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Abstract: The protective effect of dealcoholized red wine on human health has been partially associ-
ated with its polyphenolic components, suggesting that the pool of polyphenols, including flavonoids
and anthocyanins, can be responsible for the functional effects of this beverage. We hypothesize a
new role of red wine polyphenols (RWp) in modulating the antioxidant potential of erythrocytes,
protecting them against oxidative stress. We previously demonstrated that RWp activated the Plasma
Membrane Redox System (PMRS), which is involved in neutralizing plasma free radicals. Here,
we investigated the underlying mechanism triggered by RWp in the activation of PMRS via the
involvement of GSH. Hence, treatment of human erythrocytes with RWp (73 µg/mL Gallic Acid
Equivalents) increased GSH intracellular concentration, which depends upon the activation of glu-
tathione reductase (GR) and glucose-6-phosphate dehydrogenase (G6PD), whose enzymatic activities
increase of about 30% and 47%, respectively. Changes in the GSH pathway induced by RWp were
associated with a slight but significant increase in reactive oxygen species (ROS). We conclude that
the pro-oxidant effect of RWp promoted an adaptive stress response in human erythrocytes, which
enhances their antioxidant defense.

Keywords: red wine polyphenols; PMRS; erythrocytes; antioxidant; adaptive response

1. Introduction

Over the years, several studies have strengthened the role of diet in the prevention
of chronic diseases, highlighting how dietary intervention can promote health status and
restore imbalances induced by lifestyle and environmental factors [1,2]. Among these,
changes in dietary patterns including moderate wine consumption could have a positive
role in health promotion and disease risk prevention, like cardiovascular and metabolic
syndrome, neuronal cognitive decline, and cancer [3–5].

The health-promoting effect of red wine (RW) had been supported by epidemiological
evidence, indicating that RW components could improve endothelial dysfunction and
hypertension, dyslipidemia, and metabolic disorders [6]. The beneficial role of RW con-
sumption in reducing the incidence of metabolic syndrome was also supported by the
PREDIMED (Prevención con Dieta Mediterránea) study in elderly Mediterranean people
at high cardiovascular risk [7,8]. Another interesting evidence suggested the involvement
of RW in the modulation of gut microbiota, contributing to the microbial balance resulting
in an improvement in health status [9]. However, despite these in vivo promising results,
more randomized clinical trials are necessary to better define the involvement of RW in
reducing the related risk of several pathological conditions.

The positive role of RW on human health has been bona fide attributed to its phyto-
chemical compounds, including polyphenols, as suggested by several clinical trials [10,11].
Among polyphenols, it should be considered that RW polyphenolic composition is com-
plex and variable, and can be influenced by the enzymatic and non-enzymatic reactions,
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which occur in the winemaking processes throughout the fermentation process and wine
aging [12]. Red wine polyphenols (RWp) can be divided into two main categories: non-
flavonoid compounds, such as phenolic acids (hydroxybenzoic and hydroxycinnamic
acids), stilbenes, and flavonoid compounds, including flavones, flavonols, flavanones, fla-
vanols, and anthocyanins [13]. Anthocyanins include monomers, such as (+)-catechin and
(−)-epicatechin, and more complex oligomeric structures or polymers called proanthocyani-
dins [13]. These last represent the largest group of polyphenols in RW (60–80%) possessing
very complex structures, which mainly include polymeric procyanidins and prodelphini-
dins. They are formed by molecules such as epicatechin, catechin, epicatechin-3-O-gallate
that are linked to acetaldehyde through 1,1-ethylene bridge [14,15]. The biological role
of RW polymers (RWplm) remains largely unknown, although they have shown in vivo
and in vitro antioxidant activity, which could also contribute to the effect of RWp against
oxidative stress [16,17].

As reported above, the biological properties of RW can be partially explained by
the presence of phenolic compounds able to interact with physiological targets, through
different mechanisms [18]. Considering the cellular models, the potential cardioprotec-
tive activity of RWp has been mainly linked to interactions with endothelial functions,
promotion of vascular homeostasis through the release of nitric oxide (NO), and inhi-
bition of platelet aggregation [19,20]. For example, it has been demonstrated that RW
anthocyanins protected strongly against H2O2-generated hemolysis in human erythrocytes
(normal and catalase-inactive) [21]. It is supposed that hydroxyl groups and the system
of conjugated double bonds could be responsible for this effect, but we cannot exclude
that their biological effects could also be related to other mechanisms [22]. For example,
it has been reported that RW anthocyanin derivatives can interact with the lipid bilayer
membrane explaining their capacity to reduce lipid peroxidation [23]. It is also possible
that the cellular antioxidant systems are triggered by the oxidation of the hydroxyl groups
of the phenolic rings of RWp, which is mediated by polyphenol oxidase and leads to the
formation of radical intermediates [24].

The modulation of antioxidant endogenous enzymes was also considered as one of
the possible mechanisms by which RWp could exert its protective role as reported by
in vivo and in vitro studies [25,26]. The role of exogenous antioxidants in the modulation
of the cellular antioxidant system has been considered an important strategy to improve
erythrocyte defense mechanisms [18]. For example, it has been reported that subjects
receiving a diet poor in antioxidants showed reduced enzymatic activity, including catalase
(CAT), glutathione peroxidase (GPx), and glutathione reductase (GR) [25].

Among the antioxidant systems, we previously demonstrated that RWp activated
erythrocytes Plasma Membrane Redox System (PMRS) [26], a transmembrane enzymatic
complex that plays a crucial role in the regulation of cellular homeostasis and redox state,
aging, lifespan, and several oxidative stress-induced pathological conditions [27–29].

PMRS is ubiquitously present in all cells and it is composed of oxidoreductase en-
zymes, such as NAD(P)H-dependent redox enzymes, NADH-ferricyanide reductase, cy-
tochrome b5 reductase, and NAD(P)H-quinone oxidoreductase 1 (NQO1). PMRS can
neutralize external oxidative species through the transfer of electrons across the cell mem-
brane from intracellular compounds that are capable of donating electrons, such as from
NADH or ascorbate (ASC), reduced glutathione (GSH), to extracellular electron acceptors,
such as ascorbyl free radical (AFR) [30]. PMRS is involved in the maintenance of a balanced
NAD(P)/NAD(P)H ratio, essential for cellular functions and in recycling ASC, through the
reduction of AFR to avoid the formation of dehydroascorbate (DHA), the oxidized form
of ASC [31]. ASC reducing power plays an important role in maintaining the redox state
due to its ability to donate electrons, preserving their intracellular levels in the millimolar
range through different mechanisms of recycling [32]. Another important factor involved
in the regulating mechanisms of the intracellular redox state is GSH, which also modulates
the PMRS activity, as we confirmed previously [26].
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In the present work, we investigate the mechanism triggered by RWp in protecting
human erythrocytes from oxidative stress throughout the activation of PMRS and we
suggest a new role of RWp in regulating antioxidant defense. We also examined the
contribution of RWplm in proposing how these compounds can contribute to the protective
role of RWp.

2. Materials and Methods
2.1. Chemicals

Phosphate buffer saline (PBS) tablets were from Life Technologies (Monza, Italy);
hydrochloric acid (HCl); sodium acetate (NaOAc); citric acid; glucose, ethylenediaminete-
traacetic acid (EDTA), Tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCl) were
from Carlo Erba (Milan, Italy). Lithium sulphate; 2-mercaptoethanol; DL-glyceraldehyde;
gallic acid; ferrous sulfate (FeSO4); potassium ferricyanide (K3Fe(CN)6); ferric chloride
(FeCl3); bathophenanthrolinedisulfonic acid disodium salt hydrate; trichloroacetic acid
(TCA); glutathione (GSH); phtaldialdehyde; Folin–Ciocalteau’s reagent (FCR); 2,4,6-Tris
(2-pyridyl)-triazine (TPTZ); dichlorofluorescein-diacetate (DCFDA); nicotinamide adenine
dinucleotide phosphate reduced (NADPH); nicotinamide adenine dinucleotide reduced
(NADH); phenylmethylsulfonyl fluoride (PMSF); flavin adenine dinucleotide (FAD); oxi-
dized glutathione (GSSG); magnesium chloride (MgCl2); pyrogallol; glucose-6-phosphate
(G6P); xylenol orange; ammonium ferrous sulfate; butylated hydroxytoluene (BHT);
sodium azide were from Merck (Milan, Italy). All other chemicals used were of research
highest purity grade.

2.2. Preparation of Erythrocytes

Peripheral blood samples from ten healthy donors were provided by the Blood Do-
nation Centre at the Onco-Hematology Department of “San Giuseppe Moscati” Hospital
(Avellino, Italy) with informed consent. The participants (n = 10) were healthy donors,
not-smokers, without comorbidities. They included 6 males and 4 females with an average
age of 41 and 38 years, respectively. After the collection of whole blood samples in EDTA-
treated tubes, the erythrocytes were separated by centrifugation and treated with PBS to
remove plasma, platelets, and buffy coat.

2.3. Preparation of Red Wine Polyphenols (RWp) and Polymers

An experimental RW made from “Aglianico” grapes and obtained by a microvini-
fication process was employed [26]. RWp content was measured by Folin–Ciocalteu’s
assay and quantified as µg/mL gallic acid equivalent (GAE), a polyphenol present in
significant amounts in RW [33]. The separation of RWplm with high molecular weight
was performed through dialysis of RW against 0.01 N HCl using a membrane of 3000 kDa
cut-off (Merck) under stirring for 72 h [34]. For the cellular tests, after drying, RWp and
RWplm were solubilized in 0.01 N HCl. Green tea (Lipton®Uniliver U.K.) and karkadè
(Pompadour®Bolzano, Italy) were purchased from a local supplier and single bags were
infused for 15 min in 20 mL and 10 mL of hot water (80 ◦C), respectively. After cooling,
aliquots of the solutions were centrifuged at 1800× g for 5 min, and immediately used for
dialysis. Karkadè polymers (Kplm) and green tea polymers (Tplm) were obtained with the
same procedure reported above for RWplm and both were suspended in 0.01 N HCl.

2.4. Measurement of Reactive Oxygen Species (ROS)

The measurement of ROS intracellular concentration was performed using DCFDA, a
non-fluorescent molecule that crosses the cellular membrane and is hydrolyzed to dichlo-
rofluorescein. The latter is converted by intracellular peroxides into DCF, which can be
measured by spectrofluorimetry. Briefly, erythrocytes (8 × 105 erythrocytes/µL) were
treated for 30 min with 20 µM DCFDA and after several washes in PBS, were stimulated
with RWp (73 µg/mL GAE) at different times (1 and 10 min). The production of ROS
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was determined by fluorimetry with excitation and emission settings at 495 and 530 nm,
respectively.

2.5. ErythrocytesPreparation for Antioxidant Enzyme Measurement

After isolation and wash with PBS, erythrocytes (8 × 105 erythrocytes/µL) were
incubated with RWp (73 µg/mL GAE) at different times (1–10 min). At the end of incuba-
tion, the samples were centrifuged at 1800× g, washed with PBS, and finally lysed using
5 mM phosphate buffer, pH 8.0 containing 1 mM PMSF. The samples were centrifuged at
11,000× g and supernatants were collected for the enzymatic assays.

2.5.1. Glutathione Reductase (GR) Activity

GR activity was determined according to Lopez et al. [35]. Samples were treated
for 5 min at 37 ◦C with 5.1 µM FAD, 0.16 mM NADPH, 0.49 mM EDTA. To measure the
oxidation of NADPH to NADP+, which occurs through the GSSG reduction, 1.95 mM
GSSG was added to start the reaction. The absorbance was measured at 340 nm after 30 min
and the specific enzymatic activity was expressed as nmol/min/mL erythrocytes.

2.5.2. Glucose-6-Phosphate Dehydrogenase (G6PD) Activity

G6PD activity was determined according to Akkemik et al. [36] by measuring the
production of NADPH at 340 nm. Samples were treated for 5 min at 37 ◦C in the presence
of 0.3 mM NADP, 10 mM MgCl2 in 100 mM Tris-HCl, pH 8.0. After incubation, 1 mM G6P
was added to start the reaction. The enzymatic activity was expressed as nmol/min/mL
erythrocytes.

2.5.3. Superoxide Dismutase (SOD) Activity

SOD activity was determined as previously reported by Li [37]. Samples were treated
for 5 min at 37 ◦C in a buffer containing 50 mM Tris-HCl, pH 7.4, 1 mM EDTA. After
incubation, 50 mM pyrogallol was added to start the reaction at 37 ◦C. The absorbance
was determined after 20 min and the specific enzymatic activity was expressed as U/mL
erythrocytes.

2.5.4. Catalase (CAT) Activity

CAT activity was measured according to Mendiratta et al. with some modifica-
tions [38]. Briefly, samples were incubated in the presence or absence of 5 mM sodium
azide for 10 min before the addition of 0.5 mM H2O2 for 3 min, and incubated for 30 min in
the presence of FOX reagent (100 mM xylenol orange, 250 mM ferrous ammonium sulfate,
and 100 mM sorbitol in 25 mM H2SO4). The absorbance was measured at 560 nm and the
enzymatic activity was expressed as percentage of inhibition.

2.5.5. Aldose Reductase (ALR) Activity

Aldose reductase was determined according to Akileshwari et al. with some modifica-
tions [39]. Briefly, samples were incubated with 0.4 mM Li2SO4, 6 mM 2-mercaptoethanol,
and 0.24 mM NADPH in 0.1 M sodium phosphate buffer pH 6.2. After incubation at 37 ◦C
for 5 min, the reaction was started with the addition of 2.5 mM DL-glyceraldehyde for
30 min. The absorbance was measured at 340 nm, and the specific activity was reported
as nmol/min/mL erythrocytes.

2.5.6. NADH-Methaemoglobin Reductase (MetHbR) Activity

MetHbR was measured according to Board with some modifications [40]. Samples
were incubated with 4 mM EDTA and 1.76 mM NADH in water. After incubation at 37 ◦C
for 5 min, the reaction was started with the addition of 0.2 mM K3Fe(CN)6 for 30 min. The
absorbance was measured at 340 nm and the specific activity reported as nmol/min/mL
erythrocytes.
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2.6. Determination of Plasma Membrane Redox System (PMRS)

To measure PMRS activity, erythrocytes (8 × 105 erythrocytes/µL) were diluted with
PBS and incubated at 37 ◦C for 10 min using volumes of RWp and RWplm corresponding
to 73 µg/mL GAE and 27 µg/mL GAE, respectively. Alternatively, erythrocytes were
incubated with different volumes corresponding to a final concentration of 73 µg/mL
GAE for RWp and RWplm. Erythrocytes were washed with PBS and treated with a
mixture containing PBS, 5 mM glucose, and 1 mM K3Fe(CN)6 at 37 ◦C for 30 min. After
centrifugation at 1800 × g, the supernatants were collected for PMRS assay as previously
reported [26]. Absorbance was measured at 540 nm and results were expressed as picomoles
ferrocyanide/106 erythrocytes/min.

2.7. Measurement of GSH

Erythrocytes (8 × 105 erythrocytes/µL) were diluted with PBS and incubated at
37 ◦C for 10 min with final volumes of RWp and RWplm corresponding to 73 µg/mL
GAE and 27 µg/mL GAE, respectively. Samples were washed with PBS, and solubilized
with TCA solution (5% v/v in 0.1 M HCl, 10 mM EDTA). Samples were treated with
phtaldialdehyde (0.5 mg/mL) and 10 mM EDTA. The fluorescence of supernatants was
measured at 340 nm (excitation wavelength) and 460 nm (emission wavelength) [26]. The
micromolar concentration of GSH was calculated from a standard curve of pure GSH.

2.8. Statistical Analysis

Data are presented as mean values ± standard error (SE) and the significance was
measured by the use of Student’s test for the evaluation of the single treatment vs the
average of the controls. The significance level was fixed at 0.05 for all the statistical analyses;
values with p < 0.05 were considered statistically significant.

3. Results

We firstly evaluated the total phenolic content of an experimental “Aglianico” RW,
resulting in 2190± 0.05 µg/mL GAE, a value falling in the range of other red wines [26]. We
collected by dialysis RWplm and measured the total polyphenol amount (810± 0.03 µg/mL
GAE), which represented about 37% of the total polyphenol content present in RW.

3.1. Red Wine Pro-Oxidant Effect in Erythrocytes

We previously demonstrated the involvement of RWp in modulating erythrocytes’
antioxidant system by activation of PMRS, which represents one of the key defense mech-
anisms of erythrocytes against oxidative stress and hemolysis [26]. We also showed that
this mechanism was mediated by the increase of GSH intracellular concentration, since
its crucial role as an intracellular electron donor to PMRS [26]. We summarized our data
previously published [26] in Table 1, reporting the protection from hemolysis, the activation
of PMRS, and the increase of GSH on erythrocytes by RWp (73 µg/mL GAE).

Table 1. Summary of RWp biological activity in erythrocytes [26].

Hemolysis PMRS GSH

Here, we hypothesized that RWp could interfere with intracellular ROS concentra-
tion, which, in turn, mediates the GSH response. Erythrocytes were incubated with the
same concentration of RWp (73 µg/mL GAE) used previously and responsible for the
biological activities reported in Table 1 [26]. This concentration was selected in the range of
those reported in previous work that measured the circulating concentration of phenolic
compounds in human plasma after regular consumption of RW, e.g. 375 mL/day for two
weeks [41]. In addition, the short times of incubation are consistent with those previously
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reported [26] and are justified by the expected rapid modulation of ROS production and
metabolism observed in biological systems [42].

For this purpose, we measured ROS production following RWp treatment and, as
reported in Figure 1, we detected a significant increase in intracellular ROS concentration of
108 ± 3.2 and 112 ± 5.8 (% DCF) after 1 min and 10 min incubation, respectively, compared
to 97 ± 0.4 (% DCF) of untreated erythrocytes (CTRL).

Figure 1. ROS production induced by RWp. Erythrocytes isolated from volunteers (n = 5) were incu-
bated with RWp (73 µg/mL GAE) at the indicated times. Intracellular ROS levels were determined
by using DCFDA/DCF fluorescent method and the results were expressed as % DCF, as described
in “Materials and Methods”. Bar graphs represent the mean of 5 independent determinations, each
performed in duplicate, ± SE. Symbols (*) in the graph indicate statistical significance: * p < 0.05 and
** p < 0.01 respect to untreated cells (CTRL).

To evaluate whether the pro-oxidant activity of RWp was associated with the pro-
duction of toxic aldehydes or the oxidation of ferrous to ferric ions of the hemoglobin, we
measured the enzymatic activities of ALR and MetHbR, respectively. Data reported in
Table 2 indicate that RWp (73 µg/mL GAE) up to 10 min did not induce any toxic product,
suggesting that the pro-oxidative mechanism of RWp was not associated with any harmful
effect on erythrocytes.

Table 2. ALR and MetHbR activities after treatment with RWp in erythrocytes.

Enzyme CTRL RWp

ALR 6508.79 ± 716.13 5600.24 ± 1214.89
MetHbR 12183.50 ± 1232.61 11587.73 ± 1181.67

Erythrocytes isolated from volunteers (n = 5) were incubated with RWp (73 µg/mL GAE) for 10 min.

ALR and MetHbR activities were expressed as nmol/min/mL erythrocytes. No
significant difference was reported between treatment at 10 min and untreated cells (CTRL).
All data are the mean of 5 independent determinations, each performed in duplicate, ± SE.

3.2. Activation of Anti-Oxidant Enzymes by RWp

GSH represents the first line of cellular defense to counter the increase in ROS pro-
duction, scavenging free radicals or acting as substrate electron donors to PMRS [43]. We
previously demonstrated that RWp (73 µg/mL GAE) significantly increased GSH intra-
cellular concentration in human erythrocytes [26]. To demonstrate whether the increase
of GSH was due to the activation of GR, its activity, which participates in restoring the
intracellular GSSH/GSSG ratio, was measured. The possibility that the conversion from
GSSG to GSH was associated with the increase in GR enzymatic activity was also supported
by the unlikely de novo synthesis of GSH due to its rapid increase [26]. As reported in
Figure 2a, RWp (73 µg/mL GAE) significantly increased GR activity of about 1.7-fold
after 2 min of treatment compared to untreated erythrocytes. Moreover, it has been also
observed a significant increase of G6PD activity, detected after 2, 5, and 10 min of treatment
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with RWp (73 µg/mL GAE), peaking at 2 min with about a 3.6-fold increase (Figure 2b).
These data suggest that GR enzyme is responsible for the depletion of its cofactor, NADPH,
whose intracellular pool was restored by G6PD, the enzyme required to produce NADPH
in the pentose phosphate pathway and that protects erythrocytes from oxidative stress [44].

Figure 2. Activation of GSH-dependent enzymes by RWp. Erythrocytes from volunteers (n = 7) were incubated with RWp
(73 µg/mL GAE) at the indicated times. (a) GR activity of erythrocytes, expressed as nmol/min/mL erythrocytes. (b)
G6PD activity of erythrocytes, expressed as nmol/min/mL erythrocytes. Bar graphs represent the mean of 7 independent
determinations, each performed in duplicate, ± SE. Symbols (*) in the graph indicate statistical significance: *** p < 0.001
respect to untreated cells (CTRL); # p < 0.05 significance between 1 and 2 min of incubation with RWp.

To verify the activation of key antioxidant enzymes involved in the defense against the
harmful effects of ROS, SOD, and CAT activities were measured. SOD acts in almost all cell
types exposed to oxygen by catalyzing the dismutation reaction of the superoxide radical
into molecular oxygen or hydrogen peroxide [44]. As reported in Figure 3a, when we mea-
sured the kinetic of SOD activation, it increased significantly in erythrocytes treated with
RWp (73 µg/mL GAE) after 5 and 10 min, compared to control. These data are reinforced
by the observation that RWp induced a superoxide anions production in erythrocytes,
which could be responsible for the activation of SOD (data not shown). Therefore, the
degradation of hydrogen peroxide to water and molecular oxygen was catalyzed by CAT,
which is responsible for the control of hydrogen peroxide levels. As shown in Figure 3b
the treatment with RWp (73 µg/mL GAE) was able to significantly increase CAT activity
compared to untreated controls.

The intracellular peroxide levels are also maintained by the activity of glutathione
peroxidase (GPx), a GSH-dependent enzyme that has an important function in cellular
antioxidant protection. Unexpectedly, we did not measure changes in the GPx enzymatic
activity after treatment with RWp (data not shown).
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Figure 3. Activation of antioxidant enzymes by RWp. Erythrocytes from volunteers (n = 5) were incubated with RWp
(73 µg/mL GAE) at the indicated times. (a) SOD activity of erythrocytes, expressed as U/mL erythrocytes. (b) CAT activity
of erythrocytes, expressed as % inhibition. Bar graphs represent the mean of 5 independent determinations, each performed
in duplicate, ± SE. Symbols (*) in the graph indicate statistical significance: * p < 0.05 and ** p < 0.01 respect to untreated
cells (CTRL).

3.3. Role of RWplm in modulating PMRS activity

To investigate the potential contribution of high molecular weight RWp components,
we separated RWplm from whole RW by dialysis and tested this fraction on erythrocytes.
Firstly, we evaluated the PMRS activity after the treatment with the same volume of RWp
and RWplm (corresponding to 73 and 27 µg/mL GAE, respectively). The concentration
of 27 µg/mL GAE, used for RWplm, corresponded to the amount of polymers present in
73 µg/mL GAE of total RWp.

The incubation with RWp highlighted a significant increase in PMRS activity compared
to the untreated control (Figure 4a). It is interesting to note that the difference in the PMRS
activity between the two treatments, RWp and RWplm, reported in Figure 4a, was not
significant, suggesting that both these preparations increased the activity of PMRS to the
same extent. Therefore, we repeated the assay using the same concentration (73 µg/mL
GAE) of RWp and RWplm. As expected, RWplm was found to be more effective in
improving PMRS activity with respect to RWp (Figure 4b).

Figure 4. Activation of PMRS by RWplm. Erythrocytes from volunteers (n = 5) were incubated in presence or absence of
RWp and RWplm. (a) PMRS activity of erythrocytes incubated for 10 min with RWp and RWplm (73 µg/mL GAE, 27 µg/mL
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GAE, respectively). (b) PMRS activity of erythrocytes incubated for 10 min with the same concentration of RWp and RWplm
(73 µg/mL GAE). PMRS activity was expressed as pmol ferrocyanide/106 erythrocytes/min as reported in “Materials and
Methods”. Bar graphs represent the mean of 5 independent determinations, each performed in duplicate, ± SE. Symbols (*)
in the graph indicate statistical significance: *** p < 0.001 respect to untreated cells (CTRL).

To evaluate if the effect of RWplm was not-specific and simply due to the bulky
structure of the polymers, we tested the polymeric fraction prepared from other beverages,
which contain comparable amounts of polymers including tea (Camellia sinensis L.) and
karkadè (Hibiscus sabdariffa L.).

Data reported in Figure 5 show that Kplm and Tplm (0.12 mg/mL, w/v) were unable
to significantly increase PMRS activity compared to untreated erythrocytes (CTRL), un-
derlining that RWplm possessed a specific capacity to activate PMRS compared to the
polymers from other beverages.

Figure 5. PMRS activity of erythrocytes treated with RWplm, Kplm and Tplm. Erythrocytes from
volunteers (n = 5) were incubated with RWplm, Kplm and Tplm (0.12 mg/mL, w/V) for 10 min.
Results were expressed as pmol ferrocyanide/106 erythrocytes/min as reported in “Materials and
Methods”. Bar graphs represent the mean of 5 independent determinations, each performed in
duplicate, ± SE. Symbols (*) in the graph indicate statistical significance: *** p < 0.001 respect to
untreated cells (CTRL).

Moreover, the ability of RWplm to increase GSH intracellular concentration was tested
after treatment of erythrocytes with the same volumes of RWp and RWplm (corresponding
to 73 and 27 µg/mL GAE, respectively). As showed in Figure 6, GSH was significantly
increased by both RWp and RWplm treatments of comparable values (27 and 25%, respec-
tively, with respect to the untreated control). In this case, no significant difference was
measured between RWp and RWplm, confirming the contribution of both preparations to
the biological activity of RWp.

Figure 6. GSH intracellular concentration in erythrocytes. Erythrocytes from volunteers (n = 5) were
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incubated with the Scheme 73. and 27 µg/mL GAE, respectively) for 10 min. Results were expressed
in terms of µM GSH as reported in “Materials and Methods”. Bar graphs represent the mean of 5
independent determinations, each performed in duplicate, ± SE. Symbols (*) in the graph indicate
statistical significance: * p < 0.05 respect to untreated (CTRL).

4. Discussion

The present work indicates the existence of a novel mechanism triggered by RWp in
strengthening erythrocyte antioxidant defenses through the activation of PMRS. Consider-
ing the biological role of oxygen carriers, PMRS represents the first protection mechanism
from oxidative stress to neutralize plasma free radicals in erythrocytes. The activity of
PMRS can be modulated by compounds capable of supplying electrons to the transport
chain, contributing to the compensatory mechanism to balance oxidative stress. It is gener-
ally accepted that several polyphenolic compounds, such as resveratrol, myricetin, and
quercetin, can potentiate cellular antioxidant systems, including PMRS [45–47]. For the
presence of hydroxyl groups in their chemical structure, polyphenols appeared as excellent
candidates to increase PMRS, acting as intracellular electron donors to this system.

We previously reported the ability of RWp (73 µg/mL GAE) to increase PMRS activity
in human erythrocytes [26]. The present data suggest that RWp increase ROS concentration
generating a pro-oxidant effect responsible for the induction of adaptive stress-response
that can protect erythrocytes against a variety of adverse conditions. Changes in ROS levels,
such as those induced by RWp (Figure 1), finely regulate the redox environment through
a strong network that leads to an increase in antioxidant systems. To provide a possible
explanation of the pro-oxidant effect of RWp, we hypothesized that, once inside the cell,
RWp components supply electrons to PMRS, resulting in their subsequent self-oxidation
and forming semiquinone radical species (RWp-Q•−) (Figure 7). Evidence exists on the
possibility that polyphenols could behave as pro-oxidants under specific conditions [48,49].
This process is not totally new, in fact, when polyphenols lose an electron or act as reducing
agents, they become radicals and their oxidized intermediates can react with transition
metal ions forming oxidation products, such as semiquinones and quinones, promoting the
chain propagation of reactive species [50]. The semiquinone radicals are highly unstable
and undergo further oxidations, producing more stable quinones [51]. Auto-oxidation of
apigenin, naringenin, and naringin produces superoxide radicals, also occurs in presence of
transition metals [52,53]. As an example, the pro-oxidant activity of flavonoids is supposed
to be strictly correlated to the total number of hydroxyl groups, the presence of the double
bond in 2–3 position of the C ring, and of the hydroxyl groups in 3′ and 5′ positions of the
B ring, which may increase the hydroxyl radical production in the Fenton reaction [54].

Figure 7. Original graphical scheme representing the proposed mechanisms underlying the protective
effect of RWp (see text for description).
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The pro-oxidant activity of polyphenols can be beneficial in the cellular environment
since the induction of moderate oxidative stress stimulates the activation of cell defense
systems [55]. Indeed, important literature evidence exists that low concentrations of
ROS, like those promoted by RWp, are involved in normal cellular functions, as well as
disease prevention [56,57]. The role of polyphenols inducing adaptive stress-response
pathways that can protect against oxidative damage has been previously reported in other
cellular models [58,59]. Furthermore, it should be considered that low concentrations of
free radicals are associated with the functionality of several redox membrane enzymes,
including PMRS, mainly membrane-residing NADPH oxidases, which convert O2 into
superoxide (O2

•-). This could also explain the activation of SOD (Figure 3a) which catalyzes
the dismutation of superoxide (O2

•-) into H2O2 and O2 and CAT (Figure 3b) to neutralize
H2O2.

To restore redox homeostasis, following the increase in ROS concentration, GSH is the
most important non-enzymatic antioxidant defense system, which reacts with intracellular
radical intermediates, including RWp-Q•−, and is converted into GSSG (Figure 7). Shifts in
the cellular GSH redox state, like those triggered by RWp, can be restored by the activity
of GR and G6PD enzymes (Figure 7). Based on these observations, the strengthening of
erythrocyte antioxidant systems, including GSH and GSH-dependent enzymes, exerted
by RWp can be seen as a protective mechanism against the oxidative insult, through the
induction of an adaptive response following a slight but significant ROS increase, as we
have summarized in the scheme in Figure 7.

Among the several classes of polyphenols, we previously demonstrated that polyphe-
nols such as gallic acid, resveratrol, catechin and quercetin, commonly known as PMRS
activators, were unable to activate PMRS at the concentrations present in RW [26]. Here,
we evaluated the activity of RWplm obtaining an initial indication that these compounds
could activate antioxidant systems, including PMRS and GSH. Indeed, when we separated
RWplm from RWp through dialysis, we observed a loss of total mass of RWp of about 92%,
but the effect on PMRS remains unmodified with respect to RWp (Figure 4), suggesting a
key role of RWplm in modulating PMRS activity. Hence, we hypothesize that RWplm can
donate electrons to PMRS generating an electron flux able to increase intracellular ROS.
Based on this assumption, we suggest that RWplm components behave as pro-oxidants,
triggering an adaptive cellular response in the erythrocyte (Figure 7).

An important aspect regards the issue of the cellular uptake of these high molecular
weight compounds since data present in literature must be carefully considered. It has been
shown that several polyphenols and metabolites, including δ-(3,4-dihydroxy-phenyl)-γ-
valerolactone, can cross cell membrane by passive binding through facilitated transport via
GLUT-1 transporter [60]. According to this theory, we cannot exclude that RWplm can pass
the erythrocyte membrane via specific transporters or interfere with specific components
of the PMRS complex.

Further studies will be devoted to the characterization of specific components of RW-
plm, and analyze their interaction with the erythrocyte membrane to assess the complexity
of their biological response.

Finally, we do not exclude the possibility that the ability of RWp to increase the
PMRS activity and protect erythrocytes from oxidative stress occurs via different mecha-
nisms including the combined action of several compounds acting synergistically at low
concentrations, a hypothesis currently under investigation.

Author Contributions: Conceptualization, S.M. and I.T.; providing financial support, G.L.R.; writing,
S.M. and I.T.; reviewing and editing, C.S. and G.L.R.; visualization, M.R. and C.C. All authors have
read and agreed to the published version of the manuscript.

Funding: The present work has been partially supported by CNR project NUTR-AGE (FOE-2019,
DSB.AD004.271).

Institutional Review Board Statement: Not applicable.



Antioxidants 2021, 10, 800 12 of 14

Informed Consent Statement: Blood samples from anonymous donors were provided by the Blood
Donation Centre at the Onco-Hematology of S.G. Moscati Hospital (Avellino, Italy) with their
informed consent.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Silvestro Volpe and Giovanna Alfieri from the Onco-Hematology
Department of S.G.Moscati Hospital (Avellino, Italy) for recruiting donors and providing the blood
samples. We are also grateful to Daniela Strollo from Mastroberardino winery (Atripalda, AV, Italy)
for donating wine samples for this study.

Conflicts of Interest: Author declare no conflict of interest.

References
1. Russo, G.L.; Siani, A.; Fogliano, V.; Geleijnse, J.M.; Giacco, R.; Giampaoli, S.; Iacoviello, L.; Kromhout, D.; Lionetti, L.; Naska, A.;

et al. The Mediterranean diet from past to future: Key concepts from the second “Ancel Keys” International Seminar. Nutr. Metab.
Cardiovasc. Dis. 2021, 31, 717–732. [CrossRef] [PubMed]

2. Vitale, M.; Giosue, A.; Vaccaro, O.; Riccardi, G. Recent trends in dietary habits of the Italian population: Potential impact on
health and the environment. Nutrients 2021, 13, 476. [CrossRef] [PubMed]

3. Golan, R.; Gepner, Y.; Shai, I. Wine and health-new evidence. Eur. J. Clin. Nutr. 2019, 72, 55–59. [CrossRef]
4. Finicelli, M.; Squillaro, T.; Di Cristo, F.; Di Salle, A.; Melone, M.A.B.; Galderisi, U.; Peluso, G. Metabolic syndrome, Mediterranean

diet, and polyphenols: Evidence and perspectives. J. Cell. Physiol. 2019, 234, 5807–5826. [CrossRef] [PubMed]
5. Castaldo, L.; Narvaez, A.; Izzo, L.; Graziani, G.; Gaspari, A.; Minno, G.D.; Ritieni, A. Red wine consumption and cardiovascular

health. Molecules 2019, 24, 626. [CrossRef]
6. Liberale, L.; Bonaventura, A.; Montecucco, F.; Dallegri, F.; Carbone, F. Impact of red wine consumption on cardiovascular health.

Curr. Med. Chem. 2019, 26, 3542–3566. [CrossRef]
7. Sayon-Orea, C.; Razquin, C.; Bullo, M.; Corella, D.; Fito, M.; Romaguera, D.; Vioque, J.; Alonso-Gomez, A.M.; Warnberg, J.;

Martinez, J.A.; et al. Effect of a nutritional and behavioral intervention on energy-reduced mediterranean diet adherence among
patients with metabolic syndrome: Interim analysis of the PREDIMED-plus randomized clinical trial. J. Am. Med. Assoc. 2019,
322, 1486–1499. [CrossRef]

8. Tresserra-Rimbau, A.; Medina-Remon, A.; Lamuela-Raventos, R.M.; Bullo, M.; Salas-Salvado, J.; Corella, D.; Fito, M.; Gea, A.;
Gomez-Gracia, E.; Lapetra, J.; et al. Moderate red wine consumption is associated with a lower prevalence of the metabolic
syndrome in the PREDIMED population. Br. J. Nutr. 2015, 113, 121–130. [CrossRef]

9. Nash, V.; Ranadheera, C.S.; Georgousopoulou, E.N.; Mellor, D.D.; Panagiotakos, D.B.; McKune, A.J.; Kellett, J.; Naumovski,
N. The effects of grape and red wine polyphenols on gut microbiota—A systematic review. Food Res. Int. 2018, 113, 277–287.
[CrossRef]

10. Pavlidou, E.; Mantzorou, M.; Fasoulas, A.; Tryfonos, C.; Petridis, D.; Giaginis, C. Wine: An Aspiring Agent in Promoting
Longevity and Preventing Chronic Diseases. Diseases 2018, 6, 73. [CrossRef]

11. Snopek, L.; Mlcek, J.; Sochorova, L.; Baron, M.; Hlavacova, I.; Jurikova, T.; Kizek, R.; Sedlackova, E.; Sochor, J. Contribution of red
wine consumption to human health protection. Molecules 2018, 23, 1684. [CrossRef] [PubMed]

12. Cheynier, V. Polyphenols in foods are more complex than often thought. Am. J. Clin. Nutr. 2005, 81, 223S–229S. [CrossRef]
[PubMed]

13. Lorrain, B.; Ky, I.; Pechamat, L.; Teissedre, P.L. Evolution of analysis of polyhenols from grapes, wines, and extracts. Molecules
2013, 18, 1076–1100. [CrossRef] [PubMed]

14. Li, L.; Sun, B. Grape and wine polymeric polyphenols: Their importance in enology. Crit. Rev. Food Sci. Nutr. 2019, 59, 563–579.
[CrossRef] [PubMed]

15. Wollmann, N.; Hofmann, T. Compositional and sensory characterization of red wine polymers. J. Agric. Food Chem. 2013, 61,
2045–2061. [CrossRef]

16. Sun, B.; Spranger, I.; Yang, J.; Leandro, C.; Guo, L.; Canario, S.; Zhao, Y.; Wu, C. Red wine phenolic complexes and their in vitro
antioxidant activity. J. Agric. Food Chem. 2009, 57, 8623–8627. [CrossRef]

17. Guo, L.; Wang, L.H.; Sun, B.; Yang, J.Y.; Zhao, Y.Q.; Dong, Y.X.; Spranger, M.I.; Wu, C.F. Direct in vivo evidence of protective
effects of grape seed procyanidin fractions and other antioxidants against ethanol-induced oxidative DNA damage in mouse
brain cells. J. Agric. Food Chem. 2007, 55, 5881–5891. [CrossRef]

18. Ruskovska, T.; Maksimova, V.; Milenkovic, D. Polyphenols in human nutrition: From the in vitro antioxidant capacity to the
beneficial effects on cardiometabolic health and related inter-individual variability—An overview and perspective. Br. J. Nutr.
2020, 123, 241–254. [CrossRef]

19. Russo, P.; Tedesco, I.; Russo, M.; Russo, G.L.; Venezia, A.; Cicala, C. Effects of de-alcoholated red wine and its phenolic fractions
on platelet aggregation. Nutr. Metab. Cardiovasc. Dis. 2001, 11, 25–29.

http://doi.org/10.1016/j.numecd.2020.12.020
http://www.ncbi.nlm.nih.gov/pubmed/33558092
http://doi.org/10.3390/nu13020476
http://www.ncbi.nlm.nih.gov/pubmed/33572514
http://doi.org/10.1038/s41430-018-0309-5
http://doi.org/10.1002/jcp.27506
http://www.ncbi.nlm.nih.gov/pubmed/30317573
http://doi.org/10.3390/molecules24193626
http://doi.org/10.2174/0929867324666170518100606
http://doi.org/10.1001/jama.2019.14630
http://doi.org/10.1017/S0007114514003262
http://doi.org/10.1016/j.foodres.2018.07.019
http://doi.org/10.3390/diseases6030073
http://doi.org/10.3390/molecules23071684
http://www.ncbi.nlm.nih.gov/pubmed/29997312
http://doi.org/10.1093/ajcn/81.1.223S
http://www.ncbi.nlm.nih.gov/pubmed/15640485
http://doi.org/10.3390/molecules18011076
http://www.ncbi.nlm.nih.gov/pubmed/23325097
http://doi.org/10.1080/10408398.2017.1381071
http://www.ncbi.nlm.nih.gov/pubmed/28933917
http://doi.org/10.1021/jf3052576
http://doi.org/10.1021/jf901610h
http://doi.org/10.1021/jf070440a
http://doi.org/10.1017/S0007114519002733


Antioxidants 2021, 10, 800 13 of 14

20. Wang, Z.; Huang, Y.; Zou, J.; Cao, K.; Xu, Y.; Wu, J.M. Effects of red wine and wine polyphenol resveratrol on platelet aggregation
in vivo and in vitro. Int. J. Mol. Med. 2002, 9, 77–79. [CrossRef]

21. Tedesco, I.; Luigi Russo, G.; Nazzaro, F.; Russo, M.; Palumbo, R. Antioxidant effect of red wine anthocyanins in normal and
catalase-inactive human erythrocytes. J. Nutr. Biochem. 2001, 12, 505–511. [CrossRef]

22. Speciale, A.; Cimino, F.; Saija, A.; Canali, R.; Virgili, F. Bioavailability and molecular activities of anthocyanins as modulators of
endothelial function. Genes Nutr. 2014, 9, 404. [CrossRef] [PubMed]

23. Ossman, T.; Fabre, G.; Trouillas, P. Interaction of wine anthocyanin derivatives with lipid bilayer membranes. Comput. Chem.
2016, 1077, 80–86. [CrossRef]

24. Rodrigo, R.; Miranda, A.; Vergara, L. Modulation of endogenous antioxidant system by wine polyphenols in human disease. Clin.
Chim. Acta 2011, 412, 410–424. [CrossRef]

25. Fernandez-Pachon, M.S.; Berna, G.; Otaolaurruchi, E.; Troncoso, A.M.; Martin, F.; Garcia-Parrilla, M.C. Changes in antioxidant
endogenous enzymes (activity and gene expression levels) after repeated red wine intake. J. Agric. Food Chem. 2009, 57, 6578–6583.
[CrossRef]

26. Tedesco, I.; Moccia, S.; Volpe, S.; Alfieri, G.; Strollo, D.; Bilotto, S.; Spagnuolo, C.; Di Renzo, M.; Aquino, R.P.; Russo, G.L. Red
wine activates plasma membrane redox system in human erythrocytes. Free Radic. Res. 2016, 50, 557–569. [CrossRef]

27. Kumar, R.; Bhoumik, S.; Rizvi, S.I. Redox modulating effects of grape juice during aging. J. Basic Clin. Physiol. Pharmacol. 2019, 31.
[CrossRef] [PubMed]

28. Adlard, P.A.; Bush, A.I. The plasma membrane redox system in Alzheimer’s disease. Exp. Neurol. 2011, 228, 9–14. [CrossRef]
29. Hyun, D.H.; Hernandez, J.O.; Mattson, M.P.; de Cabo, R. The plasma membrane redox system in aging. Ageing Res. Rev. 2006, 5,

209–220. [CrossRef] [PubMed]
30. Hyun, D.H.; Lee, G.H. Cytochrome b5 reductase, a plasma membrane redox enzyme, protects neuronal cells against metabolic

and oxidative stress through maintaining redox state and bioenergetics. Age 2015, 37, 122. [CrossRef] [PubMed]
31. Rizvi, S.I.; Pandey, K.B.; Jha, R.; Maurya, P.K. Ascorbate recycling by erythrocytes during aging in humans. Rejuvenation Res.

2009, 12, 3–6. [CrossRef]
32. May, J.M.; Qu, Z.C.; Cobb, C.E. Human erythrocyte recycling of ascorbic acid: Relative contributions from the ascorbate free

radical and dehydroascorbic acid. J. Biol. Chem. 2004, 279, 14975–14982. [CrossRef]
33. Musci, M.; Yao, S. Optimization and validation of Folin-Ciocalteu method for the determination of total polyphenol content of

Pu-erh tea. Int. J. Food Sci. Nutr. 2017, 68, 913–918. [CrossRef] [PubMed]
34. Figueiredo-Gonzalez, M.; Cancho-Grande, B.; Simal-Gandara, J. Garnacha Tintorera-based sweet wines: Chromatic properties

and global phenolic composition by means of UV-Vis spectrophotometry. Food Chem. 2013, 140, 217–224. [CrossRef]
35. Lopez, O.; Hernandez, A.F.; Rodrigo, L.; Gil, F.; Pena, G.; Serrano, J.L.; Parron, T.; Villanueva, E.; Pla, A. Changes in antioxidant

enzymes in humans with long-term exposure to pesticides. Toxicol. Lett. 2007, 171, 146–153. [CrossRef] [PubMed]
36. Akkemik, E.; Budak, H.; Ciftci, M. Effects of some drugs on human erythrocyte glucose 6-phosphate dehydrogenase: An in vitro

study. J. Enzym. Inhib. Med. Chem. 2010, 25, 871–875. [CrossRef] [PubMed]
37. Li, X. Improved pyrogallol autoxidation method: A reliable and cheap superoxide-scavenging assay suitable for all antioxidants.

J. Agric. Food Chem. 2012, 60, 6418–6424. [CrossRef] [PubMed]
38. Mendiratta, S.; Qu, Z.; May, J.M. Erythrocyte defenses against hydrogen peroxide: The role of ascorbic acid. Biochim. Biophys.

Acta 1998, 1380, 389–395. [CrossRef]
39. Akileshwari, C.; Muthenna, P.; Nastasijevic, B.; Joksic, G.; Petrash, J.M.; Reddy, G.B. Inhibition of aldose reductase by Gentiana

lutea extracts. Exp. Diabetes Res. 2012, 2012, 147965. [CrossRef] [PubMed]
40. Board, P.G. NADH-ferricyanide reductase, a convenient approach to the evaluation of NADH-methaemoglobin reductase in

human erythrocytes. Clin. Chim. Acta 1981, 109, 233–237. [CrossRef]
41. Tsang, C.; Higgins, S.; Duthie, G.G.; Duthie, S.J.; Howie, M.; Mullen, W.; Lean, M.E.; Crozier, A. The influence of moderate red

wine consumption on antioxidant status and indices of oxidative stress associated with CHD in healthy volunteers. Br. J. Nutr.
2005, 93, 233–240. [CrossRef] [PubMed]

42. Ohashi, T.; Mizutani, A.; Murakami, A.; Kojo, S.; Ishii, T.; Taketani, S. Rapid oxidation of dichlorodihydrofluorescin with heme
and hemoproteins: Formation of the fluorescein is independent of the generation of reactive oxygen species. FEBS Lett. 2002, 511,
21–27. [CrossRef]

43. Masella, R.; Di Benedetto, R.; Vari, R.; Filesi, C.; Giovannini, C. Novel mechanisms of natural antioxidant compounds in biological
systems: Involvement of glutathione and glutathione-related enzymes. J. Nutr. Biochem. 2005, 16, 577–586. [CrossRef] [PubMed]

44. Weydert, C.J.; Cullen, J.J. Measurement of superoxide dismutase, catalase and glutathione peroxidase in cultured cells and tissue.
Nat. Protoc. 2010, 5, 51–66. [CrossRef] [PubMed]

45. Kesharwani, R.K.; Singh, D.V.; Misra, K.; Rizvi, S.I. Plant polyphenols as electron donors for erythrocyte plasma membrane redox
system: Validation through in silico approach. Org. Med. Chem. Lett. 2012, 2, 12. [CrossRef]

46. Fiorani, M.; Accorsi, A. Dietary flavonoids as intracellular substrates for an erythrocyte trans-plasma membrane oxidoreductase
activity. Br. J. Nutr. 2005, 94, 338–345. [CrossRef]

47. Rizvi, S.I.; Pandey, K.B. Activation of the erythrocyte plasma membrane redox system by resveratrol: A possible mechanism for
antioxidant properties. Pharmacol. Rep. Pract. 2010, 62, 726–732. [CrossRef]

http://doi.org/10.3892/ijmm.9.1.77
http://doi.org/10.1016/S0955-2863(01)00164-4
http://doi.org/10.1007/s12263-014-0404-8
http://www.ncbi.nlm.nih.gov/pubmed/24838260
http://doi.org/10.1016/j.comptc.2015.10.034
http://doi.org/10.1016/j.cca.2010.11.034
http://doi.org/10.1021/jf901863w
http://doi.org/10.3109/10715762.2016.1152629
http://doi.org/10.1515/jbcpp-2019-0144
http://www.ncbi.nlm.nih.gov/pubmed/31730526
http://doi.org/10.1016/j.expneurol.2010.12.009
http://doi.org/10.1016/j.arr.2006.03.005
http://www.ncbi.nlm.nih.gov/pubmed/16697277
http://doi.org/10.1007/s11357-015-9859-9
http://www.ncbi.nlm.nih.gov/pubmed/26611738
http://doi.org/10.1089/rej.2008.0787
http://doi.org/10.1074/jbc.M312548200
http://doi.org/10.1080/09637486.2017.1311844
http://www.ncbi.nlm.nih.gov/pubmed/28399674
http://doi.org/10.1016/j.foodchem.2013.02.055
http://doi.org/10.1016/j.toxlet.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17590542
http://doi.org/10.3109/14756360903489581
http://www.ncbi.nlm.nih.gov/pubmed/21054237
http://doi.org/10.1021/jf204970r
http://www.ncbi.nlm.nih.gov/pubmed/22656066
http://doi.org/10.1016/S0304-4165(98)00005-1
http://doi.org/10.1155/2012/147965
http://www.ncbi.nlm.nih.gov/pubmed/22844269
http://doi.org/10.1016/0009-8981(81)90340-5
http://doi.org/10.1079/BJN20041311
http://www.ncbi.nlm.nih.gov/pubmed/15788107
http://doi.org/10.1016/S0014-5793(01)03262-8
http://doi.org/10.1016/j.jnutbio.2005.05.013
http://www.ncbi.nlm.nih.gov/pubmed/16111877
http://doi.org/10.1038/nprot.2009.197
http://www.ncbi.nlm.nih.gov/pubmed/20057381
http://doi.org/10.1186/2191-2858-2-12
http://doi.org/10.1079/BJN20051504
http://doi.org/10.1016/S1734-1140(10)70330-3


Antioxidants 2021, 10, 800 14 of 14

48. Khan, H.Y.; Zubair, H.; Ullah, M.F.; Ahmad, A.; Hadi, S.M. A prooxidant mechanism for the anticancer and chemopreventive
properties of plant polyphenols. Curr. Drug Targets 2012, 13, 1738–1749. [CrossRef]

49. Mao, X.; Gu, C.; Chen, D.; Yu, B.; He, J. Oxidative stress-induced diseases and tea polyphenols. Oncotarget 2017, 8, 81649–81661.
[CrossRef] [PubMed]

50. Galleano, M.; Verstraeten, S.V.; Oteiza, P.I.; Fraga, C.G. Antioxidant actions of flavonoids: Thermodynamic and kinetic analysis.
Arch. Biochem. Biophys. 2010, 501, 23–30. [CrossRef]

51. Tu, T.; Giblin, D.; Gross, M.L. Structural determinant of chemical reactivity and potential health effects of quinones from natural
products. Chem. Res. Toxicol. 2011, 24, 1527–1539. [CrossRef] [PubMed]

52. Galati, G.; Sabzevari, O.; Wilson, J.X.; O’Brien, P.J. Prooxidant activity and cellular effects of the phenoxyl radicals of dietary
flavonoids and other polyphenolics. Toxicology 2002, 177, 91–104. [CrossRef]

53. Amic, D.; Davidovic-Amic, D.; Beslo, D.; Rastija, V.; Lucic, B.; Trinajstic, N. SAR and QSAR of the antioxidant activity of flavonoids.
Curr. Med. Chem. 2007, 14, 827–845. [CrossRef] [PubMed]

54. Prochazkova, D.; Bousova, I.; Wilhelmova, N. Antioxidant and prooxidant properties of flavonoids. Fitoterapia 2011, 82, 513–523.
[CrossRef] [PubMed]

55. Eghbaliferiz, S.; Iranshahi, M. prooxidant activity of polyphenols, flavonoids, anthocyanins and carotenoids: Updated review of
mechanisms and catalyzing metals. Phytother. Res. 2016, 30, 1379–1391. [CrossRef] [PubMed]

56. Zou, Z.; Chang, H.; Li, H.; Wang, S. Induction of reactive oxygen species: An emerging approach for cancer therapy. Apoptosis
2017, 22, 1321–1335. [CrossRef]

57. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys.
Acta 2016, 1863, 2977–2992. [CrossRef]

58. Mattson, M.P.; Cheng, A. Neurohormetic phytochemicals: Low-dose toxins that induce adaptive neuronal stress responses. Trends
Neurosci. 2006, 29, 632–639. [CrossRef]

59. Spagnuolo, C.; Napolitano, M.; Tedesco, I.; Moccia, S.; Milito, A.; Russo, G.L. Neuroprotective Role of Natural Polyphenols. Curr.
Top. Med. Chem. 2016, 16, 1943–1950. [CrossRef]

60. Kurlbaum, M.; Mulek, M.; Hogger, P. Facilitated uptake of a bioactive metabolite of maritime pine bark extract (pycnogenol) into
human erythrocytes. PLoS ONE 2013, 8, e63197. [CrossRef]

http://doi.org/10.2174/138945012804545560
http://doi.org/10.18632/oncotarget.20887
http://www.ncbi.nlm.nih.gov/pubmed/29113421
http://doi.org/10.1016/j.abb.2010.04.005
http://doi.org/10.1021/tx200140s
http://www.ncbi.nlm.nih.gov/pubmed/21721570
http://doi.org/10.1016/S0300-483X(02)00198-1
http://doi.org/10.2174/092986707780090954
http://www.ncbi.nlm.nih.gov/pubmed/17346166
http://doi.org/10.1016/j.fitote.2011.01.018
http://www.ncbi.nlm.nih.gov/pubmed/21277359
http://doi.org/10.1002/ptr.5643
http://www.ncbi.nlm.nih.gov/pubmed/27241122
http://doi.org/10.1007/s10495-017-1424-9
http://doi.org/10.1016/j.bbamcr.2016.09.012
http://doi.org/10.1016/j.tins.2006.09.001
http://doi.org/10.2174/1568026616666160204122449
http://doi.org/10.1371/journal.pone.0063197

	Introduction 
	Materials and Methods 
	Chemicals 
	Preparation of Erythrocytes 
	Preparation of Red Wine Polyphenols (RWp) and Polymers 
	Measurement of Reactive Oxygen Species (ROS) 
	ErythrocytesPreparation for Antioxidant Enzyme Measurement 
	Glutathione Reductase (GR) Activity 
	Glucose-6-Phosphate Dehydrogenase (G6PD) Activity 
	Superoxide Dismutase (SOD) Activity 
	Catalase (CAT) Activity 
	Aldose Reductase (ALR) Activity 
	NADH-Methaemoglobin Reductase (MetHbR) Activity 

	Determination of Plasma Membrane Redox System (PMRS) 
	Measurement of GSH 
	Statistical Analysis 

	Results 
	Red Wine Pro-Oxidant Effect in Erythrocytes 
	Activation of Anti-Oxidant Enzymes by RWp 
	Role of RWplm in modulating PMRS activity 

	Discussion 
	References

