation of wine (poly)phenol research is that we often use a reductionist approach
and look for one single mechanism of action. In the case of wine (poly)phenols and particularly
resveratrol, this involves their misclassification as in vivo free radical scavengers and antioxidants,
even if their mechanisms of action are manifold and chiefly involve anti-inflammatory actions and,
possibly, activation of nrf2 and its downstream pathways via xeno-hormesis [1]. In pharma-nutritional
research we should look at a wider picture and acknowledge that phytochemicals contribute to health
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even though, based on the definition of nutrients, they are not essential. Therefore, these molecules
do not fit in the classic and rigorous pharmacological definitions; they can be modified by organisms
before they interact with targets, can have different targets depending on their concentration, and do
not have a univocal pharmacological mechanism of action.

In conclusion, after 30 years of dedicated research and despite the considerable expenditure,
we still lack solid, “pharmacological” human evidence to confirm wine (poly)phenols’ biological
actions (Figure 1). Future research [138] will eventually clarify their activities and will back the current
recommendations of responsibly drinking moderate amounts of wine with meals.

Figure 1. Schematic overview of current pitfalls in wine (poly)phenols research.

Supplementary Materials: The following are available online, Table S1: Human long-term studies with
dealcoholized red wine, Table S2: Human acute or short-term studies with dealcoholized red wine.
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Abstract: The health benefits of moderate wine consumption have been extensively studied during
the last few decades. Some studies have demonstrated protective associations between moderate
drinking and several diseases including oral cavity cancer (OCC). However, due to the various
adverse effects related to ethanol content, the recommendation of moderate wine consumption has
been controversial. The polyphenolic components of wine contribute to its beneficial effects with
different biological pathways, including antioxidant, lipid regulating and anti-inflammatory effects.
On the other hand, in the oral cavity, ethanol is oxidized to form acetaldehyde, a metabolite with
genotoxic properties. This review is a critical compilation of both the beneficial and the detrimental
effects of wine consumption on OCC.
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1. Introduction

Oral cavity cancer (OCC) is a neoplastic condition characterized by the malignant transformation
of the lips, oral cavity or oropharynx cells. In 2018, the worldwide estimate was 177,384 deaths and
354,864 new cases of OCC, which is the fourth most common cancer and the sixth most common cause
of cancer deaths in low- and middle-income countries [1]. The consumption of alcoholic beverages has
been pointed out as one key risk factor for OCC. The population-attributable risk of OCC for alcohol
consumption alone is lower than 18% [2]. Epidemiological studies indicate that the risk associated with
OCC increases when it is treated as an independent effect in people who consume ≥30 grams of ethanol
per day [3–12]. The relative risk of cancers of the oral cavity and pharynx, esophagus and larynx are
around five for an amount of around 50 g/day of ethanol [13]. These values are higher than the ones
that define moderate consumption (up to one drink—equivalent to about 12 g of ethanol—per day in
women and up to two in men, of all types of alcoholic beverages combined) [13]. Higher consumption,
of more than three drinks per day, over a short period (a few years) has a higher risk of oral cancer
than a lower intake over a longer period (many years) [14].

Wine is known for its large quantities of polyphenols, which have antioxidant properties that may
counteract the potential pro-oxidant effect of ethanol. Numerous studies of animals and humans have
shown that the bioavailability of phenolic compounds is low [15]. However, oral cavity tissues are in
direct contact with wine and its compounds. The levels of salivary polyphenols peaked soon after red
wine intake in healthy volunteers [16,17]. The effects of phenolic compounds in the oral cavity derive
mainly from a reservoir adhering to oral mucosa rather than from systemic absorption. Therefore,
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it seems that the intra-oral actions of both ethanol and the phenolic portion of the wine overlap with
the systemic ones, which makes OCC a peculiar type of disease to study.

In this review, we analyze the molecular mechanisms of ethanol-related carcinogenesis and
phenolic-related preventive-carcinogenesis in the oral cavity and explore the possibility of a dual
contrasting effect of these wine components in the development of OCC.

2. Wine as Oral Cavity Cancer-Enhancer

2.1. Formation and Accumulation of Acetaldehyde in Oral Cavity after Wine Ingestion

Wine contains ethanol, which by itself is not a carcinogen; however, acetaldehyde, which is
associated with wine consumption, is classified as “carcinogenic to humans” by the International
Agency for Research on Cancer (IARC), based, in large part, on the elevated risk of oral and esophageal
cancers in alcohol abusers [18,19]. The concentration of acetaldehyde varies among wine types
(e.g., white, red, sparkling and fortified wines) as a result of the different winemaking conditions,
particularly with the quantity of SO2 added to the medium. Therefore, different values appear in
the literature. Acetaldehyde has been detected at concentration levels of 80 mg/L for white wines,
30 mg/L for red wines and 300 mg/L for sherries [20]. Jackowetz and Orduña [21] reported a final wine
concentration of acetaldehyde of 25 mg/L in reds and 40 mg/L in white wines. Different values were
found in another study, where acetaldehyde content was measured in a large collection of different
alcoholic beverages (over 1500 samples), in which the amount found was 34 mg/L and 118 ± 120 mg/L
in wine and in fortified wines, respectively [22]. In a study carried out to measure the acetaldehyde
concentration in different beverages consumed in Italy, acetaldehyde concentrations of 55.8 mg/L
in red, 67 mg/L in white, 81.7 mg/L in rosé and 123 mg/L in sparkling wine and champagne were
found [23]. Linderborg et al. [24] found a lower concentration of acetaldehyde in wine samples
(12.1 mg/L ± 10.4 mg/L). Recently, acetaldehyde levels ranging from 2.49 ± 0.34 to 29.27 ± 4.69 mg/L
were found in Cabernet Sauvignon wines and this declined by close to 40% during aging under
screw cap closures which admitted very little oxygen [25]. Despite the differences found among
studies, wine contains acetaldehyde levels above the mutagenic limit (4.4 mg/L). Moreover, the IARC
classification includes both acetaldehyde present in wine and acetaldehyde formed from ethanol
via endogenous metabolism [22,24,26–28]. In fact, one of the key mechanisms in the oral formation
of acetaldehyde is the metabolism of ethanol by the microbial flora of the oral mucosa [18,29,30].
Ethanol is oxidized by mucosal and microbial cells to form acetaldehyde by alcohol dehydrogenase
(ADH), mainly alcohol dehydrogenase-1B (ADH1B) (Figure 1). Acetaldehyde is further metabolized
by aldehyde dehydrogenase (ALDH, mostly by aldehyde dehydrogenase-2 (ALDH2)), yielding acetate,
which is a less toxic and less harmful compound (Figure 1). Despite this process primarily occurring in
the liver, the required enzymes are also expressed in the oral mucosa and gingiva. Oral microflora
appears to be the main origin of acetaldehyde concentration in saliva. Some Streptococcus species
have produced high quantities of acetaldehyde and showed significant ADH activity, suggesting that
they may participate in metabolizing ethanol to form carcinogenic acetaldehyde in the oral cavity
(Figure 1) [31]. As revealed by an in vitro characterization of the oral microbiome, both the Neisseria
and Candida species are among the most potent microbial producers of acetaldehyde [32–35].
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Figure 1. Scheme of the mechanisms by which ethanol may affect oral carcinogenesis. Ethanol is
metabolized to form acetaldehyde by alcohol dehydrogenase (ADH) and cytochrome P450 2E1 (CYP2E1)
in the oral cavity and is further oxidized to form acetate by acetaldehyde dehydrogenase (ALDH).
ADH-mediated ethanol metabolism results in the generation of reducing equivalents in the form of
reduced nicotinamide adenine dinucleotide (NADH) and acetaldehyde, whereas ethanol oxidation
by CYP2E1 leads to the production of acetaldehyde but also to the generation of reactive oxygen
species (ROS). Single nucleotide polymorphisms of ALDH2 cause the production and/or oxidation of
acetaldehyde to vary between individuals. Increased CYP2E1 activity not only leads to an increased
generation of ROS but also leads to an increased activation of various environmental agents such as
the pro-carcinogens present in tobacco smoke. Ethanol may also act as a solvent for these carcinogens
to enter the cell. Acetaldehyde can bind to DNA, forming stable adducts, and ROS results in lipid
peroxidation products, such as 4-hydroxynonenal (4-HNE), which bind to DNA to form mutagenic
adducts. During cancer promotion, ethanol and acetaldehyde alter methyl transfer, leading to DNA
hypomethylation that could change the expression of oncogenes and tumor-suppressor genes. Finally,
ethanol-associated immune suppression may facilitate tumor cell spreading.

From that which has been reported above, it is clear that in order to evaluate the OCC risk of wine,
it is important to measure the acetaldehyde content in saliva after wine ingestion. In vivo findings
in humans have shown that acetaldehyde concentrations in saliva range between 0.793 mg/L and
4.41 mg/L after a dose of alcohol containing 0.5 g ethanol/kg body weight [17,36,37]. A study that
was carried out to clarify the effects of alcohol beverage type on salivary and blood acetaldehyde and
ethanol levels, after a moderate dose of alcoholic beverages in healthy Japanese volunteers, showed
that the type of alcoholic beverage (13% ethanol Calvados, 13% ethanol shochu, 13% ethanol red wine
and 5% ethanol beer) had no effect on the salivary acetaldehyde levels that were measured 30 min
or more after the completion of drinking. However, the salivary acetaldehyde concentration after
drinking red wine was significantly lower than that after drinking any of the other beverages [36].

Ethanol may also be metabolized to form acetaldehyde by the cytochrome P450 2E1 (CYP2E1)
present in the keratinocytes of buccal mucosa (Figure 1) [38]. The increase in CYP2E1 activity is due to
ethanol consumption and, consequently, the generation of reactive oxygen and reactive nitrogen species
(ROS, RNS). Some studies suggest that the initiation of OCC results from DNA damage by ROS/RNS via
the activation of proto-oncogenes and the inactivation of tumor suppressor genes. An accumulation of
8-nitroguanine, which is a potentially mutagenic DNA lesion, and 8-hydroxy-deoxyguanosine, one of
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the most frequent DNA base modifications associated with oxidative damage, has been found in the
tissue of patients with oral lichen planus (OLP) [38,39], oral squamous cell carcinoma (OSCC) [38] and
leucoplakia [40], though no immune-reactivity was observed in normal oral mucosa [38]. The formation
of 8-nitroguanine and 8-oxodG may contribute to the development of oral cancer from OLP and
leucoplakia [41]. It was also observed that inducible nitric oxide synthase dependent DNA damage
may stimulate tumor protein p53 accumulation in OLP, leukoplakia and OSCC [41]. Increased levels of
4-hydroxy-2-nonenal and malondialdehyde, which result from the lipid peroxidation of cell membranes
by ROS, have been reported in oral cancer and pre-cancer patients [42–45].

Ethanol may directly affect the oral mucosa since it can act as a solvent, removing some of mucosa
lipid content, thereby making it considerably more permeable, which also facilitates the development of
tumors on such exposed locations by the increased absorption of other carcinogenic substances [46–48].

2.2. Ethanol/Acetaldehyde Genotoxicity

Acetaldehyde’s genotoxicity is linked to its reactivity, forming DNA adducts and interfering with
DNA synthesis and repair as well as binding to proteins, altering their structure and function. Mutagenic
DNA adducts can be formed when acetaldehyde is present in concentrations equal to or higher than
6.30 mg/L [49,50]. The major acetaldehyde-derived DNA adduct in the human body is a Schiff base,
N2-ethylidene-2′-deoxyguanosine (N2-ethylidene-dG) [51]. Since the N2-ethylidene-dG adduct is
unstable in the single 2′-deoxynucleoside form, with a half-life of just 5 min, an analytical approach
was developed for quantifying N2-ethyl-2′-deoxyguanosine (N2-ethyl-dG): this is a compound
which is more stable and easier to detect than results from the reduction of N2-ethylidene-dG by
sodium cyanoborohydride (NaBH3CN) (Figure 2) [52]. Therefore, for assessing the effects of alcohol
consumption on DNA in studies of alcohol-related carcinogenicity, N2-ethyl-dG has been used as a
biomarker (Figure 2). The detection of N2-ethyl-dG supported epidemiological studies showing a
higher risk of oral and esophageal cancer in ALDH2-deficient individuals who drink chronically [53].
Balbo et al. [54] used N2-ethyl-dG to investigate, for the first time, the effects of alcohol consumption
on the time course of DNA adduct production in the oral cavities of healthy volunteers. A clear
dose–response relationship between the levels of N2-ethyl-dG produced and the amount of alcohol
consumed was observed. The most interesting result of this bio-kinetic study was that the adduct
levels returned to baseline values after 24 h. Since the half-life of N2-ethylidene-dG in DNA is 24 h
at 37 ◦C, the elimination of adducts can be explained by either DNA repair or cell turnover [54,55].
It is possible that the nucleotide excision repair mechanism could remove the lesion, since neither
base deletion repair nor direct repair have been shown to be able to remove N2-ethyl-dG (used as
a substitute for N2-ethylidene-dG). The other possibility is that the return of the adduct levels to
baseline values reflects changes in the cell population that is being sampled. Cells in the basal layer
of the epithelium appropriately undergo mitosis to provide cell renewal. As these cells differentiate,
they are pushed toward the surface by new cells in the basal layer. Therefore, the cells sampled
at the 24 h time point would have been in a different epithelial layer relative to the surface during
the alcohol drinking and immediately afterwards, when salivary acetaldehyde levels would be
at their highest [54,55]. The condensation of two molecules of acetaldehyde may also produce a
reactive electrophile, croton-aldehyde, which can also form a Schiff base on the same amino group of
deoxyguanosine (dG), which results in the formation of other adducts the croton-aldehyde-derived
propano-dG ones. Under the in vitro conditions that were investigated, these adducts proved to be
very unstable. Further investigation is needed to clarify the biological significance of these adducts [56].
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Figure 2. Formation of the N2-ethylidene-dG adduct and the N2-ethyl-dG adduct due to acetaldehyde
production from ethanol. Acetaldehyde can interact with deoxyguanosine (dG) to form a Schiff
base N2-ethylidene-dG. During the reduction step, the unstable N2-ethylidene-dG is expected to be
converted to the stable N2-ethyl-dG.

2.3. Ethanol/Acetaldehyde and Pre-Cancerous Lesions

Acetaldehyde also damages oral mucosa, which promotes the stimulation of cell regeneration.
DNA mutation may result from the spreading out of the proliferative cell compartment and
hyper-regeneration. The various alterations in DNA can progress from a normal oral epithelial
cell to a pre-malignant or a potentially malignant oral epithelial cell that is characterized by the ability
to proliferate in a non-controlled mode. Genetic alterations may then cause the development of
pre-cancerous lesions, which develop in the form of benign or malignant tumors. Pre-cancerous lesions
can be in the form of leukoplakia, erythroplakia, erythroleukoplakia (Figure 3) or oral sub-mucous
fibrosis, and all these can potentially give rise to a primary tumor in the oral cavity [56–60]. OCC involves
changes in the mucosal layers that most probably occur in the entire epithelial surface of the oral cavity
and are followed by the invasion of tumor cells [61]. Changes in over approximately 100 genes have
been involved in OCC, the overexpression of oncogenes and/or the silencing of tumor suppressor
genes being the focus of the scientific community [62].
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Figure 3. The various clinical appearances of leukoplakia with expected underlying microscopic
changes are shown. Leukoplakia is a pre-malignant, pre-cancerous or potentially malignant lesion
or condition, which means that there is an increased risk of future malignant transformation into a
squamous cell carcinoma either at the site of the leukoplakia or elsewhere in the oral cavity. Lesions
become progressively more “severe” toward the right, culminating in erythroleukoplakia, which most
frequently demonstrates severe epithelial dysplasia and carcinoma in situ when studied histologically.
It should be emphasized that the scheme does not necessarily represent a chronological change,
but rather it shows the potential presentations of leukoplakia. Homogeneous leukoplakia is a uniform,
flat, thin and white plaque, with or without fissuring and with a gradual increase of hyperkeratosis
and acanthosis. Leukoplakia can also be non-homogeneous, being nodular or flat with a mixed white
and red discoloration (“erythroleukoplakia”). The histopathologic features of leukoplakia may vary
from hyperkeratosis with or without epithelial dysplasia to various degrees of epithelial dysplasia,
carcinoma in situ and even invasive squamous cell carcinoma.

A case–control study in Kenya revealed a weak to moderate association between wine intake
and oral leukoplakia [63]. No relationship was found in a case–control study investigating the role
of alcohol consumption in the development of oral leukoplakia in Southern Taiwan. Subjects who
had drunk a bottle or more of an alcoholic beverage per month for at least one year did not develop
oral leukoplakia [64]. According to Petti et al. [65], regular intake of a moderate quantity of wine
could reduce the risk of oral leukoplakia. Consumption of beer and hard liquor, but not wine, is more
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strongly associated with oral cancer than oral epithelial dysplasia [66]. Jaber et al. [67] carried out a
study that aimed to provide an assessment of the importance of tobacco and alcohol consumption
in the development of oral epithelial dysplasia in a large group of European patients. These authors
found no relationship between the degree of wine consumption and risk of oral epithelial dysplasia.
However, increased risk of oral epithelial dysplasia was associated with the consumption of fortified
wines [67]. A retrospective case–control study showed no overall increased risk from wine and other
alcoholic beverages of oral dysplasia. However, the proportion of subjects who drank spirits was
significantly higher among cases than controls [68]. Morse et al. [69] found a two-fold increase in
the risk of oral epithelial dysplasia associated with drinking seven or more drinks of beer and hard
liquor per week but no excess risk with drinking an equivalent amount of wine. A study in Puerto
Rico also suggests that any type of alcoholic beverage consumption, including wine, is positively
associated with an increased risk of potentially malignant oral disorders [70]. Conflicting evidence
exists to support alcohol’s role in the development of pre-cancerous lesions but apparently wine has
little to no effect on their development. In general, these results corroborate the ones obtained by
Purdue et al. [71], who found that among wine-only drinkers, the odds ratio for moderate levels of
consumption frequency approached null. According to their study, only individuals with higher wine
consumption levels were comparable to drinkers of other beverage types.

In summary, it seems that ethanol may act as an OCC promoter by multiple pathways. However,
important questions remain to be answered about the mechanistic and dynamic bases of this relationship.

3. Wine as Oral Cavity Cancer-Preventer

Grapes contain phenolic compounds: these are highly specific metabolites that are important in
plant regulatory mechanisms and play an important role in the response and resistance of plants to
infection by pathogenic microorganisms. Phenolic compounds also directly contribute to the sensory
properties, such as color, astringency, bitterness and roughness, of wine. They are involved in redox
reactions, protein interactions and wine-aging processes [72]. The primary constituents of the phenolic
compounds are flavonoids and non-flavonoids. Flavonoids make up approximately 85% of the total
phenolic content of red wine but less than 20% of that of white wine [73]. Phenolic compounds have
important effects on human physiology and are considered to have beneficial effects in relation to
cancer and diabetes, microbial, inflammatory, neurodegenerative and kidney diseases and aging [74].
Herein, we will review the literature related to the chemoprevention potential of wine polyphenols,
i.e., their potential for controlling the transformation of pre-malignant or potentially malignant lesions
into invasive OCC.

3.1. In Vitro Studies

Wine contains the same flavanol derivatives as green tea, namely catechins; the latter have
been extensively studied for their chemo-preventive potential, showing efficacy against multiple
cancers including OCC [75,76]. Therefore, it is reasonable to suppose that wine flavanols could
have similar OCC protective effects. Oral and head and neck cancer cells exposed to green tea
and epigallocatechin-3-gallate (EGCG), respectively, lead to a decrease in the expression of the
phosphorylated epidermal growth factor receptor (EGFR), suggesting that catechins are potential
cancer chemo-therapeutic or chemo-preventive agents [77,78]. In vitro, tea catechins promote a
decrease in the proliferation of different human head and neck squamous cell carcinoma (HNSCC)
cell lines [77–82]. Li et al. [82] found that EGCG affects the proliferation, apoptosis, migration
and invasion of tongue squamous cell carcinoma cells through the Hippo-TAZ signaling pathway.
Polyphenols extracted from green tea have a synergistic beneficial effect with lactoferrin on oral
carcinoma cells’ cytotoxicity and apoptosis. Moreover, polyphenols alone induce G0/G1 cell-cycle
arrest and apoptosis [83]. EGCG also induces the G1 phase arrest of human OSCC cells [81]. Activation
of the p53 tumor suppressor gene by green tea polyphenols could explain the induction of cell cycle
arrest and apoptosis [84]. Treatment with EGCG increases caspase-3 and -7 activities and the percentage
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of apoptotic cells [81]. In addition, it was observed that EGCG induces cell apoptosis and autophagy
and inhibits multi-drug resistance gene (MDR1) expression in oral cancer cells [85]. The in vitro
effects of EGCG on oral cancer cells include three main phases: (i) inhibition of cell proliferation via
apoptosis induction and cell cycle arrest; (ii) modulation of transcription factors, namely nuclear factor
kappa-light-chain-enhancer (NF-κB) and activator protein; and (iii) reduction of cell migration and
invasion by decreasing the production of matrix metallo-proteinases (MMPs) [86,87].

Quercetin is an efficient anti-cancer agent as evidenced by an EGFR decrease in
EGFR-overexpressing HNSCC [88]. An in vitro study with human OSCC cells suggested that quercetin
chemo-preventive mechanisms start by inducing a stress response, resulting in cell necrosis. Then,
the surviving cells die by apoptosis after prolonged exposure to quercetin, presumably mediated by
the inhibition of thymidylate synthase protein, a key S-phase enzyme [89].

The combination of quercetin with chemo-therapeutic drugs not only induces apoptosis but also
decreases the cells’ resistance to the chemo-therapeutic medication [90,91]. The bio-pharmacological
effects of quercetin on cell growth and invasion/migration inhibition involve cellular and molecular
mechanisms, mainly via cell cycle arrest accompanied by mitochondria-mediated apoptosis.
The caspase-3-dependent apoptosis of OSCC cells is one of the mechanisms that has been proposed to
explain the anti-OCC properties of quercetin [92].

Quercetin efficiently inhibits the cellular migration and invasion of the HNSCC cell lines,
HSC-3 and FaDu, and human oral cancer cells (SAS) via suppression of the MMP-2 and MMP-9
activation [88,93]. MMPs inhibition occurs via the down-regulation of protein kinase C and the blocking
of mitogen activated protein kinases (MAPK) and phosphatidylinositide-3 kinases (PI3K) signaling
pathways and both cyclo-oxygenase-2 (COX-2) and NF-κB [93]. Moreover, quercetin affects the ratio
of anti-/pro-apoptotic proteins in SAS cell lines, which may lead to the dysfunction of mitochondria
followed by the release of cytochrome c (cyto c), apoptosis-inducing factors and endonuclease G from
mitochondria, inducing cell-destruction by triggering apoptosis [94].

Quercetin treatment enhances microRNA-16 (miR-16) expression and inhibits homeobox A10
(HOXA10) levels. The overexpression of miR-16 blocks cell viability, migration and invasion by
targeting HOXA10, and its knockdown reverses the quercetin-mediated progression of oral cancer
cells [95].

Several lines of evidence both in vitro and in vivo support the notion that quercetin is a potential
therapeutic agent for a subset of human OSCC involving the activation of fork-head box O (FOXO1).
In fact, quercetin suppresses cancer cell growth and promotes phase G2 cell cycle arrest and apoptosis in
EGFR-overexpressing HSC-3 and TW206 cells, thus inducing the activation of FOXO1, the knockdown
of which attenuates the quercetin induction of p21 and Fas ligand (FasL) expression [96]. From the
above, it can be concluded that quercetin exerts chemo-preventive effects on the oral keratinocytes,
and after a tumor has formed, quercetin could continue to have beneficial anti-tumor effects at higher
doses by exerting cytotoxic effects.

Anthocyanins are flavonoids found mainly in grape skin and are responsible for the bluish-red color
of the skin of red grapes and, therefore, for the color of red wine. Grape seed proanthocyanidins (GSPs)
reduce cell viability and induce cell death in a dose- and time-dependent manner in human HNSCC
cell lines from different sub-sites such as the oral cavity (SCC1), larynx (SCC5), tongue (OSC19) and
pharynx (FaDu). GSPs reduce the expression of EGFR in those cell lines. Moreover, these anthocyanins
increase the apoptosis of SCC1 and OSC19 cells with the induction of Bax (Bcl-2-associated X protein),
reduction of the expression of Bcl-2 and the activation of caspase-3 [97]. GSPs inhibit the proliferation,
migration and invasion of tongue squamous cell carcinoma cells (Tca8113) through suppression of the
Akt/NF-κB signaling pathway [98].

Blueberries, a rich source of anthocyanins, and malvidin inhibit STAT-3 (signal transducers and
activators of transcription-3), which prevents the proliferation and induces the apoptosis of oral
cancer cells in vitro, a result further confirmed in vivo. Blueberry and malvidin suppress STAT-3
phosphorylation, block the nuclear translocation of the active dimer and prevent the transactivation of
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the STAT3 target genes that play crucial roles in cell proliferation and apoptosis [99]. Anthocyanins
from the wild blueberries of Inner Mongolia suppress the growth of the oral cancer cell line KB
in a dose-dependent manner as well as induce G2/M cell cycle arrest and apoptosis of the cells.
Anthocyanin treatment increases the expression of caspase-9 and cyto c. Anthocyanins can also
down-regulate the methylation of tumor protein p53 [100]. In a different study, it was observed that
besides blueberry, cranberry, blackberry, black raspberry, red raspberry and strawberry extracts also
inhibit the proliferation of human oral cancer cell lines [101,102]. The result for black raspberry was
observed in another study in which extracts of this fruit inhibited the growth of oral pre-malignant and
malignant cells by targeting cell cycle regulatory proteins [103]. Isolated cell lines from human OSCC
tumors were used to investigate the effects of a freeze-dried black raspberry ethanol extract on cellular
growth [104]. As in the other studies, black raspberry extracts suppressed cell proliferation without
perturbing viability, inhibited the translation of the complete angiogenic cytokine vascular endothelial
growth factor (VEGF), suppressed nitric oxide synthase activity and induced both apoptosis and
terminal differentiation [104].

Crude extracts of strawberry and pure anthocyanins, namely cyanidin-3-O-glucoside, pelargonidin
and pelargonidin-3-O-rutinoside, inhibit the proliferation of KB and CAL27 human oral cancer cells,
which has been associated with an antioxidant mechanism of action [105]. In human oral CAL 27 cells,
it has also been observed that anthocyanins from a species of black rice could decrease cells’ metastasis
by the reduction of MMP-2, MMP-9 and NF-κB p65 expression through the suppression of the PI3K/Akt
pathway and the inhibition of NF-κB levels [106]. Recently, it was shown that anthocyanin promotes
the death of OSCC cells through the activation of pyroptosis [107].

The mechanism of action of anthocyanins seems to involve their ability to modulate epithelial cell
growth and quench ROS, which is achieved because anthocyanins affect intracellular signaling and
gene expression [108]. In fact, the anti-mutagenic and anti-carcinogenic activities of anthocyanins are
generally ascribed to their antioxidant properties as conveyed by their phenolic structure. They may
play an important role in the anti-cancer effects in OCC and are worthy of further investigation.

Resveratrol is a stilbene and the major non-flavonoid found in red wines, and it can modulate
the signal transduction pathways that control cell division and growth, apoptosis, inflammation,
angiogenesis and metastasis [109,110]. Its anti-cancer properties have been shown on various types
of cancer cells including those of HNSCC origin [110,111]. Resveratrol’s anti-cancer effects are
related to the inhibition of the proliferation of different oral cancer cells through the induction of
apoptosis [112,113]. Moreover, resveratrol has considerable efficacy against the growth and proliferation
of HNSCC through its selective induction of DNA damage and apoptosis, independently of Smad4
status, the mutation/absence of which is one of the primary causes of failed cellular DNA repair
machinery in HNSCC [114].

Another study aimed to find potential compounds for the treatment of OCC, based on a large
scale of reliable compound- and bioactivity-databases which showed that resveratrol is a natural
product with a high potential to treat OCC. Resveratrol inhibits matrix MMP-9 expression and
metastasis in oral cancer cells by down-regulating the signaling pathways of c-Jun N-terminal
kinase1/2 and extra-cellular signal-regulated kinase1/2 signals, thus exerting beneficial effects in
chemo-prevention [115]. Concentrations of 100 μM resveratrol decrease the adhesion, migration and
invasion of OSCC cells (KB) [116] and of human oral cancer cell lines (SCC-9) [115]. Cell migration
induced by 12-O-tetradecanoylphorbol-13-acetate (TPA) is also inhibited by resveratrol, which reduces
the expression of MMP-9 and blocks the extra-cellular signal-regulated kinase (ERK) and JNK-MAPK
(c-Jun N-terminal protein kinase family of mitogen-activated protein kinases) pathways. The reduction
of MMP-9 activity by resveratrol is related to the suppression of the phosphorylation of ERK and JNK
induced by TPA [115]. Using the oral cancer cell line SAS, it was observed that resveratrol induces
apoptosis through nuclear factor-erythroid 2-related factor 2, heme oxygenase 1, tumor protein p53
and Bax signaling pathways [117].
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The exposition of an OSCC cell line to a combination of resveratrol and doxorubicin loaded in
liposomal nanoparticles exerts apoptosis-inducing effects by controlling the cell cycle and downstream
apoptosis-inducing proteins such as caspase-3 and ribose polymerase-1 [118]. Their data indicate
that the drug-loaded nanoparticle exerted apoptosis-inducing effects by controlling the cell cycle and
downstream apoptosis by inducing proteins such as caspase-3 and poly (ADP-ribose) polymerase 1.

Nano-diamino-tetrac (NDAT) inhibits programmed death-ligand 1 (PD-L1) expression which
is essential for proliferation in oral cancer cells. Recently, it was shown that a combined treatment
of resveratrol and NDAT is more effective in reducing programmed death-ligand 1 expression and
anti-proliferation as compared with resveratrol treatment alone in two oral cancer cell lines [119].
Thyroxine is an enhancer of the proliferation and progression of oral cancer cells by the down-regulation
of apoptotic factor BAD (B-cell lymphoma 2 (Bcl-2)-associated agonist of cell death) and up-regulation
of PD-L1. Resveratrol inhibits the function of thyroxine so that resveratrol supplementation enhances
the expression of BAD and inhibits PD-1 to suppress oral cancer cells [120]. Chen et al [121] found that
blocking expressions of inflammatory genes in oral cancer cells makes resveratrol an attractive agent
that could possibly be employed in combination with other anti-STAT3 drugs.

Hayashi et al. [122] found that the overexpression of tripartite motif family-like 2 (TRIML2)
contributes to tumor growth at the G1 phase as seen by cell cycle analysis, which results in insufficient
control by the down-regulation of p21Cip1 expression. The authors also observed that resveratrol
caused the up-regulation of p21Cip1 through the TRIML2 expression. Therefore, the authors concluded
that the expression status of TRIML2 might be an indicator of OSCC progression and resveratrol may
be a potential new therapeutic drug for oral cancer therapy via TRIML2 [122].

The combination of 50 μM resveratrol with 10, 25 and 50 μM of quercetin resulted in a significant
inhibitory effect on cell growth and DNA synthesis [123]. Resveratrol is the major compound of
Polygonum cuspidatum (PCE), which reduces human oral cancer cells’ viability in a concentration-
and time-dependent mode PCE treatment induced autophagic and apoptotic cell death. PCE also
stimulated caspase-9 and -3. These findings also suggest that resveratrol may be potentially efficacious
for the treatment of cisplatin-resistant human oral cancer [124]. Pinostilbene hydrate, a methylated
derivative of resveratrol, inhibits the migration and invasion ability, reducing the protein activity and
expression of matrix MMP-2 in three oral cancer cell lines (SCC-9, SAS and HSC) by down-regulating
the p38/ERK1/2 pathway, and it might be a promising agent for preventing OSCC cell metastasis [125].

3.2. In Vivo Studies

The chemo-preventive activity of grape skin extracts in oral carcinogenesis was evaluated
in 4-nitroquinoline 1-oxide (4-NQO)-induced rats. After 12 weeks of treatment, a significant
reduction in epithelial dysplasia was observed. Moreover, 8-hydroxy-2′–deoxyguanosine and ki-67
immuno-expression was reduced in animals treated with grape skin extracts. A Western blot analysis
showed a significant decrease in p-NFκBp50 and myeloid differentiation primary response 88 protein
expression in the groups treated with grape skin extracts. The authors concluded that grape skin extracts
displayed chemo-preventive activity in oral carcinogenesis assays, as depicted by its antioxidant,
anti-proliferative and anti-inflammatory properties [126].

Green tea polyphenols are also able to mitigate OCC in vivo. In 4-NQO-induced rats, green tea
polyphenols decreased the levels of glutathione reductase and total thiols while increasing the
levels of glutathione oxidase and conjugated dienes and increasing γ-glutamyl transferase activity.
Supplementation with green tea polyphenols also reduced the activity of γ-glutamyl transferase,
a tumor growth marker [127]. In a xenograft experiment on mice, EGCG treatment resulted in a 45.2%
reduction in tumor size without a loss of body weight [81].

The chemo-prevention potential of quercetin has also been tested in vivo. Quercetin reduced
tumor incidence and induced apoptosis through the modulation of NF-kB signaling and its target
genes Bcl-2 and Bax in the DMBA (7,12-dimethylbenz(a)anthracene)-induced carcinogenesis hamster
model [128].
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In DMBA-induced hamster cheek pouch tumors, the dietary administration of freeze-dried black
raspberries at a concentration of 5% of the diet inhibited the incidence, total number, multiplicity and size
of tumors [129]. The environmental pollutant and tobacco smoke constituent dibenzo[def,p]chrysene
(DBP) was used to induce OSCC in mice and to explore the effects of 5% dietary black raspberry.
A reduction in the levels of DBP-DNA adducts in the mouse oral cavity with a comparable effect to
those of its constituents was observed [130].

The effect of dietary GSPs was assessed on the in vivo tumor xenograft growth of SCC1 cells
using athymic nude mice; these anthocyanins showed identical chemo-therapeutic efficacy to that
which was observed in vitro in the same study, as mentioned above. This efficiency was found to be
associated with the: (i) control of cell cycle regulation and (ii) induction of the apoptotic cell death
of tumor cells, as indicated by the analysis of the proteins of the Bcl-2 family, TUNEL-positive and
activated caspase-3-positive cells [97].

Resveratrol locally applied and complexed with 2-Hydroxypropyl-beta-cyclodextrin (HPβCD)
(cream and mouthwash) in DMBA-induced OSCC in Syrian hamster cheek pouches prevents oral
pre-neoplastic lesions and OSCC appearance and growth. HPβCD-formulations (mainly mouthwash)
show the best chemo-preventive effects in terms of lesions’ prevalence, multiplicity, dimension and
histological signs of malignancy [131]. Recently, an in vivo study was carried out using loaded
GE11-conjugated liposomes (RSV-GL) and it was found that RSV-GL exhibited a two-fold decrease in
tumor volume compared with the free resveratrol and a three-fold decrease in volume compared with
the control [132].

3.3. Human Studies

There are few human studies, most of which have been conducted with green tea polyphenols.
In a phase II clinical trial, patients with high-risk oral pre-malignant lesions receiving 500–1000 mg/m2

of green tea extract for 12 weeks exhibited reduced VEGF levels, which are angiogenic stimuli for
tumors [133]. A double-blind intervention trial in patients with pre-cancerous lesions of the oral
mucosa (leukoplakia) found that a treatment regimen of green and black tea polyphenols (3 g/day orally
and a 10% ointment applied to lesions three times daily) resulted in lower numbers of micronucleated
cells from oral lesions, normal oral mucosa and peripheral blood lymphocytes, thus providing some
direct evidence for the protective effects of tea on OCC [134]. In patients with oral field cancerization,
at a high risk for developing recurrent oral pre-cancerous and cancer lesions, EGCG was administered
in a form of mouthwash for seven days and a decrease was found in the expression levels of some oral
carcinogenesis biomarkers [135].

A clinical study was conducted to assess the effects of topical application of 10% freeze-dried black
raspberry gel on oral intraepithelial neoplasia. The results showed histologic regression in a subset of
patients and a reduction in the loss of heterozygosity at tumor suppressor gene-associated loci [136].
The berry gel application uniformly suppressed genes associated with RNA processing, growth factor
recycling and the inhibition of apoptosis and suppression of epithelial COX-2 levels [137]. OSCC
patients who were treated with black raspberries showed an enhanced expression of pro4-survival
genes, such as EGFR, and a reduction in other pro-inflammatory genes, such as NF-kB1 and
prostaglandin-endoperoxide synthase 2 [138].

Moreover, adherence to a Mediterranean diet based on ingredients of polyunsaturated fatty acid,
polyphenols from olive oil and polyphenols from grapes, including the ones present in wine, decreased
the risk of developing head and neck cancer [139].

4. Conclusions

At the experimental level, some studies were carried out to explore ethanol’s carcinogenic
mechanisms whereas others analyzed the phenolic protective mechanisms. In the former group,
the in vivo bio-kinetic studies were mainly focused on the analysis of salivary acetaldehyde. In contrast,
the chemo-preventive/therapeutic properties of phenolic compounds against oral carcinogenesis were
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mainly studied using in vitro and in vivo test systems. Acetaldehyde resulting from wine intake
damages oral mucosa, which promotes the stimulation of cell regeneration. The various alterations
in DNA can result in the development of a pre-malignant or a potentially malignant oral epithelial
cell characterized by the ability to proliferate in a non-controlled mode. In fact, acetaldehyde leads
to the overexpression of oncogenes and/or the silencing of tumor suppressor genes. On other hand,
several studies showed that polyphenols activate the p53 tumor suppressor gene. This could explain
the induction of cell cycle arrest and apoptosis by polyphenols that was reported in some studies.
Acetaldehyde’s genotoxicity also results in the formation of DNA adducts, which can also be reduced by
polyphenols, as observed with black raspberry administration in vivo. On the other hand, polyphenols
are potent antioxidants and, therefore, they counteract ROS/RNS generation due to an increase in
CYP2E1 activity as promoted by ethanol consumption. Likely, the phenolic compounds from wine
mitigate the deleterious effects of ethanol, decreasing the risk of OCC. Although all these studies have
yielded important data for understanding the mechanisms of action of either ethanol or phenolic
compounds on either normal or tumor keratinocyte cells from the oral cavity, much remains to
be studied. More adequately powered, randomized, placebo-controlled human studies, as well as
experimental animal models, are required for a better understanding of the effect(s) of wine, particularly
when consumed regularly in moderate doses, on oral cells.

In conclusion, this area warrants further investigation as a new way of thinking, which is to assess
the wine-specific intake risk while considering the additive/synergistic or contrasting effects of its
different compounds.
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