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A wide range of beneﬁcial eﬀects has been attributed to polyphenols. Several studies have shown an inverse association
between polyphenols and chronic diseases such as stroke,
cardiovascular diseases, metabolic syndrome, type 2 diabetes,
and cancer. The Mediterranean diet and its key components,
fruits and vegetables, wine, extra virgin olive oil, nuts, and
also green tea and chocolate, are well known to contain a
large amount of polyphenols. However, the protective eﬀects
of polyphenols in vivo depend on the extractability from
food, intestinal absorption, metabolism, and biological action
with target tissues. After the intake of diﬀerent polyphenols,
the metabolites present in plasma and urine vary from one
person to another. This may be related to the diﬀerent gut
microbiota composition and/or genetic polymorphisms,
and it may be linked to unambiguous health eﬀects.
In this special issue, A. Tresserra-Rimbau et al. summarized the relation between polyphenols and stroke in human
intervention studies, animal models, and in vitro studies,
concluding that dietary polyphenols are inversely associated
with morbidity and mortality due to cardio- and cerebrovascular diseases. This is important since the aforementioned
diseases are a major concern worldwide.
A. M. Witkowska et al. assessed the link between the
intake of dietary polyphenol and the incidence of cardiovascular disease in postmenopausal women. They reported that
there was an inverse association between higher dietary polyphenol intake and cardiovascular diseases in this population.
In the same line, B. A. Sandoval-Ramírez et al. reported that

there is a direct interaction between the phenolic compounds
present in beer, such as 8-prenylnaringenin, 6-prenylnaringenin, and isoxanthohumol, and intracellular estrogen receptors, which lead to gene expression modulation, increase in
plasma concentrations of sex hormone, and thus modulation
of physiological hormone imbalance in menopausal women.
Thus, it urges to substitute traditional hormone therapies
since they increase health risks. This, again, aﬃrms the
potential health beneﬁts of polyphenol-rich food in women.
Metabolic syndrome is a cluster of medical conditions
that raises the risk of having cardiovascular diseases and
other health problems. According to G. Chiva-Blanch et al.,
it seems that polyphenols could improve metabolic syndrome components by decreasing body weight, blood pressure, and blood glucose and by improving lipid metabolism.
However, evidence from long-term randomized trials is
needed to develop public health strategies regarding metabolic syndrome. Based on the results of diﬀerent studies
regarding polyphenols and changes in menopause and metabolic syndrome, S. Kawvised et al. hypothesized that microencapsulated mulberry fruit extract, novel neuroprotectant,
and memory-enhancing agent could protect brain damage
and improve memory impairment in an animal model of
menopause with metabolic syndrome.
Moreover, M. Guasch-Ferré et al. reported that polyphenols and also the Mediterranean diet and its key components
are inversely associated to lower glycemia and type 2 diabetes
incidence. Diﬀerent mechanisms have been proposed such as
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promotion of glucose uptake in tissues and improvement of
insulin sensitivity. Higher intake of ﬂavan-3-ols and their food
sources has shown beneﬁcial eﬀects, not only on insulin resistance but also on other cardiometabolic risk factors. Several
prospective studies have also reached the same conclusions.
A. Riba et al. reported that resveratrol, a well-known
stilbene mainly found in grapes and red wine, was able to
prevent cardiac hypertrophy, contractile dysfunction, and
remodeling when tested in some animal models of heart
failure. A. Riba et al. were able to propose several mechanisms involved in its protective eﬀects (i.e., inhibition of
prohypertrophic signaling molecules, improvement of myocardial Ca2+ handling, regulation of autophagy, and reduction of oxidative stress and inﬂammation).
Lastly, A. Agouni et al. studied the vascular eﬀects of
dietary supplementation of a nonalcoholic red wine polyphenol extract in Zucker fatty obese rats. They found that
the cyclooxygenase (COX) pathway was regulated by the
wine polyphenol extract to maintain vascular tone within
a physiological range.
In conclusion, this special issue highlights the importance
of polyphenols in chronic diseases. Polyphenols from diets or
speciﬁc foods provide health beneﬁts through diﬀerent
mechanisms involving lipid and glucose metabolism, modifying gene expression or even inﬂuencing signaling pathways. However, their biological functions in humans still
remain insuﬃcient to claim clear and positive health eﬀects
relating to their consumption, particularly with regard to
long-term dietary ingestion.
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Alginate and β-cyclodextrin were used to produce easily dosable and spray-dried microsystems of a dried blood orange extract with
antidysmetabolic properties, obtained from a by-product ﬂuid extract. The spray-dried applied conditions were able to obtain a
concentrate dried extract without the loss of AOA and with TPC and TMA values of 35–40% higher than that of the starting
material. They were also eﬀective in producing microparticles with 80–100% of encapsulation eﬃciency. The 2% sodium
alginate was capable of improving the extract shelf life, while the beta-cyclodextrin (1 : 1 molar ratio with dried extract)
prolonged the extract antioxidant eﬃciency by 6 hours. The good inhibition eﬀect of the dried extract on the AGE formation
and the MMP-2 and MMP-9 activity is presumably due to a synergic eﬀect exerted by both anthocyanin and bioﬂavonoid
extract compounds and was improved by the use of alginate and cyclodextrin.

1. Introduction
The term “food by-products” indicates that “food wastes” are
ultimate substrates for the recovery of functional compounds, as phytochemicals, to develop new products with
additional value [1]. Blood orange processing wastes still
contain large amounts of anthocyanins, bioﬂavonoids, and
other polyphenols [2]. Many of these compounds are known
for their antioxidant eﬀect depending on their concentration
[3–5] and their ability to inhibit the metalloproteinase

(MMP) activity [6] as MMP-2 and MMP-9, overexpressed
during dysmetabolic diseases. In addition, a recent study
reported the ability of dietary polyphenols to lower the
advanced glycation end product (AGE) formation and protein glycation [7]. For these reasons, phytochemicals may
be considered potential bioactive additives for functional
food to prevent dysmetabolic pathologies. So, they could be
conveniently recovered for nutraceutical purposes.
Our focus was on a Sicilian blood (pigmented or red)
orange (cv. “Moro,” “Tarocco,” and “Sanguinello”) by-
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product ﬂuid extract (ExF) potentially active on dyslipidemic
pathologies [8, 9].
Unfortunately, the ﬂuid extracts are diﬃcult to handle
from industry and are more unstable with respect to a dried
product. In fact, phytochemical content easily oxidizes/
degrades [10]. To overcome this problem, a spray-dried
extract (ExMR) was produced. The spray drying technique
is able to prevent the appreciable losses of the extract’s bioactive compounds without altering the health potential of the
extract [11]. To protect phytochemicals from oxidation/degradation phenomena and enhance extract bioavailability,
shelf life, and antioxidant eﬃciency, bioactive ExMR microparticles easily added to common foods of daily diet to
enhance the patient compliance were obtained. As carriers,
edible biocompatible ﬁlms and coatings present in the GRAS
list and able to deliver several vitamins, antioxidants, and
probiotics in food systems [12] were chosen.
In particular, sodium alginate (ALG) is a water-soluble
polymer capable of forming a hydrogel polymer matrix
which allows a good diﬀusion of the bioactive compounds.
Moreover, several studies showed that treatments with
sodium alginate mitigate the glucose excursions, reduce
insulin responses, increase satiety, and decrease energy
intake and obesity [13, 14]. For its activities, ALG can be used
in synergy with the extract in dyslipidemic diseases such as
obesity, diabetes, and hypercholesterolemia. Instead, βcyclodextrin (CD) and its derivatives are able to improve
the physicochemical properties of the guest molecules [15],
such as degradation and solubility [16], also masking their
bitter taste [17].
In our study, solubility, solid state, dissolution properties,
and shelf life of microparticle-loaded extract were studied and
compared to those of the ﬂuid extract to evaluate the eﬀectiveness of the used spray drying technique. The inﬂuence
of parameters such as the polymer concentration and the
extract/polymer ratio on particle yield, distribution, and
morphology was also investigated. Furthermore, the extract
protection eﬃcacy of the used selected coated polymers has
been evaluated. Considering the synergistic involvement of
free radicals, AGEs and MMPs on the onset of dysmetabolic
diseases [18], the antioxidant activity (ORAC assay), the antiglycation activity, and the inhibition capacity on MMP-2 and
MMP-9 (gelatinases involved in vascular remodeling with a
consequence of high levels of cholesterol and triglycerides)
[6, 19] of both formulated and unformulated extracts have
been evaluated.

2. Materials and Methods
2.1. Materials. The ﬂuid aqueous extract obtained from blood
orange processing wastes (ExF) was produced by Ortogel
SpA (Caltagirone, Sicily, Italy). Beta-cyclodextrin was
supplied by Roquette Frères (Lestrem, France). Sodium
alginate (ALG), ﬂuorescein (FL), AAPH (2,2′ azobis(2methylpropionamide) dihydrochloride) 97%, Trolox (6hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
and HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid), aminoguanidine bicarbonate 97% (AMG), bovine
serum albumin (BSA), D-(−)-fructose, and sodium azide
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(NaN3) were purchased from Sigma-Aldrich Srl (Milan,
Italy). Anthocyanins (cyanidin-3-glucoside, cyanidin-3,
5-diglucoside, cyanidin-3-rutinoside, and cyanidin-3sophoroside;delphinidin-3-glucoside and delphinidin-3,5diglucoside; pelargonidin-3-glucoside and pexlargonidin3,5-diglucoside; peonidin-3-glucoside; and malvidin-3-glucoside) and ﬂavanones (hesperidin, narirutin, and didymin)
were purchased from Extrasynthèse (Genay, France).
OmniMMP ﬂuorescent substrate Mca-Pro-Leu-Gly-LeuDpa-Ala-Arg-NH2, MMP-9 (refolded) (human) (recombinant) (catalytic domain) and MMP-2 (catalytic domain)
(human) (recombinant) were purchased from VinciBiochem Srl (Firenze, Italy). Solvents for chromatography
were HPLC grade (Merck KGaA, Darmstadt, Germany).
All the other chemicals used in the study were of analytical
grade and were obtained commercially.
2.2. Manufacture of Spray-Dried ExMR Product. A Buchi
Mini Spray Dryer B-191 (Buchi Laboratoriums-Tecnik,
Flawil, Switzerland) was used for the drying process: inlet
temperature, 120°C; outlet temperature, 68–71°C; spray
ﬂow feed rate, 5 ml/min; nozzle diameter, 0.7 mm; drying
air ﬂow, 500 l/h; air pressure, 6 atm; and 100% aspirator.
2.3. Qualitative and Quantitative Analyses of Bioactive
Compounds in Fluid (ExF) and Spray-Dried Aqueous
Extract (ExMR)
2.3.1. Qualitative Analysis. Anthocyanin Puriﬁcation and
HPLC-PDA-ESI/MSn Analysis of Anthocyanins. The extracts
were diluted in water for HPLC analysis of anthocyanins.
Aqueous extracts were loaded onto C18 Bond Elut SPE cartridges (Varian Inc., Palo Alto, CA, USA) that were previously conditioned with methanol and pure water. The
anthocyanins were adsorbed by these cartridges while other
soluble compounds such as sugars and acids were removed
by washing the columns with pure water. Anthocyanins were
eluted with methanol containing 1% formic acid. The acidiﬁed methanol solutions were evaporated to dryness; then,
the dried fractions were redissolved in 7% aqueous formic
acid. Then, the samples were ﬁltered through a 0.45 μm
membrane ﬁlter (Albet, Barcelona, Spain) and injected
into the HPLC-MSn chromatographic system to identify
the individual anthocyanins.
Evaluation of anthocyanins was performed on a Chromolith Performance RP-18 endcapped column (100 × 3.0 mm
i.d., monolithic particle size; Merck KGaA, Darmstadt,
Germany) using an ultrafast HPLC system coupled to a
photodiode array (PDA) detector and Finnigan LXQ ion
trap equipped with an electrospray ionization (ESI) interface in series conﬁguration (Thermo Electron, San Jose,
CA, USA). HPLC conditions and MS parameters were
reported as the same in a previous work [20]. Anthocyanins were identiﬁed by using their retention time (tR),
MS, and MSn spectral data in a positive ion mode. In
addition, comparison of the MS spectral data with those
of pure standards and/or those reported in literature was
performed. The relative compositions (%) of the individual
anthocyanins were calculated from the peak areas of the
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chromatogram detected at 520 nm, using Xcalibur versus
2.0.7 software (Thermo Electron).
HPLC-PDA-ESI/MSn Analysis of Flavanones. Flavanone glycosides, expressed as hesperidin (Hd) equivalents
(g/100 g of extract), were determined by HPLC [21] using
the HPLC-PDA-ESI/MSn equipment described above. A
sample of the extract was dissolved in dimethyl sulfoxide
and diluted with the mobile phase, ﬁltered through a
0.45 μm membrane ﬁlter (Albet, Barcelona, Spain), and then
injected directly into the column. The eluent was water : acetonitrile : acetic acid (79.5 : 20 : 0.5), and the ﬂow rate was
800 μl/min. The individual ﬂavanones were detected at
280 nm. MS parameters were the same as those described
for anthocyanin analysis. Flavanones were identiﬁed by using
their retention time (tR), MS, and MSn spectral data in a negative ion mode and also by comparison of the MS data with
those of pure standards and/or those reported in literature.
2.3.2. Quantitative Analysis. Total Polyphenol Content (TPC).
The polyphenol contents of ExF and ExMR were determined
by the Folin-Ciocalteau method according to Aiyegoro and
Okoh [22], with slight modiﬁcations. 2 mg/ml of both
extracts was dissolved in distilled water. Then, 2.5 ml of
10% Folin-Ciocalteau reagent and 2 ml of Na2CO3 (2% w/v)
were added to 0.5 ml of each samples. The resulting mixtures were incubated at 45°C with shaking for 15 min.
The absorbance of the samples was measured at 765 nm
using UV/visible light. The standard curve (y = 4.292
−0.0293x; R2 = 0 9951) was prepared by 0, 0.05, 0.1, 0.15,
0.2, and 0.25 mg·ml−1 solutions of gallic acid in water. TPC
values are expressed as milligram of gallic acid equivalents
(GAE)/g of extract.
Total Monomeric Anthocyanin (TMA) Content. TMA
content was assayed by the pH diﬀerential method [23]
by using a UV/Vis spectrophotometer (Varian Cary 100
Scan, Palo Alto, CA, USA). Total anthocyanin content
was expressed as g of cyanidin-3-glucoside equivalents
(C3G)/100 g of extract on a dry weight (DW) basis.
2.4. Solubility Studies
2.4.1. ExMR Solubility. Solubility test of dried ExMR was
performed in distilled water (3.0 ± 0.2 g/l) and in gastric
(GF; pH 1.2) (3.5 ± 0.1 g/l) and intestinal (IF; pH 7.5) (3.8
± 0.2 g/l) simulated ﬂuids, without enzymes (USP 37) by
UV/Vis spectrometry at λ = 310 nm and expressed as hesperidin equivalents (Hd). Each analysis was made in triplicate.
2.4.2. Phase Solubility. 2.5 × 103 mol of ExMR, expressed as
Hd, was suspended in 100 ml of water. Diﬀerent amounts
[24] of CD (1 : 3, 1 : 2, 1 : 1.5, 1 : 1, and 2 : 1 ExMR/CD
molar ratio) were added. The samples were shaken, stored
at 25°C for 1 hour, and then centrifuged (5 min at
3000 rpm). The supernatants were analyzed in UV apparatus
(1 cm cell; λ = 278 nm).
2.5. Microparticle Preparation. ExMR was suspended
(3 : 1 polymer : extract weight ratio) in 1% or 2% (w/v) ALG
aqueous solution, under magnetic stirring [25], to give the
ExMR1 (1% ALG) and ExMR2 (2% ALG) microsystems. In
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the second step, CD (1 : 1 CD : ExMR molar ratio) was dissolved in 2% w/v ALG water solution (3 : 1 ALG : ExMR
weight ratio), to obtain ALGCDExMR microparticles.
ALG-free microparticles (CDExMR) were used as control.
The spray drying conditions were reported as the same
in ExMR preparation. All the spray-dried microparticles
were carried out in triplicate, collected, and stored under
vacuum (48 h at room temperature).
2.6. Microparticle Properties and Characterization
2.6.1. Particle Size Analyses. Isopropanol was used as a suspending agent for all samples. A Beckman Counter LS 230,
Particle Volume Module Plus, UK (instrument obscuration:
8–12%), was used to examine the particle size in triplicate
applying the Fraunhofer model. The results were expressed
as the median diameter of the particles (d50).
2.6.2. Morphology. The microphotographs of the morphology
of all samples were acquired by a confocal (Leica TCS SP2,
CF) and a ﬂuorescent microscope (Zeiss Axiophot, FM).
All images were equipped with 63 × 1.4 NA plan
apochromat oil immersion objectives (Carl Zeiss Vision,
München-Hallbergmoos, Germany) and standard DAPI
(4′,6-diamidino-2-phenylindole) optics that adsorb violet
radiation (max 372 nm) and emit blue ﬂuorescence
(max 456 nm).
2.6.3. Yield of the Process (Y), Encapsulation Eﬃciency
(EE), and Extract Content in Microsystems. Y was gravimetrically determined and expressed as the weight percentage
of the ﬁnal product compared to the total amount of the
sprayed materials.
EE was calculated according to Sansone et al. [10].
EE % =

actual extract content
theoretical extract content

1

The actual extract content was calculated as Hd concentration used as a marker and determined in the supernatant
solutions of 15 mg of microsystems dissolved in MeOH
(15 ml; sonicated for 5 min, centrifuged for 10 min at
300 rpm) by HPLC Agilent equipment (Agilent 1100 series
system; model G-1312 pump; Rheodyne Model G-1322A
loop (20 μl); DAD G-1315 detector; 150 × 3.9 mm i.d.
C18 μ-Bondapack column). The ﬂow rate is 1.0 ml·min−1.
The following are the mobile phases: water (solvent A)
and methanol (solvent B). The elution gradient was shown
as follows: 0 → 5 min (15 → 30%) B, 5 → 10 min (30 → 35%)
B, 10 → 20 min (35 → 50%) B, 20 → 30 min (50 → 75%) B,
30 → 35 min (75 → 95%) B, and 35 → 40 min (100%) B. A
DAD detector was set at λ = 283 nm. Hd reference standard
solutions were prepared at ﬁve concentration levels in the
range 1–40 μg/ml. Linear least squares regression equation
was derived from the peak area corresponding to Hd
(y = 1798.3x−54.938, R = 0 9996), where y is the peak area
and x the used concentration.
2.6.4. Diﬀerential Scanning Calorimetry (DSC) and FourierTransform Infrared Spectroscopy (FTIR). DSC. An indiumcalibrated Mettler Toledo DSC822e (OH, USA) was used
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exposing all the samples to two thermal cycles: a dehydration
cycle up to 130°C (heating rate of 20°C/min; temperature
maintained at 130°C for 15 min in order to remove the residual solvent); afterwards, the samples were cooled at 25°C and
heated up to 350°C (heating rate of 10°/min) [6]. The analyses
were carried out in triplicate.
FTIR. A Jasco FT-300 (Tokyo, Japan) Fourier-transform
IR spectrometer was used to analyze all samples in two steps:
ﬁrst, the material was dried in a vacuum oven to reduce the
presence of water and then analyzed as KBr discs in the spectral region 650–4,000 cm−1 at a resolution of 8 cm−1.
2.7. Stability Studies
2.7.1. Accelerated Stability. The stability test was performed according to accelerated stability studies reported
in the ICH guidelines (International Conference on Harmonization of Technical Requirements of Pharmaceutical
for Human Use, 2003) in a climatic and thermostatic
chamber (Mod.CCP37, AMT srl, Milan, Italy), at 40°C ±
2°C/75% RH ± 5% RH for one week and then analyzed
by UV and HPLC in terms of extract content and TPC variation. Chromatographic peaks were identiﬁed on the basis of
the retention times and conﬁrmed by coinjections with an
internal standard [14].
2.7.2. Functional Stability (Oxygen Radical Absorbance
Capacity: ORAC Assay). In order to determine the in vitro
antioxidant capacities of both ExF and ExMR, the ORAC
method [26] was employed. Also, a comparison between
ORAC unprocessed (ExMR) and processed extract by ICH
(ExMR ICH) was performed.
The ﬂuorescence probe ﬂuorescein (FL, 10 nM) was used
as a reference compound attacked from peroxyl free radicals
that are generated from APPH (100 mM) solution. In order
to calculate the area under a curve (AUC) of the tested compounds (12.5 μg/ml), the reaction was following at 37°C
(pH 7.0) until a ﬂuorescence decay of FL solution in the presence of APPH. Each measurement was repeated at least three
times, using a Wallac 1420 Victor 96-well plate reader
(PerkinElmer, USA) with a ﬂuorescence ﬁlter (excitation
485 nm, emission 520 nm). The Trolox (12.5 μM) was
used as an antioxidant control.
The ORAC value refers to the net protection area under
the quenching curve of ﬂuorescein in the presence of an antioxidant. The ﬁnal results (ORAC value) were calculated and
expressed in ORAC units (Trolox micromol per microgram
of sample (μmol/μg)).
ORAC value μmol/μgram =

K S sample–S blank
,
S Trolox–S blank

2

where K is a sample dilution factor and S is the area
under the ﬂuorescence decay curve of the sample, Trolox
or blank, calculated with Origin®7 (OriginLab Corporation,
Northampton, USA).
2.8. In Vitro Dissolution/Release Tests. ExMR (100 mg, sink
conditions) or produced formulation corresponding to the
same amount of pure dried extract was carried out under sink

conditions (corresponding to about) in water using a
SOTAX AT smart apparatus (Basel, CH), on a line with
a spectrophotometer at λ = 310 (UV/Vis spectrometer
Lambda 25, PerkinElmer Instruments, MA, USA), and USP
37 dissolution test apparatus n.2: paddle, 100 rpm at 37°C.
All the dissolution/release tests were made in triplicate; only
the mean values are reported in a graph (standard
deviations < 5%).
2.9. Antioxidant Eﬃciency. To determine the antioxidant eﬃciency of formulated and unformulated samples, a modiﬁed
ORAC assay was used [6]. Brieﬂy, both 25 μl extracts of all
samples were placed in 96-well tissue culture plates. 100 μl
FL (10 nM) solution was added to each well to initiate the
assay. Then, 25 μl AAPH (100 mM) solution was added to
all wells, except for the negative control, to which 25 μl phosphate buﬀer solution was added. A FL solution without
AAPH was used as negative control. A timer was started
upon introduction of the free radical generator, and the plate
was stored in the dark at 37°C. Unlike the previous method
(reported in paragraph 2.7.2.), at each speciﬁed time point,
the ﬂuorescence of the solution was measured (excitation
492 nm, emission 535 nm) and plotted as a function of
time [27, 28], using Origin7 (OriginLab Corporation,
Northampton, USA). The y-axis graphs in Figure 1 were
split from 6000 to 10000 RFU.
2.10. Antiglycation Activity. According to the method of
Derbré et al. [29] with slight modiﬁcations, we evaluated
the inhibition of ﬂuorescence produced by AGE formation
through Maillard reaction. Brieﬂy, as optimum AGE formation, the protein model bovine serum albumin (BSA)
(10 mg/ml) was incubated with D-fructose (0.5 M) in
phosphate buﬀer 50 mM pH 7.4 (NaN3 0.02%) to obtain
positive controls. BSA alone was the negative control corresponding to no ﬂuorescence AGE formation. The aminoguanidine (AMG) (400 μg/ml) was used as reference compounds
for its AGE inhibition property [30]. The ﬁnal glycated BSA
solutions (300 μL) alone and with the sample (400 μg/mL)
were incubated at 37°C in a 96-well microtiter closed with
their silicon lids for 7 days. The AGE ﬂuorescence measurement (λexc 370 nm; λem 440 nm) is performed using
a VICTOR Wallac 1420 Multilabel Counter ﬂuorimeter
(PerkinElmer, USA). The results are reported in relative
ﬂuorescence units (RFU), and the percentage of inhibition
with respect to the positive control (BSA with fructose) is
calculated from the following equation:
% of inhibition = 1 −

RFU sample nm
RFU‐positive control nm

× 100
3

2.11. Inhibitory Activity on MMP-2 and MMP-9. The MMP
inhibition assay of unformulated and formulated ExMR
was based on the inhibition of the hydrolysis of the
ﬂuorescence-quenched peptide substrate Mca-Pro-Leu-GlyLeu-Dpa-Ala-Arg-NH2 (Vinci-Biochem Srl). The assay was
performed according to Crascì et al. [31]. The results were
plotted with Origin7 (Originlab Corporation, Northampton,
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USA) software and are expressed as concentration of inhibitors that reduced of 50% the MMPs activity (IC50).

3. Results and Discussion
3.1. Characterization and Stability of Unprocessed (ExF) and
Processed (ExMR) Extracts. Both the extracts (ExF and
ExMR) were analyzed by HPLC-MS and showed four major
eluted constituents (Tables 1 and 2), two anthocyanins,
cyanidin 3-(6″-malonyl) glucoside (CMG, tR 18.9 min) and
cyanidin 3-glucoside (C3G, tR 15.2 min) and two O-glycosylated ﬂavonoids, hesperidin (Hd, tR 18.5 min) and narirutin
(Nr, tR 13.5 min) (Figure 2).
In agreement with previous data reported in literature
[32, 33], the major component Hd was chosen as marker
[6]. Both Hd and C3G, as bioﬂavonoid and anthocyanin
markers, respectively, were used as comparison compounds
to determine the bioactive content in MMP studies.
The analytic data of ExF showed that the TPC (Table 3)
and TMA values were equal to 35% and 40% of the
spray-dried ExMR extract, respectively. In fact, in ExF,
the levels of TPC (mg gallic acid/g extract) and TMA
(%) were 12.0 ± 0.18 mg/g and 0.322 ± 0.02%, respectively.
The antioxidant activity (Table 3) expressed in ORAC
units (AOA) was 1.9 ± 0.8 ORAC units. The evaluation
of the extract properties is essential to obtain spraydried powders with optimized physicochemical and
biological properties.
3.2. Spray Drying Process. ExF has been spray dried to
obtain a powder extract which can be easily handled.
The spray drying technique is the most commonly used

in food and nutrapharmaceutical industries [34]. It is a
crucial step that can aﬀect the extract stability [35] and
plays an important role in determining the properties
and cost of dried products [36]. On this consideration, it
is interesting to note that the selected spray dryer conditions were able to obtain a product yield equal to 60%
and without loss of AOA activity (2.6 ± 0.3 ORAC units).
Furthermore, the TPC and TMA values (33.5 ± 0.21 mg/g
and 0.814 ± 0.1%, resp.) were higher than that of ExF.
These results are probably due to the spray drying parameters such as the inlet temperature (120°C) which were
optimized in order to protect and reduce the loss of polyphenols because of degradation [25].
3.3. Solubility Studies. ExMR has a slight water solubility
(3.0 ± 0.1 mg/l) at room temperature that was notably
aﬀected by the presence of CD used as enhancer of dissolution rate, limiting factor of in vivo bioavailability.
The amount of CD required to increase a sample bioavailability can be evaluated by the phase solubility studies
and can aﬀect the various processes occurring during the
delivery in the gastrointestinal (GI) environment [37].
The phase solubility (Figure 3) showed a Bs-type proﬁle
[24]. CD is capable to enhance the ExMR solubility with
a linear increase below the 1 : 2 ExMR/CD molar ratio.
The ascending portion indicates a 1 : 1 stoichiometry complex; at higher CD concentrations appears a short plateau
indicating the formation of an insoluble or with a diﬀerent
stoichiometry complex in the solution. For this reason,
conventionally, we assumed a 1 : 1 ExMR molar ratio
to obtain an improvement of water solubility (from 3.0 ±
0.1 mg/l to 6.0 ± 0.5 mg/l) and an enhancement of the
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Table 1: Total anthocyanin content of ExMR and ExF and relative percentage of individual anthocyanins.

Peak numbera

tR (min)

(M)+ (m/z)

MSn (m/z)

Anthocyanins

449/287
303
287
287
287
317
465/303
301
479/317
449/287
449/287
271
463/301
287
301

Cyanidin 3,5-diglucoside
Delphinidin 3-glucoside
Cyanidin 3-sophoroside
Cyanidin 3-glucoside
Cyanidin 3-rutinoside
Petunidin 3-glucoside
Delphinidin 3-(6″-malonyl)glucoside
Peonidin 3-glucoside
Petunidin 3-(6″-malonyl)glucoside
Cyanidin 3-(6″-malonyl)glucoside
Cyanidin 3-(6″-dioxalyl)glucoside
Pelargonidin derivative
peonidin 3-(6″-malonyl)glucoside
Cyanidin derivative
Peonidin derivative

1
13.9
611
2
14.2
465
3
14.5
611
4
15.2
449
5
15.9
595
6
16.8
479
7
17.5
551
8
17.9
463
9
18.2
565
10
18.9
535
11
19.9
593
12
20.4
—
13
21.7
549
14
22.2
—
15
23.3
—
Total anthocyanins (g C3G/100 g extract)c

Relative compositionb (%)
ExMR
ExF
1.31 ± 0.01
2.65 ± 0.02
0.51 ± 0.01
39.87 ± 0.17
1.34 ± 0.24
1.55 ± 0.02
1.53 ± 0.01
2.88 ± 0.03
1.48 ± 0.01
21.73 ± 0.10
5.91 ± 0.03
1.23 ± 0.01
13.84 ± 0.11
2.35 ± 0.03
1.82 ± 0.02
0.81 ± 0.01

1.72 ± 0.08
2.96 ± 0.13
0.16 ± 0.02
31.80 ± 0.06
0.43 ± 0.10
1.53 ± 0.02
0.67 ± 0.08
2.90 ± 0.03
0.58 ± 0.05
36.40 ± 0.05
8.02 ± 0.05
5.55 ± 0.03
5.81 ± 0.12
1.01 ± 0.12
0.46 ± 0.08
0.32 ± 0.02

a

The numbering is according to Figures 2(a) and 2(b). bRelative percentage of anthocyanins was based on HPLC peak areas recorded at 520 nm. cAnthocyanins
are expressed as cyanidin 3-glucoside equivalents.

Table 2: Concentration of individual ﬂavanones and total ﬂavanones in ExMR and ExF.
Peak numbera

tR (min)

(M–H)− (m/z)

MSn (m/z)

Flavanones

579
609
593

271
301
285

Narirutin
Hesperidin
Didymin

1
13.5
2
18.5
3
59.9
Total ﬂavanones (g Hd/100 g extract)b

g Hd/100 gb
ExMR

ExF

5.48 ± 0.05
5.73 ± 0.02
0.79 ± 0.01
12.00 ± 0.07

2.22 ± 0.06
2.35 ± 0.11
0.33 ± 0.02
4.90 ± 1.13

a

The numbering is according to Figures 2(c) and 2(d). bFlavanones are expressed as hesperidin equivalents.

dissolution rate of the extract, as conﬁrmed by the dissolution/release test.
3.4. Spray-Dried Microparticle Properties
and Characterization
3.4.1. Alginate Microparticles (ExMR1 and ExMR2). In the
ﬁrst step, in order to achieve stable microsystems, ExMR
was spray dried using 1% or 2% ALG water solutions w/v
as coating polymer and 3 : 1 polymer : extract weight ratios.
The best formulation was in the presence of 2% of ALG
(ExMR2). The low amount (1%) of ALG in ExMR1 produced microparticles with greater particle size (5 ± 0.8 μm)
than ExMR2 (1.5 ± 0.5 μm), probably due to aggregate
formation and high moisture content [38, 39] (Figure 4(a)).
For this reason, 2% of ALG formulation (ExMR2) were
selected. The results showed that the selected parameters (spray drying conditions and 2% of ALG) were
able to produce well-formed microparticles (Figure 4(b))
and to obtain a good EE (80.0%). These were due to
the ALG amount, able to reduce in solid dispersion the

molecular mobility of the bioactive compounds avoiding
the phase separation, while the spray drying parameters
were eﬀective to lower the accumulation on the chamber
wall [24, 40–43].
The ExMR2 DSC thermogram (Figure 5) did not show
any extract peak, conﬁrming its complete encapsulation,
such as that supported by FTIR analysis. Moreover, ALG
shows high decomposition temperature. In fact, the ALG
thermogram exhibits a ﬁrst endothermic peak at 100°C
(correlated to the release of water) and an exothermic
peak at 250°C, due to pyrolysis reaction in the polymer
[44]. Since, some food manufacturing processes, especially
baked good production, required high cooking temperature (150°–200°C) [45]. The ALG thermal behavior of the
produced formulation could be suitable to protect the
loaded active ingredient also to prevent the premature
crystallization of the sugars [46] present in the extract.
2% ALG water solution is also able to improve the dissolution rate of ExMR (Figure 6). In fact, about 49% of the
extract were released from ExMR2 in 5 min with respect to
about 16% of pure extract that dissolved at the same time.
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Figure 2: HPLC chromatograms of anthocyanins of ExMR (a) and ExF (b) detected at 520 nm (see Table 1). HPLC chromatograms of
ﬂavanones of ExMR (c) and ExF (d) detected at 280 nm (see Table 2).

TPC
(mg GAE/g of extract)

ORAC units
(μmol TE/μg of extract)

ExF

12.00 ± 0.18

1.90 ± 0.80∗

ExMR

33.50 ± 0.21

2.60 ± 0.30∗

ExMR ICH

28.80 ± 0.60

0.70 ± 0.08∗

Sample

Reported values are the means ± standard deviation (SD) (n = 3).
∗
Signiﬁcantly diﬀerent at p < 0 05 compared to 1 ORAC unit of Trolox.

6

ExMR concentration (M‐3)

Table 3: Quantitative antioxidant activity (ORAC assay) and total
polyphenol content (TPC) of ﬂuid extract (ExF), spray-dried
extract (ExMR), and spray-dried extract processed according to
ICH guidelines (ExMR ICH).

5
4
3
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0

This behavior was probably due to the presence of ALG that
increase the extract-water interaction due to its high hydrophilic behavior [6, 13]. Because extract-water release was
incomplete (Figure 6) (85% in 30 min), in the second step,
microparticles with enhancement of the dissolution rate were
developed in the presence of CD.
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Figure 3: Solubility phase diagram of ExMR in the presence of
β-cyclodextrin.
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3.4.2. Alginate/Cyclodextrin Microparticles (CDExMR and
ALGCDExMR). The presence of CD reduces the particle size
during the spray drying process and improves the EE (90.0–
100.0%). In fact, the micrograph of the batches CDExMR and
ALGCDExMR showed the presence of small microparticles

(Figures 4(c) and 4(d)) with dimensions of about 0.5 ± 0.02
and 1.0 ± 0.2 μm, respectively.
The CDExMR thermogram shows a series of peaks from
180°C to 280°C which are superimposable with that of pure
ExMR, with slight shifts. This behavior conﬁrms that the
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1 : 1 CD/ExMR molar ratio is unable to form a complex.
Instead, the shifts show that microparticle components
interact only to form −H bonds, such as conﬁrmed by
FTIR spectroscopy (ampliﬁcation of OH band at 3500 cm−1;
data not shown) [47].
The −H bonds between CD and ExMR could be
responsible of the enhancement of the extract dissolution
rate. About 33.0% of the extract dissolved from CDExMR
in water after 5 minutes, with respect to about 16.0% of
pure ExMR that dissolved at same time. Moreover, when
used together, ALG and CD act synergistically enhancing
the dissolution/release of ExMR (about 90% after 5 min)
from ALGCDExMR, and all loaded doses were released
(100% in 30 min).
3.5. Accelerated and Functional Stability (ICH Guidelines)
and ORAC Test. The extract powders obtained from blood
orange processing wastes are rich in polyphenols, easily
subject to oxidation/degradation phenomena. This behavior
is a critical point for their use in food or pharmaceutical ﬁeld
[48]. To examine the shelf life, the antioxidant eﬃciency and
the eﬀect of the ALG and CD polymers, and the microencapsulation processes on the stability of the extract in storage
conditions, the “real-time” stability was reproduced according to ICH guidelines in a climatic chamber and in a brief
time period in extreme conditions. The functional stability
of ICH extract was performed by the ORAC assay.
After one week at 40°C, an increase in ExMR weight,
determined by the gravimetric method, was observed
(28.0%). This is probably due to its hygroscopicity. The
quantitative ORAC and TPC also showed a signiﬁcant
decrease in the ExMR AOA (from 2.6 to 0.7 ORAC units)
and TPC (about 12.0%) (Table 3). Moreover, while CDExMR
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Figure 7: Antiglycation eﬀect of unformulated and formulated
extracts, Hd and C3G, major biopolyphenol compounds, in
comparison with AMG assay standard control. Results are
means ± SD. Signiﬁcantly diﬀerent at ∗ p < 0 05 or ^p < 0 01
compared with positive control (BSA with fructose).

values slightly decreased (about 5.0%), ExMR2 and ALGCDExMR remained quite unaltered, showing that this signiﬁcant result in terms of stability (<1%) is due to ALG that is
able to enhance ExMR shelf life.
The decrease of ExMR data was probably due to thermal
degradation of few polyphenols contained in citrus extract.
In fact, literature data report that anthocyanins in blood
orange juice presented high-rate constant of degradation in
the range 30°–90°C [49] with 69% losses after 90° for
120 min [50]. Instead, for ﬂavanones such as hesperidin, no
signiﬁcant decrease was noticed in the range 70–90°C after
240 min [51]. In fact, it was demonstrated that glycosidic
ﬂavonoids are more resistant than aglycone ﬂavonoids to
heat treatments [52].
3.6. Antioxidant Eﬃciency. The ORAC assay has been
performed in order to evaluate the qualitative antioxidant
eﬃciency of the best formulation, untreated and treated
according to ICH. The data (Figure 1) showed that at 4 hours,
ALG and CD slightly improve the ExMR antioxidant eﬃciency with respect to the unformulated extract, with a
major eﬀect for CD polymer. On the contrary, at 6 hours,
ExMR and all the formulations without CD (ExMR2 and
ExMR ICH) had lost their antioxidant eﬃciency. Indeed,
ALG/CD/ExMR and ALG/CD/ExMR ICH maintain and
prolong the extract activity only with a slow further spontaneous decomposition of ﬂuorescein. These results suggest
that the presence of CD in the microsystems preserved the
antioxidant eﬃciency of the extract for a longer time and
enhanced the stability of the extract.
3.7. Antiglycation Activity. The amount of AGEs is elevated
during hyperglycemic and/or oxidative stress conditions
[53]. This process induces irreversibly ﬂuorescent macroprotein derivative formation, termed AGEs, via Maillard
reaction [54]. Considering that a diet rich in natural antioxidant compounds protect against protein glycation [18],
we evaluated the inhibitory eﬀect of both unformulated
and formulated extracts on ﬂuorescent AGE formation.
The results (Figure 7) showed a good ExMR capability to
inhibit AGEs, reducing the max ﬂuorescent value of positive
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Table 4: Inhibitory activity on MMP-2 and MMP-9.

Compounds

IC50 MMP-2 (μg/ml)

IC50 MMP-9 (μg/ml)

ExMR
ALG

1.12 ± 0.12
n.a.

CD

4.03 ± 0.35^

5.52 ± 0.72
n.a.
2.98 ± 0.31∗

Hd
C3G

n.a.
10.57 ± 1.35^

ExMR2

4.49 ± 0.85^

n.a.
7.27 ± 1.05
4.27 ± 0.46∗

ALGCDExMR

0.49 ± 0.09^

1.40 ± 0.19^

n.a. = not active (IC50 > 100 μg/ml). Reported values are the means ±
standard deviation (SD) (n = 3). ∗ p < 0 05 compared to ExMR value.
^
p < 0 01 compared to ExMR value.

control (BSA with fructose) from 13,254 nm to 8338 nm. This
value corresponded to 37.0% of inhibition, and the observed
eﬀect is superimposable to that of the AMG assay standard
(40.0% of inhibition). Also, in order to determine which representative compounds inﬂuence the most the antiglycation
eﬀect, the ExMR activity was compared with those of C3G
and Hd, the selected representative standard compounds.
Both samples are able to inhibit AGE formation, showing
a ﬂuorescence of 8798 nm and 11,249 nm, respectively,
corresponding to 36.3% and 15.2% of inhibition. This
demonstrates that the ExMR activity is due to a synergic
eﬀect of both polyphenol class compounds (bioﬂavonoids
and anthocyanins). Moreover, to evaluate the polymer eﬀect,
ExMR2 and ALGCDExMR were also tested. The major
activity of formulation was found in ALGCDExMR with
a ﬂuorescence value of 4335 nm, corresponding to 69.2%
of inhibition, followed by ExMR2 with a ﬂuorescence value
of 8040 nm, corresponding to 39.3% of inhibition. The results
underline that all the formulations tested showed an AGE
direct inhibition, indicating that both CD and ALG polymers are able to protect the extract from degradation
and oxidation phenomena.
3.8. Inhibitory Activity on MMP-2 and MMP-9. AGE
accumulation has a role in the increase of diﬀerent metalloproteinase expression [18]. Because many polyphenol compounds inhibit both collagenase and gelatinase activities
[55, 56], we evaluated the inhibition ability of the tested
samples on MMP-2 and MMP-9.
The results reported in Table 4, expressed as the concentration value (μg/ml) of potential inhibitor that reduces
of 50% the MMP activity (IC50), showed that ExMR possesses a high capability to inhibit both MMP-2 and
MMP-9. This could be due to the anthocyanin content.
In fact, the representative ﬂavonoid Hd is not active, while
the anthocyanin C3G has an IC50 value of 10.57 ± 1.35 μg/ml
and 7.27 ± 1.05 μg/ml on MMP-2 and MMP-9, respectively.
In order to evaluate if the formulation can inﬂuence the
activity of the pure extract, the inhibitory activity of formulated extract (ExMR2 and ALGCDExMR) and pure materials
(ExMR, ALG and CD) were assayed. We observed that the
presence of ALG in ExMR2 reduced the inhibition activity
on MMP-2 (4.49 ± 0.85 μg/ml), but improved the activity
on MMP-9 (4.27 ± 0.46 μg/ml), while the presence of CD

in ALGCDExMR improved the inhibitory eﬀect on both
MMPs (0.49 ± 0.09 μg/ml and 1.40 ± 0.19 μg/ml on
MMP-2 and MMP-9, resp.) with respect to pure ExMR
(1.12 ± 0.12 μg/ml and 5.52 ± 0.72 μg/ml, resp.). This could
be explained with a high inhibition eﬀect of CD on MMP-2
(4.03 ± 0.35 μg/ml) and MMP-9 (2.98 ± 0.31 μg/ml), probably due to the presence of free hydroxyl groups that support
the hydrogen bond with the enzyme-active site [57].

4. Conclusions
An easily spray-dried handle antioxidant extract (ExMR) was
produced to formulate dietary supplements for human health
as well-formed and stable microparticles of ALG and CD also
to make it suitable to be added in baked goods as bioactive
food ingredients. The bioactivity on dysmetabolic disease
was due to extract polyphenol compounds. In fact, anthocyanins and bioﬂavonoids both resulted responsible for the
dried extract in vitro AGE inhibition activity, while only the
anthocyanin content was eﬀective with respect to in vitro
MMP inhibition. Also, CD and ALG polymers were able to
improve these activities. On one hand, CD improved the
MMP inhibitory activity of the extract presumably because
of the presence of free hydroxyl groups that support the
hydrogen bond with the enzyme-active site; on the other
hand, CD acted synergistically with ALG enhancing the dissolution/release of ExMR and improving the in vitro AGE
direct inhibition of extract, also protecting it from degradation and oxidation phenomena. Furthermore, CD preserved
the extract antioxidant eﬃciency and stability, while the
choice of 2% of ALG as coated polymer (3 : 1 ALG/ExMR
weight ratio) was eﬀective to improve the extract wettability
and its shelf life.
This research represents an advantageous way to reevaluate a blood orange citrus by-products of the Sicilian
industry and to develop human dietary supplement which
also acts to be added as “bioactive food ingredients” in functional foods like baked goods.
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Introduction. Eﬀects of white wine and the role of wine polyphenols on weight gain in rats of diﬀerent age were examined in
the 4-week-voluntary-consumption trial. Methods and Materials. Biochemically characterized standard (low polyphenols, W)
and macerated (high polyphenolic content, PW) white wines were compared. One- and three-month-old Sprague-Dawley
male rats (n = 78) were used. Each age group was subdivided into water-only-drinking controls (C), W, and PW-drinking
animals. Daily wine and total liquid consumption, food intake, and body weight were measured, and energy intake and
feed eﬃciency index were calculated. Results. In both age categories, wine-drinking animals consumed less food and gained less
weight in comparison to C (181 ± 2, 179 ± 6, and 201 ± 5 in younger animals and 32 ± 5, 28 ± 6, and 47 ± 4 grams in older
animals, resp.), regardless of wine type. Total energy intake was the lowest in PW-drinking animals. Conclusion. Wine-drinking
animals gained less weight in comparison to C, regardless of the wines’ polyphenol content. Although our results are indicative
of the major role of nonphenolic constituents of the wines (probably ethanol), the modifying role of wine phenolics on weight
gain cannot be excluded as the group consuming PW had lower total energy intake than other groups.

1. Introduction
Despite large epidemiological evidence, it is still controversial
whether alcohol intake represents a risk factor for weight
gain and obesity.
Based on recent reviews of epidemiological studies
regarding the eﬀect of alcohol consumption on body weight,
it seems that only heavy drinking is positively related with
weight gain [1, 2]. Also, it appears that the type of alcoholic
beverage is an important element in modifying the eﬀect
of alcohol consumption on weight gain with wine being
regarded as an alcoholic beverage with more favourable
eﬀects [3]. Several animal studies, conducted under controlled experimental conditions, found that red wine intake
did not cause an increase in body weight, compared to the
water-only-drinking rats [4, 5]. Advantageous eﬀects of wine

were largely attributed to diﬀerent biological actions of wine
polyphenols. Among these, reduced appetite and/or nutrient
absorption, promotion of energy expenditure, or prevention
of energy storage have been proposed as potential mechanisms by which wine phenolics may contribute to the
antiobesity eﬀects of wine [6].
Because of much higher concentrations of wine polyphenols being found in red than in white wine, practically all
studies examining eﬀects of wine consumption on body
weight have been conducted using red wine. In order to
examine eﬀects of white wine and the role of wine polyphenols on the weight gain in rats, we compared eﬀects of white
wines with low and high phenolic content in the 4-weekconsumption trial.
Since it was observed that some diﬀerences in the impact
of alcohol on body weight may be related to age [7], we
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Standard white
wine (Wy)
N = 13
Younger rats (y):
one month old
140−180 g

Polyphenol-rich white
wine (PWy)
N = 13
Water-only-drinking
controls (Cy)
N = 15

Sprague-Dawley rats
Standard white
wine (Wo)
N=9
Older rats (o):
three months old
400−500 g

Polyphenol-rich white
wine (PWo)
N = 13
Water-only-drinking
controls (Co)
N = 15

1st week 2nd week 3rd week 4th week
(i) Wine and water daily intake (mL)
(ii) Total daily liquid intake (mL)
(iii) Weekly and total food intake (g)
(iv) Relative weekly and cumulative
weight gain
((final–initial)/initial body weight, %)
(v) Body weight gain (g)
(vi) Total energy intake (food + wine, kJ)
(vii) Feed efficiency (g of body weight
gained/kJ of consumed energy)

Figure 1: Methodological diagram of the sample, interventions, and main outcomes. W, standard white wine; PW, polyphenol-rich white
wine; C, water-only-drinking control animals; y, younger animals; o, older animals.

studied two groups of animals, younger rats in the phase of
fast growth and development and older animals that were
close to reaching their body weight plateau.

2. Materials and Methods
2.1. Animals and Diets. With respect to the initial body
mass and age, two groups of the Sprague-Dawley male rats
were used: the younger group (fast-growing animals), onemonth-old rats weighing 140–180 g, and the older group
(slow-growing animals), approximately 3-month-old rats
weighing 400–500 g. Both age groups were further divided
into wine-drinking animals and water-only-drinking controls. The wine-drinking animals were oﬀered a standard
white wine or polyphenol-rich white wine ad libitum, 24
hours/day for 4 weeks with daily inclusion of tap water for
6 hours. Controls, water-only-drinking animals, were oﬀered
tap water without restrictions. Each age group of animals was
ﬁnally divided into 3 subgroups: water-only-drinking controls (C), standard white wine (W), and polyphenol-rich
white wine (PW)-drinking animals (Figure 1). The exclusion
criterion for the wine-drinking animals was daily wine intake
of less than 7 mL. The fresh beverages were supplied daily in
small pet containers with a leak proof nozzle (Ferplast Small
Pet Sippy Water Bottle, Castelgomberto, Italy). Fluid intake
was recorded daily. The animals were fed a standard pellet
diet (Mucedola S.R.L., Settimo Milanese, Milan, Italy) with
caloric value of 16.54 kJ/g ad libitum. Body weight and food
intake were measured weekly using Grundig KW 4060
Digital Scale (weight range 5 kg). The animals were kept
in individual cages under standard temperature and light

conditions (22–25°C, 12 h light/dark cycle). All procedures and experimental protocols were in accordance to
European Convention on Animal Protection and Guidelines
on Research Animal Use and were approved by the Ethics
Committee of the School of Medicine University of Split
and by the Ethics Committee of the Ministry of Agriculture
of the Republic of Croatia.
2.2. Wines. The standard white wine used was Graševina,
2015, Krauthaker winery, Croatia. Polyphenol-rich white
wine was obtained from the same grape variety within the
same vineyard and harvest year by using the traditional
Georgian wine production principles. It means that grape
juice was ﬁrst allowed spontaneous fermentation in contact
with the hard parts of the grape. Following fermentation,
without removing grape seeds and skins, the tanks were airtight sealed at a constant temperature for 120 days. It resulted
in production of white wine with orange or amber hue that
was high in phenolic content, similar to red wines [8].
2.3. Biochemical Analysis of the Wines. The total phenolics and their ﬂavonoid and nonﬂavonoid subgroup contents were measured spectrophotometrically. The total
phenolic content of the samples was determined by the
Folin-Ciocalteu method, and the results were expressed as
milligrams of gallic acid equivalents (GAE) per liter. Nonﬂavonoid compounds were determined by the same method
after ﬂavonoid precipitation with formaldehyde, and the
ﬂavonoid content was calculated as the diﬀerence between
total phenolic and nonﬂavonoid content. Absorbencies were
monitored by UV-Vis spectrophotometer (Specord 200,
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Table 1: Caloric value, ethanol, and phenolic content of the tested white wines.

Standard wine
Polyphenol-rich wine

Ethanol content
vol % (g/L)

Caloric value
kJ/mL

Total phenolics
mg GAE/L

Flavonoids
mg GAE/L

Nonﬂavonoids
mg GAE/L

13.0 (102.3)

3.04

305 ± 3∗

3∗

302 ± 2

13.3 (105)

3.12

2850 ± 35

2477

373 ± 3

Caloric value of tested wines is calculated as the product of ethanol concentration and caloric value of alcohol (29.7 kJ/g). Data on phenolic content are averages
of at least three independent measurements and are shown as mean ± SD. Concentration of ﬂavonoids is calculated as the diﬀerence between mean
concentration of total phenolics and nonﬂavonoids and is expressed without SD; GAE: gallic acid equivalents; ∗ P < 0 05, Student’s t-test.

Table 2: Concentrations of selected phenolic compounds in tested white wines.

Standard wine
Polyphenol-rich wine

Gallic acid
mg/L

(+)-catechin
mg/L

(−)-epicatechin
mg/L

Procyanidin B1
mg/L

Total resveratrol
mg/L

1.45 ± 0.07
34.75 ± 0.49

1.55 ± 0.07
109.60 ± 0.28

1.25 ± 0.21
67.65 ± 1.34

0.85 ± 0.07
77.55 ± 0.49

0.30
2.30

Data are averages of two independent samples and are shown as mean ± SD values.

Analytik Jena Inc., Jena, Germany), equipped with a six-cell
holder and a thermostatically controlled bath. A more
detailed description of the above-mentioned methods has
been previously published [9].
Individual polyphenols were identiﬁed and quantiﬁed by
an Agilent HPLC system (type RRLC; Agilent Technologies,
Santa Clara, CA) using a ZORBAX SB-C18 analytical column
(15 × 2.1 mm, 1.8 μm). Phenolic compounds were identiﬁed
by their retention times. Quantiﬁcation was carried out by
comparison with external standard calibration curves. Each
sample was injected twice into the chromatographic system.
A detailed description of the method has been published
previously [10]. All analytical-grade chemicals and reagents
were obtained from Sigma Aldrich (St. Louis, MO).
2.4. Statistical Analysis. The sample size was determined
using the program G∗ Power 3.1 (G∗ Power, Dusseldorf,
Germany). Results were expressed as means ± SEM. Data
were compared by one-way ANOVA and post hoc Student
t-test, using SPSS (version 24) software. The level of signiﬁcance was set at P < 0 05.

3. Results
Results of the biochemical analysis of the wines including
their caloric value, ethanol and phenolic content, and concentrations of selected individual phenolic compounds are
presented in Tables 1 and 2.
Initial body weight among animal groups in both age
categories was comparable at the beginning of the treatment.
On average, younger animals in three experimental groups
weighted 164 ± 4 g (standard white wine, W), 155 ± 3 g
(polyphenol-rich white wine, PW), and 147 ± 3 g (wateronly-drinking animals, C), whereas weights in corresponding groups in older animals were 453 ± 10 g, 439 ± 9 g, and
417 ± 6 g, respectively.
Expectedly, the rate and the extent of the weight gain in
the younger animals were higher than those in the older
animals. However, in both age categories, wine-drinking
animals generally gained less weight both at weekly and

cumulative basis in comparison to control, water-onlydrinking animals (Figure 2). In the younger animals, mean
body weight gain after 4 weeks of treatment was 181 ± 2 g,
179 ± 6 g, and 201 ± 5 g in W, PW, and C, respectively. In
contrast to the water-only-drinking controls, there was no
diﬀerence in weight gain between the wine-drinking animals
(P = 0 024 for younger W versus C, P = 0 020 for younger
PW versus C, and P = 0 999 for younger W versus PW,
Figure 3(a)). In the older animals, at the same time point,
total weight gain was 32 ± 5 g, 28 ± 6 g, and 47 ± 4 g for groups
W, PW, and C, respectively. Again, there was no diﬀerence in weight gain between the animals drinking either
wine (P = 0 037 for older W versus C, P = 0 029 for older
PW versus C, and 0.989 for older W versus PW, Figure 3(b)).
All wine-drinking animals consumed less food at weekly
and cumulative basis in comparison to controls, as follows:
154 ± 2 (W), 143 ± 4 (PW), and 176 ± 4 (C) g/week for younger animals and 163 ± 4 (W), 149 ± 4 (PW), and 178 ± 10 (C)
g/week for older animals. Data on total food intake after 4
weeks of consumption trial are shown in Figure 4 for both
younger and older animals. Following the pattern of weekly
food intake, the wine-drinking animals did not signiﬁcantly
diﬀer in their total food intake after 4 weeks regardless of
the wine type (P = 0 004 for younger W versus C, P < 0 001
for younger PW versus C, and P = 0 071 for younger W versus PW; P = 0 026 for older W versus C, P < 0 001 for older
PW versus C, and P = 0 079 for older W versus PW).
As to daily wine and total liquid intake, W, PW, and C
groups ingested similar amounts regardless of the animals’
age. Total energy intake (TEI) was calculated as the sum of
energetic density of both food and wine, if applicable, in all
animal groups after 4 weeks of follow-up. Total energy intake
was somewhat lower in younger and older PW groups
relative to all other experimental groups.
To assess the amount of body weight gained per kilojoule
of consumed energy, we calculated feed eﬃciency (FE) as the
ratio of these two parameters. In general, younger animals
had higher FE than older animals as they gained more grams
of body weight per kilojoule of consumed energy. However,
feed eﬃciency did not diﬀer between the animals of the same
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age regardless of the consumed beverage type. Summarized
data on daily wine and total liquid intake, total energy intake,
and feed eﬃciency are presented in Table 3.

4. Discussion
One of the key ﬁndings of our study is a signiﬁcant association between white wine consumption and lower body
weight gain in rats relative to water-only-drinking animals.
This is largely in accordance with several other studies that
reported similar results in rats and mice following ethanol
and red wine consumption [4, 5, 11, 12]. Furthermore, for
the ﬁrst time, we showed that this holds true in both fast-

growing younger animals and mature animals which were
close to their body weight plateau. As a general rule, wine
consumption was associated with decreased food intake in
both age categories implying that additional calories provided by wine partially compensate for calories from other
foodstuﬀ (Figure 4).
Since no diﬀerence was observed between eﬀects of
standard and polyphenol-rich white wine on body weight
gain and food intake, it appears that wine phenolics are of
secondary importance relative to the other constituents of
wine, ethanol being the most likely candidate. Namely, this
would be in line with Monteiro et al.’s study showing that
both red wine- and ethanol-consuming rats gained less
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Table 3: Average liquid intake, energy consumption, and feed eﬃciency among the animal groups.
Daily wine intake
mL/d

Total daily liquid intake (wine + water)
mL/d

TE, total energy intake after 4 weeks
kJ

Feed eﬃciency (BWG/TE)
g/kJ

Wy

10 ± 1

30 ± 1

PWy

11 ± 1

30 ± 1

11088.4 ± 126.4
10380.1 ± 205.0∗

0.0172 ± 0.0004

Cy

n.a.

33 ± 1

11657.5 ± 244.8

0.0173 ± 0.0004

Wo

15 ± 2

29 ± 2

PWo

11 ± 1

30 ± 1

12097.6 ± 315.5
10808.1 ± 282.4∗

0.0025 ± 0.0005

n.a.

32 ± 1

11776.7 ± 179.5

0.0040 ± 0.0004

Co

0.0163 ± 0.0003

0.0026 ± 0.0004

n.a.: not applicable; BWG: body weight gained; C: control; W: standard white wine; PW: polyphenol-rich white wine; y: younger animals; o: older animals.
Results are expressed as means ± SEM. ∗ P < 0 05 for PWy and PWo versus groups within the same age category.

weight and ingested less food in comparison to controls,
while there was no distinction between the eﬀects of red wine,
known to be rich in polyphenols, and ethanol [5].
Interestingly, the total energy intake, provided by calories
from food and wine, was lower in polyphenol-rich-winedrinking animals. This could be in part due to their tendency
to consume less food in comparison to standard-winedrinking animals. Indeed, polyphenols may be involved in
appetite control over the central nervous system that monitors the food urge and feeling of satiety [6]. However, there
was no diﬀerence in feed eﬃciency among animals of the
same age category, regardless of the consumed beverage type.
This is simply because animals which ate less gained less
weight, so at the end of the experiment they gained similar
weight per calorie of energy.
It is important to note that all animals consumed similar
total amounts of liquid per day making our subgroups of animals substantially comparable. The seemingly paradoxical
fact that younger animals, although weighing three times less
than older animals, consume similar amounts of both liquid
and food (Table 3 and Figure 4) is just due to their several
times higher growth rate. In other words, proportionally
higher consumption of food and liquid is necessary to support correspondingly higher metabolic turnover in younger,
fast-growing animals. This is also indicated in their (several

times) higher feed eﬃciency ratio (weight gain per calorie,
shown in Table 3), relative to older animals. On the other
side, steady liquid and food intake in older animals is
required for maintaining their basic metabolic needs.
By eliminating diﬀerences between test wines, which
could be due to diﬀerences in the grape variety, growing conditions, terrain, or harvesting time, we were able to determine
the inﬂuence of wine-making technique and polyphenol content more objectively.
The results of the present study, however, did not
determine the essential role of wine phenolics on the animals’
weight gain. Although we did not examine the eﬀects of
ethanol directly in the present study, our results are indicative of the major role of ethanol, as reported by several diﬀerent authors [5, 11, 12] who showed that ethanol in general
(studied alone or in comparison to red wine) was not associated with body weight gain in the animals.
Generally, moderate drinkers (human or animals) often
have signiﬁcantly lower weight gain in comparison to nondrinkers. Although this may be due to confounding factors
(e.g., physical activity), it may also reﬂect a true physiological
eﬀect of alcohol [13].
The energy derived from alcohol diﬀers from other
energy sources, since alcohol cannot be stored and is always
ﬁrst to be metabolized. It also has a very high potential
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to aﬀect metabolic pathways of other nutrients. Intake of
alcohol can displace fat and carbohydrates from oxidative
metabolism in the liver to a maximum level of 50% the
resting value [14]. Indeed, energy stored this way can be
more eﬀectively utilized than calories derived from excessive
carbohydrate intake [15].
Moreover, thermogenic response of alcohol is rather high
and in healthy moderate alcohol consumers is between 15
and 25% of the energy content of the alcohol intake. As
compared to fat (~13%) and carbohydrates (~8%), the
alcohol energy can be considered as a less usable form of
energy [16, 17]. Furthermore, alcohol stimulates sympathetic
nervous system and decreases blood glucose by inhibition of
liver gluconeogenesis [18]. Finally, when alcohol is consumed in conjunction with a meal, it lowers secretion of the
protein leptin more than nonalcohol meals with the same
energetic density [19].
Although not focused on underlying mechanisms of
alcohol eﬀects on body weight, our study provides additional
experimental evidence on this matter. The model of consumption we used is comparable to the model of moderate
voluntary wine consumption by Arola et al. where animals
had free access to wine, without stressful treatments and
non-physiologic consumption of wine (e.g., like in gastric
gavage method) [20]. It is important to note that wine
consumption by the animals observed in our study in terms
of energy intake (approximately 8%) roughly corresponds
to the contribution of alcoholic beverages to the total
food stuﬀ energy in the human light to moderate alcohol
consumers [21].
Finally, the rationale of choosing wine as the alcoholic
beverage lies in the fact that it represents an unavoidable
constituent of Mediterranean diet. In contrast to red wine,
to our best knowledge, the eﬀects of white wine on weight
gain in rats have not been studied.
Further studies are still needed to explore the relationship
between wine consumption and body weight and to specify
the impact of wine phenolics and ethanol. We hope that this
simple yet straightforward study may be inspiring to deepen
insight into this complex matter.

5. Conclusion
The rats drinking white wines gained less weight in
comparison to water-only-drinking controls following 4week-voluntary-consumption trial, regardless of the wine’s
phenolic content. Although our results are indicative of
the major role of the nonphenolic constituents of white
wine, the present study cannot exclude the modifying role
of wine phenolics on energy metabolism and weight gain
as the animals consuming polyphenol-rich white wine
had lower total energy intake in comparison to all other
experimental groups.
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Polyphenols have an important protective role against a number of diseases, such as atherosclerosis, brain dysfunction, stroke,
cardiovascular diseases, and cancer. Cardiovascular diseases are the number one cause of death worldwide: more people die
annually from cardiovascular diseases than from any other cause. The most important behavioural risk factors of heart
disease and stroke are unhealthy diet, physical inactivity, tobacco use, and excess alcohol intake. The dietary consumption of
polyphenols has shown to be inversely associated with morbidity and mortality by cardio- and cerebrovascular diseases. It is
well-known that the protective eﬀects of polyphenols in vivo depend on the grade how they are extracted from food and on
their intestinal absorption, metabolism, and biological action with target tissues. The aim of this review was to summarise
the relation between polyphenols of diﬀerent plant sources and stroke in human intervention studies, animal models, and
in vitro studies.

1. Introduction
Polyphenols are plant secondary metabolites and the most
abundant dietary bioactive compounds. It is known that
100,000 to 200,000 secondary metabolites exist. Plant polyphenols include ﬂavonoid and nonﬂavonoid compounds
[1, 2]. Flavonoids are built from a basic structure made up
of an oxygenated heterocycle and 2 phenolic rings. They
are distinguished by the oxidation state of the heterocyclic
pyran ring, forming several groups (e.g., ﬂavonols, ﬂavanols,
and anthocyanins). Until now, over 4000 ﬂavonoids have
been described in plants [1], and this number is constantly
expanding due to multiple ways by which primary substituents are replaced, yielding more complex structures. Moreover, ﬂavan-3-ols are also found in oligomer and polymer
forms, known as proanthocyanidins. The nonﬂavonoids
include phenolic acids (benzoic and hydroxycinnamic acids)
and stilbenes. Further nonﬂavonoids that may be found

in nature are gallotannins, ellagitannins, stilbene oligomers,
and lignans [2].
Polyphenols possess a wide range of beneﬁcial eﬀects
against atherosclerosis, brain dysfunction, stroke, cardiovascular diseases (CVD), and cancer [1, 3]. The most important
food sources are fruit and vegetables [3], red wine [4], black
and green teas [5], coﬀee [6], extra virgin olive oil [7], and
chocolate [8, 9]. Moreover, herbs, spices, and nuts are also
potentially relevant polyphenol sources [10, 11]. The current
dietary advice is that people should consume ≥5 portions of
fruit and vegetables every day, each portion being at least
80 grams (U.S. Department of Health and Human Services,
2010), keep the body mass index from 18.5 to 24.9 kg/m2,
and perform physical exercise [12].
It is well-known that the protective eﬀects of polyphenols
in vivo depend on the grade how they are extracted from food
and on their intestinal absorption, metabolism, and biological action with target tissues [13]. In the human digestive
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system, polyphenols can be metabolized by intestine or
hepatic cells or by intestinal microbiota. Advances in polyphenol bioavailability and metabolism, in the mechanisms
of action, and in the evidence of health eﬀects on animal
models and humans have been reported [14]. There is an
interindividual variability of polyphenol metabolites present
in plasma and urine after the intake of diﬀerent polyphenols
which has been correlated with human gut microbiota composition and/or genetic polymorphisms, and it is potentially
associated with speciﬁc health eﬀects [15].
This review aims to summarise the current knowledge
about the eﬀects of dietary polyphenols from diﬀerent food
sources on stroke in human intervention studies, animal
models, and in vitro studies.

2. Dietary Polyphenols and CVD
According to the reported information from the World
Health Organization, CVD are the main cause of mortality
worldwide. In 2012, CVD caused over 17.5 million deaths,
which represented 31% of all deaths globally (7.4 and 6.7
million were caused by coronary heart disease and stroke,
resp.). The main risk factors for CVD and stroke are lack of
exercise, unhealthy diet, increased blood pressure, glucose
and lipids, obesity, and extensive use of tobacco and alcohol.
These risk factors should be controlled regularly and can be a
sign of an increased risk for stroke, heart attack, and heart
failure among others. Nonmodiﬁable risk factors for CVD
are increasing age, gender, ethnicity, and family history.
Thus, two-thirds of all strokes occur in people older than
65, mainly man and African-Caribbean.
Currently, the major risk factor for developing cardioand cerebrovascular diseases is hypertension, and it is the
major global health problem, aﬀecting approximately 1
billion individuals and causing 7.6 million premature deaths,
as well as 6% of all causes of disability worldwide [16]. Antihypertensives were the most distributed drugs (698 million
prescriptions) in the US during 2013 [12].
The dietary consumption of polyphenols was shown to
be inversely associated with cardio- and cerebrovascular
diseases due to the anti-inﬂammatory and antiatherogenic
properties of polyphenols, such as inhibition of peroxyl
radical-induced DNA strand breakage, inhibition of platelet
aggregation and of the expression of adhesion molecules to
the endothelium, and protection of low-density lipoprotein
(LDL) from oxidative damage [17, 18].
In certain inﬂammatory disease states, such as atherosclerosis, HDL particles may display atheroprotective
functions in reverse cholesterol transport and antioxidant,
anti-inﬂammatory, and antiapoptotic processes. Flavonoids
show the potential to improve HDL function through their
well-documented eﬀects on cellular antioxidant status and
inﬂammation [19]. Diﬀerent clinical trials have revealed the
atheroprotection of olive oil polyphenols through decreasing
plasma LDL concentrations and LDL atherogenicity and
improving HDL function [20, 21]. It has also been reported
that polyphenols can reduce inﬂammation by blocking cytokines such as TNF-α, IL-1, IL-6, and IL-8 and C-reactive
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protein that play an important role as inﬂammatory markers
in several diseases [18].
Several observational and short- or long-term intervention trials with food that possesses large amounts of polyphenols, such as virgin olive oil, cocoa, berries, and wine, have
clearly shown that polyphenols have a positive eﬀect on
cardiovascular risk parameters. For example, BP levels are
inversely correlated with the consumption of food rich in
polyphenols. This may lead to the improvement in resistance
artery function and decreases in peripheral artery vascular
tone. However, most of these studies only take into account
one sole source of polyphenols or one food item [22–27].
Noad et al. [28] demonstrated that a diet rich in polyphenols
including six portions of fruits and vegetables, together with
dark chocolate and a portion of berries each day, shows an
improvement of microvascular function and decreases systolic BP. This is in accordance with several studies dealing
with the vasodilator eﬀects of polyphenols [29, 30]. Moreover, polyphenols can inhibit alpha-glucosidase and lipase
activity [17].
Studies with wine and grape extracts have demonstrated
improved endothelial function in conduit and resistance
arteries [23, 26], possibly via nitric oxide- (NO-) dependent
pathways [23]. In experimental studies, dietary polyphenols
may help to stimulate NO endothelial secretion, which can
decrease BP. Studies with tea and cocoa found an improvement in indirect measures of sympathetic nervous system
activity patterns, possibly contributing to the lowering of
peripheral vascular tone [27]. Moreover, hydroxytyrosol,
oleuropein, and secoiridoids, found mainly in olives or virgin
olive oils, may protect LDL particles from oxidation [12].
Further, cocoa ﬂavanols have been assessed to play a role in
maintaining endothelium-dependent vasodilation [12].

3. Dietary Polyphenols and Stroke
3.1. Stroke: Deﬁnition and Epidemiology. A stroke is a cerebrovascular disease related to atherosclerosis. It is caused by
the interruption of the blood supply to the brain, usually
because a vessel has either ruptured or been blocked by a
blood clot. The result of this reduction in blood supply is a
cut in the brain’s oxygen causing the sudden death of some
brain cells. Immediate symptoms are loss of speech, weakness, paralysis of one side of the body, dizziness, nausea,
balance and coordination issues, and visual problems [31, 32].
Stroke is classiﬁed according to its aetiology as either
haemorrhagic or ischaemic, being the last one as the most
frequent (87% of cases). Haemorrhagic stroke is caused by
a bleed into the brain tissue due to the rupture of blood
vessels, aneurysms, or traumas. On the other hand, ischaemic
stroke is caused by the occlusion of a cerebral artery, and it
can be thrombotic or atherosclerotic and embolic or can be
produced by microartery occlusion [31, 32].
Stroke is the second main cause of mortality worldwide
and the main cause of adult disability, especially in middle(12.8%) and high-income countries (8.7%). Ischaemic heart
disease and stroke have been the world’s biggest killers in
the last 15 years. Only in 2015, they were together responsible
of 15 million deaths around the world [33] and this burden is

Oxidative Medicine and Cellular Longevity
predicted to increase due to the rapid rise of population older
than 65 years [31].
3.2. In Vitro Assays Dealing with Stroke Risk. Diﬀerent
mechanisms of polyphenols on stroke prevention have
been elucidated through in vitro studies. A study carried
out by Gundimeda et al. [34] showed that trace amounts
of green tea polyphenol (GTPP) and epigallocatechin-3gallate (EGCG) could exhibit neurite outgrowth-inhibiting
activity and the growth cone-collapsing activity of Nogo-66
(C-terminal region of Nogo-A). Resveratrol and polyphenols
from green tea were able to reduce the reactive oxygen
species (ROS) in mitochondria and cell swelling in endothelial cells [35]. Recent evidence also showed that resveratrol
can be considered a signaling molecule in tissues and cells
and thus act as a modulator for the expression of genes
and proteins [36]. Thus, they may prevent, in part, brain
edema and neural damage. One possible mechanism is that
polyphenols may decrease endothelial cell swelling through
Ca2+ reduction.
Mangiferin and morin, two natural antioxidants from
mango peel and Maclura pomifera, (commonly known as
the Osage orange), respectively, exhibited a wide spectrum
of antioxidant and antiapoptotic activities in an in vitro
model at micromolar concentrations [37]. These polyphenols
are promising neuroprotectors for the diverse pathologies,
such as cerebrovascular accident, epilepsy, stroke, brain
trauma, and spinal cord damage.
Spigoni et al. [38] observed in endothelial cells that
urolithins A and B and urolithin β-glucuronide had an inﬂuence on NO and NO synthase activation. Urolithin metabolism may be linked to peripheral cells. eNOS expression
was activated by a mix of urolithins at 5 μM and urolithin
β-glucuronide at 15 μM. It is known that decreased eNOS
activation and reduction in NO bioavailability are two of
the key factors for endothelial dysfunction. Moreover, the
mix of urolithins at 5 μM following 24 h of incubation
increased signiﬁcantly nitrite/nitrate levels, also important
in endothelial dysfunction.
Some reports show increased extracellular levels of glutamate in certain neurodegenerative diseases, such as stroke
[39]. It is also very well-known that, in this brain disorder,
increases in ROS levels occur, which have been associated
with increased release and decreased uptake of glutamate
[40]. Abib et al. [41] evaluated the eﬀects of (−)-epicatechin3-gallate (ECG), one of the three major green tea antioxidants,
on C6 lineage cells. They observed that after 6 h, there was a
beneﬁcial cell response induced by ECG, indicating that
ECG should be able to protect the brain against excitotoxicity
induced by glutamate.
Another study reported that pycnogenol possesses scavenging activity against ROS and nitrogen species. In addition,
eﬀects on NO metabolism were proven in the macrophage
cell line RAW 264.7 [42]. Cells were preincubated with pycnogenol, showing signiﬁcant decreases in NO generation.
This data sheds light on the biological activity of pycnogenol
and possibly other polyphenols as beneﬁcial agents in several
human illnesses.
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3.3. Animal Studies Determine the Molecular Mechanisms
Involved in Stroke Prevention. Several epidemiological studies
of dietary polyphenols on chronic disease prevention support
a protective eﬀect of these compounds against CVD [43–45].
Some observational studies have also shown an inverse
association between the consumption of some classes of
polyphenols and the overall mortality [44, 46]. Involved
mechanisms have been elucidated from numerous studies
conducted in animal models (mainly rodents) with nutritionally realistic levels of isolated ﬂavonoids [47].
The health eﬀect of polyphenols from tea, coﬀee, and
cocoa has been extensively evaluated in experimental studies
with animals, indicating beneﬁcial eﬀects on cardiovascular
health and a reduced risk of stroke. While tea and cocoa
exhibit beneﬁcial eﬀects on endothelial function, total and
LDL cholesterol (tea only), and insulin sensitivity (cocoa
only), moderate coﬀee consumption has been inversely
associated with the risk of stroke. However, further longterm randomized clinical trials and prospective studies are
necessary to provide clear mechanisms by which coﬀee,
cocoa, and tea polyphenols oﬀer cardiovascular health
beneﬁts. Antihypertensive, hypocholesterolemic, antioxidant,
and anti-inﬂammatory activities have been proposed to these
polyphenols, as well as improvement of vascular endothelial
function and insulin sensitivity.
EGCG present in a limited number of plant-based foods
and beverages, such as green tea, exhibited neuroprotective
action in a cerebral ischaemia mouse model by controlling
the inﬂammation cascade [48, 49], providing antioxidant
and neuroprotective eﬀects, possibly through the activation
of the NF-E2-related factor 2/antioxidant responsive element
signaling pathway [50]. A recent study described the ﬁrst
in vivo results supporting the potential of the coadministration of EGCG with a recombinant tissue plasminogen activator to extend its therapeutic window in treating acute brain
ischaemia [51].
Quercetin, another ﬂavonoid with similar antioxidant
eﬀects as those of green tea polyphenols, reduced levels of
matrix metallopeptidase 9 (MMP-9) in cerebral ischaemia
studies and attenuated blood-brain barrier disruption [52].
In a rat model of heat stroke, quercetin therapy (30 mg/kg)
showed an improvement of heat stroke outcomes by attenuating excessive hyperthermia as well as myocardial injury.
The protective eﬀects of quercetin could be attributed to
antilipid, peroxidative, antioxidant, and anti-inﬂammatory
properties [53]. Antihypertensive eﬀects in a rat model
have also been attributed to quercetin that may induce a
progressive and sustained reduction in BP, oxidative stress,
or NO status [54]. Moreover, quercetin rutinoside (rutin)
has been found to control neural damage in cerebral
ischaemia [55].
Resveratrol has been extensively studied because of its
ability to modulate certain parameters linked with increased
cardiovascular risk [56]. Inhibition of lipid oxidation processes has been proposed as the main mechanism involved
in neuroprotection. More recent results from a rat model of
transient middle cerebral artery occlusion indicate that resveratrol signiﬁcantly decreases apoptosis, mitochondrial lipid
peroxidation, brain infarct volume, and edema [57, 58]. In
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the endothelium, resveratrol can stimulate NOS activity,
increasing the amount of NO in isolated rat aortas [59].
Polyphenols from grape powder, administered as a supplement in a diet, have been reported to protect the brain
against ischaemic damage. The neuroprotective eﬀects of
the GP supplement may have a wide implication in the future
for the prevention/protection against other neurodegenerative damages [60].
Antioxidative, anti-inﬂammatory, antilipidemic, and neuroprotective properties have been attributed to curcumin in
experimental animal models [61]. In a porcine model with
endothelial dysfunction, for example, curcumin can eﬀectively
block the detrimental eﬀect of homocysteine on the vascular
system [62].
Diets enriched in anthocyanins from blueberries
provide neuroprotection after stroke induced in rats due
to their antiatherogenic and anti-inﬂammatory properties
[63, 64]. Consumption of pomegranate byproduct resulted
in a 57% reduction in atherosclerotic lesion size in mice
[65]. A red wine extract, rich in anthocyanin, reduces
injury induced by cerebral ischaemia in rats and protects
against ischaemia-induced excitotoxicity, energy failure,
and oxidative stress [66].
Hydroxytyrosol and oleuropein, polyphenols from olive
oil, are recognized as having an important role in the protection against CVD [67]. Olive oil supplementation in rabbits
improved the outcome of atherosclerosis by improving the
lipid proﬁle and reducing platelet hyperactivity [68–70].
3.4. Dietary Polyphenols and Stroke: Results from Human
Clinical and Epidemiological Studies. Epidemiologic studies
are a useful tool to assess the association between dietary
intake of polyphenols and human health. Although no
cause-eﬀect information can be obtained from these studies,
they have been broadly used to evaluate the eﬀects of dietary
compounds on several diseases. The inverse association
between high-polyphenol content food (e.g., fruits, vegetables, and their derivatives) and CVD risk has been reported
elsewhere and seems indisputable. However, the question as
to whether polyphenols are responsible for this protection
is still under debate [71–73].
The consumption of alcoholic beverages with a high
polyphenol content (i.e., wine and beer) and stroke have also
been studied. The results of diﬀerent observational studies
suggest that the relative risk of ischaemic stroke is lowered
by moderate alcohol consumption [74]. In fact, it is generally
accepted that the association between alcohol intake and
the risk of CVD and total mortality is demonstrated by
a J-shaped curve. The conclusion derived from these
graphs is that having one or two drinks per day, without
binge drinking, protects against CVD, particularly coronary
disease and ischaemic stroke [75, 76].
Since the formulation of the concept of the French paradox by epidemiologists in the 1980s, many eﬀorts have been
made to elucidate its causes. The low incidence of CVD in the
French population despite a high intake of saturated fats has
been on the table for decades. Debates have focused on wine
consumption since it is the common element in all southern
European countries [77]. Red wine contains around 200 mg
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of polyphenols per 100 g [78] mainly anthocyanins and
ﬂavan-3-ols and is one of the main contributors to total polyphenol intake in these countries [79–81].
Many experimental studies with resveratrol and stroke
have been conducted in animals; however, to date, no
clinical investigations have been performed in humans
who have survived a stroke. It is plausible that resveratrol
increases cerebral blood ﬂow and enhances cerebrovascular
perfusion in these patients since these eﬀects have been
observed in healthy subjects [82]. Other in vivo and animal
studies have reported beneﬁts of wine polyphenols on
stroke protection [54].
Wine consumption has frequently been associated with
CVD protection although beer has been also studied. Nevertheless, only three studies have provided prospective data
concerning beer consumption and stroke [83–85], and only
one study found a signiﬁcant inverse association for ischaemic stroke on comparing subjects who drank 1–6 drinks
per week with abstainers (61%; 95% CI: 16% to 81%) [86].
Thus, the data on beer and stroke currently available are
inconclusive albeit promising.
The eﬀect of alcohol on cerebrovascular events is due to
its capacity to improve the lipid proﬁle (increasing HDL
cholesterol and decreasing LDL cholesterol) and reduce
platelet aggregation and its anti-inﬂammatory eﬀects.
Additionally, nonalcoholic components of wine and beer
such as polyphenols exert antiatherogenic and antithrombotic eﬀects and regulate endothelial function through
diﬀerent mechanisms [22].
Other polyphenol-rich drinks such as coﬀee or tea have
been associated with a lower risk of stroke. As with alcohol,
high consumption of coﬀee is considered a risk factor for
CVD, but moderate consumption may reduce the risk. A
meta-analysis of 11 prospective studies pointed out that the
risk of stroke was lower in subjects who consumed 6 or less
cups of coﬀee per day compared with nonconsumers. The
relative risks were similar for ischaemic and haemorrhagic
stroke, and no diﬀerences were observed with gender at lower
levels of coﬀee consumption (2 cups per day or less) [87].
More recent prospective studies conﬁrmed these results for
stroke mortality and incidence [88–90]. It should be pointed
out that the many diﬀerent ways of coﬀee preparation can
aﬀect the polyphenol content and may lead to biased results.
Moreover, the mechanisms by which coﬀee may exert these
beneﬁcial eﬀects are not clear [87, 91].
Similar to coﬀee, teas are very rich in polyphenols, mainly
ﬂavonoids. It is known that tea ﬂavonoids improve endothelial function, BP, cholesterol levels, and blood glucose
concentrations [91, 92]. The results of a meta-analysis of
14 prospective studies showed that the increment of 3
cups/day in green or black tea consumption decreased
the relative risk by 13% (95% conﬁdence interval (CI),
0.81–0.94). The association did not depend on gender
but was slightly higher for green tea. Other results from
two large prospective studies of green and black tea were
in line with these ﬁndings [90, 92].
Other typically polyphenol-rich foods are chocolate and
cocoa, nuts, and olive oil. Prospective studies on chocolate
and stroke are still scarce, although a signiﬁcant reduction
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of 19% was observed in a meta-analysis of these studies when
comparing the extreme of chocolate consumption [93].
Culinary herbs and spices are broadly used in meals to
improve the ﬂavour of food dishes and also as traditional
medicines to prevent or treat diﬀerent conditions. Scientiﬁc
evidence about this is still scarce, but the results of the studies
available are promising. Polyphenols may be found among all
the active chemical components of herbs and spices. Due to
the lack of water, the concentration of polyphenols in herbs
and spices is higher than in fruits and vegetables. Several
studies have focused on the eﬀects of herbs, spices, and
medicinal plants on glucose regulation and dyslipidemia in
subjects who had metabolic syndrome and type 2 diabetes,
both of which are major risk factors for stroke [94]. However,
to our knowledge, no clinical trials or clinical studies have
been performed to evaluate the direct relationship between
spices/herbs and the risk of stroke.
Novel meta-analyses reported the eﬀects of ﬂavanolcontaining products such as tea, cocoa, and apple products
on body composition, blood pressure, and blood lipids.
Bertoia et al. [95] indicated that foods rich in ﬂavan-3ols, ﬂavonols, anthocyanins, and ﬂavonoid polymers may
help adults to control body weight. This type of studies
may give a dietary pattern for obesity prevention and its
possible consequences.
Several meta-analyses of randomized controlled trials
have dealt with the eﬀect of tea and diﬀerent outcomes. The
eﬀects of black tea on blood cholesterol are contradictory.
One meta-analysis found no eﬀects of black tea on total
cholesterol and serum concentrations of LDL and HDL cholesterol [96], while another one concluded that consumption
of black tea lowered LDL cholesterol, especially in subjects at
high cardiovascular risk [97]. Acute black tea and chocolate
increased ﬂow-mediated dilatation after acute and chronic
intake and reduced systolic and diastolic blood pressure.
Regarding green tea, results from randomized controlled
trials point in the same direction. Its intake resulted in significant reductions in systolic blood pressure, total cholesterol,
and LDL cholesterol [98–100].
Several randomized controlled trials have been conducted to assess the eﬀects of cocoa and dark chocolate,
which are rich sources of ﬂavonoids, on serum lipids. Total
cholesterol and LDL cholesterol decreased when consuming
these foods. No eﬀects were observed for HDL cholesterol
and triglyceride concentration in plasma [101]. However,
the observed changes depend on the intake dose and the
health of the participants [102].
The PREDIMED (Prevención con Dieta Mediterránea)
study was a prospective, randomized, multicentre, controlled
trial aimed at determining the beneﬁts of following a
Mediterranean diet supplemented with either nuts or extra
virgin olive oil on cardiovascular events (including myocardial infarction, stroke, and cardiovascular death). The control
group followed a low-fat diet according to the guidelines of
the American Heart Association. At the end of the study,
the results revealed that both Mediterranean diet groups
had a 30% lower incidence of the primary endpoint than
the control group. Remarkably, incident stroke was reduced
by nearly 50% in participants following the Mediterranean
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diet enriched with nuts (15 g walnuts, 7.5 g almonds, and
7.5 g hazelnuts) [103].
In an observational study within the PREDIMED trial,
total polyphenol intake and polyphenol subclasses were
calculated from the FFQ and the Phenol-Explorer database.
Total polyphenols were associated with a 46% reduction in
CVD risk on comparing the ﬁfth versus the ﬁrst quintiles.
The intake of lignans, ﬂavanols, and hydroxybenzoic acids
was also inversely and signiﬁcantly associated with cardiovascular events [104]. Besides this study, only a few more
have directly evaluated the association between polyphenol
intake and stroke, and only 2 found a signiﬁcant inverse
association: the Zutphen Elderly Study and the Finnish
Mobile Clinic Health Examination Survey. In the ﬁrst
study, ﬂavonol and ﬂavone intakes, but not catechin intake
[46], were associated with a lower incidence of stroke [105].
In the Finnish cohort, the polyphenolic groups inversely
associated with stroke were ﬂavonols, ﬂavones, and ﬂavanones [106]. However, similar studies did not ﬁnd any
association [107, 108].

4. Mechanisms
Polyphenols from fruits, vegetables, and beverages, such as
wine, tea, cocoa, may exert protective eﬀects on the cardiovascular system [109]. Increasing evidence suggests that dietary
polyphenols prompt their health properties by the interaction
with molecular signaling pathways [110] (Figure 1). The
ability of polyphenols to target transcriptional networks that
modulate gene expression favoring NO production, antiinﬂammatory mediators, and energy expenses provides an
attractive pharmacological approach to treat cardiovascular
and metabolic diseases.
One of the most well-described mechanisms on neurovascular protection involves the ability of polyphenols to
generate NO, a potent vasodilator generated by endothelial
cells, which can also regulate cardiovascular-related gene
expression. Consequently, polyphenols prevent the progress
of endothelial dysfunction, decreasing the development of
atherosclerotic plaque, vascular thrombosis, and occlusion.
In early stages of atherosclerosis development, polyphenols
contribute to reducing LDL oxidation, improving antioxidant status, and decreasing levels of inﬂammatory cytokines
and adhesion molecules (Figure 1).
Oxidative stress is thought to be a key event in the
pathogenesis of cerebral ischaemia. Overproduction of ROS
during ischaemia may cause an imbalance between oxidative
and antioxidative processes. ROS can damage lipids, proteins, and nucleic acids, inducing apoptosis or necrosis. It is
hypothesized that plant polyphenols can provide protection
against neurodegenerative changes associated with cerebral
ischaemia [56]. Polyphenols can upregulate multiple redox
enzymes, such as endothelial NO synthase, catalase, SOD1,
and SOD2.
Most experimental and epidemiological studies suggest
that dietary polyphenols activate antioxidant pathways and
modulate immune response by inhibiting proinﬂammatory
biomarkers.
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Figure 1: Molecular signaling pathways and molecular risk factors modulated by polyphenols in neurological disorders.

5. Conclusion
The results from experimental in vitro and in vivo studies and
clinical evidence support the beneﬁcial eﬀects of some classes
of polyphenols, mainly ﬂavonoids, on multiple endpoints of
cardiovascular risk. The most convincing mechanisms
involve the reduction of BP by increasing NO production
and improvement in endothelial function. However, the lack
of information about polyphenolic food composition and
metabolism does not allow conclusions about the eﬀects
and eﬀectiveness in preventing CVD.
Moreover, future clinical trials evaluating the eﬀect of
dietary polyphenols should take into account diﬀerent
aspects to obtain conclusive results. It is important to include
a proper control product regarding polyphenol content. It is
also necessary to consider the speciﬁc target population
included in the study to correctly design the nutritional intervention period duration (weeks, months), as well as the dose
of the polyphenols investigated. To establish the eﬀects of
oral exposure to the most promising polyphenols, large-scale,
long-term, well-controlled trials, preferably with clinical
endpoints including cardiovascular morbidity/mortality, are
required. Until now, there is no suﬃcient data to establish a
dietary reference intake for each class of polyphenols. To
ensure the safety of their consumption, the development of
functional foods should only consider the same level of polyphenols as the best dietary source can deliver at dietary doses.
Then, the bioactivity of this functional food should be tested
with in vivo models. After proving the bioeﬃcacy of the
compounds, mechanism should be tested in vitro.
In the future, it is essential for the scientiﬁc community to
strictly consider well-designed experiments (in terms of the

nature and concentrations of metabolites used) in order to
deﬁnitively identify the compounds biologically active in
target tissues as well as the molecular mechanisms involved.
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Currently, the neuroprotectant and memory-enhancing agent for menopausal women with metabolic syndrome is required. Based
on the advantages of polyphenolics on numerous changes observed in menopause with metabolic syndrome and the encapsulation
method, we hypothesized that microencapsulated mulberry fruit extract (MME) could protect brain damage and improve memory
impairment in an animal model of menopause with metabolic syndrome. To test this hypothesis, MME at doses of 10, 50, and
250 mg/kg was given to female Wistar rats which were induced experimental menopause with metabolic syndrome by bilateral
ovariectomy (OVX) and fed with high-carbohydrate high-fat (HCHF) diet for 8 weeks. Spatial memory together with neuron
density, oxidative stress status, acetylcholinesterase, and phosphorylation of Erk in the hippocampus was assessed at the end of
the study. It was found that MME decreased memory impairment, oxidative stress status, and AChE activity but increased
neuron density and Erk phosphorylation in the hippocampus. Therefore, the neuroprotective and memory-enhancing eﬀects of
MME might partly involve the enhanced cholinergic function and Erk phosphorylation but decreased oxidative stress status in
hippocampus. Therefore, MME is the potential novel neuroprotectant and memory-enhancing agent for menopause with
metabolic syndrome. However, further research especially clinical trial is still necessary.

1. Introduction
The number of menopausal women is continually increasing
worldwide [1]. Recently, it has been demonstrated that the
prevalence of chronic diseases including metabolic syndrome
in menopausal women is increased [2, 3]. Moreover, both
menopausal condition and metabolic syndrome can induce
memory impairment and decrease hippocampal plasticity
[4–7]. Based on the rising trends of both menopause and
metabolic syndrome mentioned earlier, the memory impairment in menopausal women with metabolic syndrome is
increasing its importance and is recognized as one of the
important health problems. Unfortunately, less information

concerning this issue is available. Moreover, the current
therapeutic strategy is still not in satisfaction level. Therefore,
this problem should be concerned and the successful strategies for combating this condition are required.
Recently, it has been demonstrated that the substances
which are rich in polyphenolic compounds especially anthocyanins can improve both metabolic syndrome and cognitive
impairment [8, 9]. Since polyphenolic compounds including
anthocyanins have low stability toward environment condition during processing and storage, it is a hard task force to
incorporate the mentioned substance into foods and health
products. However, encapsulation has been reported to be
an eﬀective way to introduce such substances into the

2
mentioned products. Encapsulating agent can be served as a
protector coat against adverse environmental condition
resulting in the increased stability. In addition, encapsulated
compounds are also easier to handle.
Ripen fruits of mulberry or Morus alba (Moraceae family)
are rich in polyphenolic compounds especially anthocyanins.
The mulberry fruit extract exerts the neuroprotective and
memory-enhancing eﬀects in an animal model of vascular
dementia [10]. Since the neurodegeneration and memory
impairment both in vascular dementia [10] and in a menopausal woman with metabolic syndrome [11] are associated
with oxidative stress, the neuroprotective and cognitiveenhancing eﬀects of mulberry extract have been focused.
Based on the beneﬁts of anthocyanins and mulberry
extract together with the encapsulation advantage mentioned earlier, we hypothesized that the encapsulated mulberry extract could improve hippocampal damage and
memory impairment in postmenopausal metabolic syndrome. To elucidate this issue, this study was carried out
to determine the neuroprotective and cognitive-enhancing
eﬀects of encapsulated mulberry extract in an animal
model of postmenopausal metabolic syndrome induced
by high-carbohydrate high-fat diet.

2. Materials and Methods
2.1. Preparation of Mulberry Fruit Extract. Ripen mulberry
fruits (Morus alba L.) were collected from the Queen Sirikit
Department of Sericulture Center, Udon Thani Province.
The fresh mulberry fruits were cleaned and dried with
an oven (Memmert GmbH, USA) at 60°C for 72 hours.
The dried mulberry was grounded to ﬁne powder and
extracted by maceration technique with 50% hydroalcoholic (1% w/v) for 24 h and then ﬁltered with Whatman
number 1 ﬁlter paper. All yielded extracts were dried with
the oven (Memmert GmbH, USA) at 60°C for 24 hours and
kept at 4°C until used.
2.2. Preparation of Microencapsulated Mulberry Extract.
Maltodextrin dextrose equivalent 10 (DE10) was selected as
encapsulation matrix. It was mixed with mulberry extract at
the ratio of 9 : 1 (w/w). The mixture was dissolved in warm
distilled water at 50°C and stirred for 30 minutes. The solution was frozen at −20°C for 18 hours in a freezer and subjected to drying in a freeze-dryer (Labconco freeze dryer,
Labconco Corporation, Kansas City, MO, USA) for 48 hours
(−86°C, 0.008 mbar). The dry sample was packaged and
stored in a desiccator containing silica gel at 4°C.
2.3. Measurement of Total Phenolic Compound Contents. The
total phenolic compound content of the encapsulated mulberry extract was determined by using the Folin-Ciocalteu
colorimetric method in microplate reader (iMark™ Microplate Absorbance Reader) [12, 13]. A 20 μl of the extract
was mixed with 158 μl of distilled water and 20 μl of 50%
v/v Folin-Ciocalteu reagent (Sigma-Aldrich, USA) which
was freshly prepared. The mixture was incubated for 8
minutes. Then, 30 μl of 20% Na2CO3 (Sigma-Aldrich,
USA) was added and subjected to a 2-hour incubation period
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at room temperature in a dark room. The absorbance was
measured at 765 nm. Result was expressed as mg gallic acid
equivalent (GAE)/mg microencapsulated mulberry extract.
Various concentrations of gallic acid (Sigma-Aldrich, USA)
were used as a standard calibration curve.
2.4. Measurement of Flavonoid Content. The determination
of ﬂavonoid content was performed by aluminum chloride
method [14]. This process was based on the formation of
aluminum-ﬂavonoid complexes. All assessments were
performed in triplicate. In brief, 100 μl of the extract at
various concentrations was mixed with 100 μl of 2%
methanolic aluminum chloride (Sigma-Aldrich, USA) and
subjected to the 30-minute incubation period at room
temperature in dark room. Then, the absorbance at
415 nm was taken against the suitable blank. Various
concentrations of quercetin (Sigma-Aldrich, USA) were
used for the standard calibration curve preparation.
Results were expressed as μg quercetin equivalent/mg
microencapsulated mulberry extract.
2.5. Determination of Free Radical Scavenging Activities. The
scavenging activity against free radicals of the encapsulated
mulberry extract was assessed via 1,1-diphenyl-2-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP),
and 2,2′-azinobis-3-ethylbenzothiazoline-6-sulphonic acid
(ABTS) assays. For DPPH assay, an aliquot of 0.15 mM
DPPH in methanol (180 μl) (Sigma-Aldrich, USA) was mixed
with 20 μl of various concentrations of encapsulated mulberry extract and incubated for 30 minutes. The absorbance
was measured against blank at 517 nm via microplate reader
(iMark Microplate Absorbance Reader) [15, 16]. Ascorbic
acid was used as positive control. Results were expressed in
terms of EC50 (concentration in micrograms per milliliter
required to inhibit DPPH radical formation by 50%).
The determination of antioxidant activity via FRAP assay
is based on the ability of the tested substance to convert ferric
tripyridyltriazine (Fe3+-TPTZ) to ferrous tripyridyltriazine
(Fe2+-TPTZ). FRAP working solution containing 10 mM
TPTZ (Sigma-Aldrich, USA), 20 mM ferric chloride solution
(FeCl3) (Sigma-Aldrich, USA), and 300 mM acetate buﬀer
(Sigma-Aldrich, USA) at the volume of 190 μl was mixed with
10 μl of encapsulated mulberry extract. After a 10-minute
incubation at 37°C, the solution was determined for the
absorbance against blank at 593 nm [17]. Ascorbic was used
as positive control, and results were expressed as EC50 value.
The 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) was also used to determine the free radicalscavenging activity of the encapsulated mulberry extract
[18]. In brief, various concentrations of the encapsulated
mulberry extract (30 μl) were reacted with the stock solution
containing 7 mM ABTS (Sigma-Aldrich, USA) and 2.45 mM
potassium persulfate (Sigma-Aldrich, USA; freshly prepared).
The absorbance was measured at 734 nm.
The antioxidant activity of each sample was expressed in
terms of EC50 (concentration in micrograms per milliliter
required to inhibit ABTS radical formation by 50%) calculated from the log-dose inhibition curve.
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2.6. Measurement of Acetylcholinesterase Inhibitory (AChEI)
Activity. AChE suppression activity of the encapsulated
mulberry was determined by colorimetric method according to the method of Elmann et al. [19]. This method is
based on the determination of a yellow color of 5,5′-dithiobis (2-nitrobenzoic acid) produced by the hydrolysis of
acetylcholine by acetylcholinesterase (AChE). In brief,
various concentrations of encapsulated mulberry extract
at the volume of 25 μl each were added to the reaction
mixture containing 50 μl of Tris-HCl (50 mM, pH 8.0)
(Sigma-Aldrich, USA), 75 μl of 3 mM 5,5′-dithio-bis-2nitrobenzoic acid (DTNB) (Sigma-Aldrich, USA), and
25 μl of 15 mM thiocholine iodide (ATCI) (Sigma-Aldrich,
USA) and 25 μl of AChE (0.22 U/ml) (Sigma-Aldrich,
USA). After mixing, the reaction mixture was incubated
at room temperature for 5 minutes, and the absorbance
at 412 nm was recorded with microplate reader (iMark
Microplate Absorbance Reader). Percentage of inhibition
was calculated by comparing the rate of enzymatic hydrolysis of ATCI for the samples to that of the blank (50%
aqueous methanol in buﬀer). Donepezil (1–32 mM) (ARICEPT®, USA) was used as a reference standard. The
AChE inhibition activity of each sample was expressed in
terms of EC50. Every sample was assessed in triplicate.
2.7. Finger Print Chromatogram Assessment. The phenolic
proﬁles of mulberry extract and encapsulated mulberry
extract consisting of cyanidin-3-glucoside (Sigma-Aldrich,
USA), gallic acid (Sigma-Aldrich, USA), and quercetin-3O-rutinoside (Sigma-Aldrich, USA) were determined by
high-performance liquid chromatography (HPLC). Chromatography was performed by using a Waters® system
equipped with a Waters 2998 photodiode array detector.
Chromatographic separation was performed using Purospher® STAR, C-18 encapped (5 μm), LiChroCART® 2504.6, and HPLC-Cartridge, Sorbet Lot number HX255346
(Merk, Germany). The mobile phase (HPLC grade) consisted
of 100% methanol (solvent A) (Fisher Scientiﬁc, USA) and
2.5% acetic acid (solvent B) (Fisher Scientiﬁc, USA) in deionized (DI) water was used to induce gradient elution. The
gradient elution was carried out at a ﬂow rate of 1.0 ml/min
with the following gradient: 0–17 min, 70% A; 18–20 min,
100% A; and 20.5–25 min, 10% A. The sample was ﬁltered (0.45 μm, Millipore), and a direct injection of tested
sample at the volume of 20 μl on the column was performed. The chromatograms were recorded at 280 nm
using UV detector, and data analysis was performed
using EmpowerTM3.
2.8. Experimental Protocol. Female Wistar rats (weighing
200–250 g, 10 weeks old) were obtained from National Laboratory Animal Center, Salaya, Nakhon Pathom, Thailand.
The rats were kept under standard laboratory conditions
with food and water ad libitum and housed in standard metal
cages (5 per cage). Temperature was controlled at 23 ± 2°C on
12 : 12 h light-dark cycle. All procedures and experimental
protocols were approved by the Institutional Animal Ethics
Committee of Khon Kaen University (Record number
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AEKKU 27/2017). After 1 week of acclimatization, the animals were divided into 7 groups as follows:
(a) Group I (normal diet (ND) + vehicle): all rats in this
group received normal diet (4.5% fat, 42% carbohydrate, and 24%protein) and were treated with vehicle.
(b) Group II (HCHF + vehicle): all animals in this group
received HCHF diet and treated with vehicle.
(c) Group III (OVX-HCHF diet + vehicle): all rats in this
group were subjected to bilateral ovariectomy
(OVX), received HCHF diet, and treated with vehicle.
(d) Group IV (OVX-HCHF diet + isoﬂavone): rats had
been subjected to bilateral ovariectomy, fed with
HCHF diet, and treated with isoﬂavone at a dose of
15 mg/kg BW.
(e) Group V-VII (OVX-HCHF diet + microencapsulated
mulberry extract (MME)): all rats in these groups
were subjected to OVX, received HCHF diet, and
treated with MME at various doses ranging from
10, 50, and 250 mg/kg BW.
In this study, all OVX rats were anesthetized with
thiopental sodium at a dose of 40 mg/kg BW prior to the
induction of experimental menopause by bilateral ovariectomy. After 1 week of operation, OVX rats in group III–
group VII were fed with high-carbohydrate high-fat diet
(HCHF; 35.83% fat, 35.54% carbohydrate, and 28.63% protein) in order to induce metabolic syndrome. After 20 weeks
of the feeding period, rats which showed percent change of
body weight more than 25 percent, the homeostasis model
assessment-estimated insulin resistance (HOMA-IR) index
and plasma angiotensin-converting enzyme levels higher
than the control group were selected for further study. Then,
the recruited animals were randomly assigned for the interventions including vehicle, isoﬂavone, and MME at various
doses ranging from 10, 50, and 250 mg/kg BW. All animals
were assessed for spatial memory after the single dose of
treatment and at the end of 8-week intervention period. In
addition, neuron density, the oxidative stress status, AChE,
and the expression of Erk signal transduction in the hippocampus were also investigated at the end of the study.
2.9. Morris Water Maze Test. The water maze is a metal circle
pool at diameter of 147 cm and 60 cm in depth, and water
(25 ± 1°C) was ﬁlled with white nontoxic milk powder to a
depth of 40 cm. It was divided into 4 equal quadrants
(Northeast, Southeast, Southwest, and Northwest) by 2
imaginary lines crossing the center of the pool. A removable platform was immersed in the center of one quadrant.
Each animal was trained to memorize the location of the
platform by forming the association information between
its location and the location of platform by using external
cues. After 4 training sessions, the animals were determined the time which required for ﬁnding the platform
and climbed onto the platform or escape latency. The
retention time was also determined by exposing the animals to the same condition except that the platform was
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removed from the location previously immersed. In this
case, the time which the animals spend swimming in the
quadrant which previously contained the platform was
regarded as retention time that was recorded.
2.10. Histological Procedure and Nissl Staining. The brains
were perfused transcardially with ﬁxative solution containing
4% paraformaldehyde (Sigma-Aldrich, USA) in 0.1 M
phosphate buﬀer pH 7.4 overnight at 4°C. Then, they were
inﬁltrated with 30% sucrose (Merck, Germany) solution for
48–72 h. Serial sections of tissues were cut frozen on cryostat
(Thermo Scientiﬁc™ HM 525 Cryostat) at 10 μm thick. All sections were picked up on slides coated with 0.3% aqueous solution of gelatin containing 0.05% aluminum potassium sulfate
(Sigma-Aldrich, USA). The triplicate coronal sections of the
brains were stained with 0.25% cresyl violet (Sigma-Aldrich,
USA), dehydrated through graded alcohols (70, 95, 100% 2x)
(RCI LabScan, Thailand), placed in xylene (Merck, Germany),
and mounted using DPX mountant (Merck, Germany). The
evaluation of neuron density in the hippocampus was
performed under Olympus light microscope model BH-2
(Japan) at 40x magniﬁcation. Counts were performed in three
adjacent ﬁelds, and the mean number was calculated and
expressed as the density of neurons per 255 μm2.
2.11. Assessment of Oxidative Stress Status and Acetylcholine
Activity in Hippocampus. At the end of the study, all animals
were sacriﬁced. Anterior hippocampus was isolated, prepared as hippocampal homogenate with 50 volume of 0.1 M
phosphate buﬀer saline. Then, the homogenate was used for
the determination of the acetylcholinesterase (AChE) activity
and oxidative status including malondialdehyde (MDA) level
and the activities of superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GSH-Px). The protein
concentration in brain homogenate was determined by using
a Thermo Scientiﬁc NanoDrop 2000c spectrophotometer
(Thermo Fisher Scientiﬁc, Wilmington, DE, USA) and measured the optical density at the wavelength of 280 nm.
The determination of AChE in brain homogenate was
evaluated according to the spectrophotometric method of
Elmann et al. with a slight modiﬁcation. [19]. The mixture
of 20 μl of sample solution, 200 μl of 0.1 mM sodium
phosphate buﬀer (pH 8.0) (Sigma-Aldrich, USA), and
10 μl of 0.2 M DTNB (5,5′-dithio-bis-(2-nitrobenzoic acid))
(Sigma-Aldrich, USA) were mixed and incubated at room
temperature for 5 minutes. Then, 10 μl of 15 mM acetylcholine thiochloride (ACTI) (Sigma-Aldrich, USA) was
added and incubated for 3 minutes and recorded the
absorbance at 412 nm by using microplate reader (iMark
Microplate Absorbance Reader). The activity of AChE was
calculated according to the equation below and expressed
as nmol/min·mg protein.
AChE activity =

ΔA
1
C,
×
4
20/230
1 36 × 10

1

where ΔA = the diﬀerence of absorbance/minute and
C = protein concentration of brain homogenate.
The level of MDA level, a lipid peroxidation product, was
also assessed. Hippocampal homogenate was determined by

thiobarbituric acid reaction according to the method of
Ohkawa et al. [20, 21]. The reaction mixture containing
50 μl of sample solution, 50 μl of 8.1% sodium dodecyl sulfate
(SDS) (Sigma-Aldrich, USA), 375 μl of 0.8% of thiobarbituric
acid (TBA) (Sigma-Aldrich, USA), 375 μl of 20% acetic acid
(Sigma-Aldrich, USA), and 150 μl of distilled water (DW)
was boiled at 95°C in the water bath for 60 minutes. After
boiling, it was cooled with tap water. Then, 250 μl of DW
and 1250 μl of the solution containing n-butanol and pyridine (Merck, Germany) at the ratio of 15 : 1 were added,
mixed together, and centrifuged at 4000 rpm for 10 minutes.
The upper layer was separated and measured the absorbance
at 532 nm. 1,1,3,3-tetramethoxy propane (0–15 μM) (SigmaAldrich, USA) was served as standard, and the level of MDA
was expressed as ng/mg protein.
The determination of SOD activity was performed
according to the method of Sun et al. [22]. In brief, the assay
mixture containing 57 mM phosphate buﬀer solution
(KH2PO4) (Sigma-Aldrich, USA), 0.1 mM EDTA (SigmaAldrich, USA), 10 mM cytochrome C (Sigma-Aldrich,
USA) solution, and 50 μM of xanthine (Sigma-Aldrich,
USA) solution at the volume of 200 μl was mixed with
20 μl of tissue sample. Then, 20 μl of xanthine oxidase
(0.90 mU/ml) (Sigma-Aldrich, USA) solution was added
and the absorbance at 415 nm was measured. SOD enzyme
(Sigma-Aldrich, USA) activities at the concentrations of 0–
25 units/ml were used as standard, and the results were
expressed as units/mg protein.
Catalase activity was determined based on the ability of
the enzyme to break down H2O2. In brief, 10 μl of sample
was mixed with the reaction mixture containing 50 μl of
30 mM hydrogen peroxide (in 50 mM phosphate buﬀer,
pH 7.0) (BDH Chemicals Ltd, UK), 25 μl of H2SO4 (SigmaAldrich, USA), and 150 μl of 5 mM KMnO4 (Sigma-Aldrich,
USA). After mixing thoroughly, the optical density was measured at 490 nm [23]. CAT enzyme (Sigma-Aldrich, USA) at
the concentration range of 0–100 units/ml was used as standard, and the result was expressed as units/mg protein.
Glutathione peroxidase activity was also assessed. In
brief, a mixture containing a 20 μl of sample solution and
the reaction mixture consisting of 10 μl of 1 mM dithiothreitol (DTT) (Sigma-Aldrich, USA) in 6.67 mM potassium
phosphate buﬀer (pH 7), 100 μl of 1 mM sodium azide
(Sigma-Aldrich, USA) in 6.67 mM potassium phosphate
buﬀer (pH 7), 10 μl of 50 mM glutathione (Sigma-Aldrich,
USA) solution, and 100 μl of 30% hydrogen peroxide
(BDH Chemicals Ltd, UK) were mixed thoroughly and
incubated at room temperature for 5 minutes. Then,
10 μl of 10 mM DTNB (5,5-dithiobis-2-nitrobenzoic acid)
(Sigma-Aldrich, USA) was added and the optical density
at 412 nm was recorded at 25°C over a period of 5 min
[24]. The standard calibration curve was prepared by using
GSH-Px enzyme (Sigma-Aldrich, USA) at the concentration range of 0–5 units/ml. GSH-Px activity was expressed
as units/mg protein.
2.12. Western Blotting Analysis. Anterior hippocampus of the
brain was suspended and homogenized in mammalian protein extraction reagent (M-PER; Pierce Protein Biology
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Table 1: The bioactive compounds and biological activities of microencapsulated mulberry fruit extract (MME).
Mulberry fruit
extract

Microencapsulated
mulberry fruit extract

Total phenolic compounds (mg GAE/mg extract)

80.00 ± 0.98

Flavonoids content (μg quercetin/mg extract)

8.89 ± 0.13

103.89 ± 13.08
26.56 ± 1.26∗∗

Parameters

DPPH (EC50, mg/ml)
FRAP (EC50, mg/ml)

2.56 ± 0.08
280.04 ± 3.14

ABTS (EC50, mg/ml)

4.08 ± 0.02
0.07 ± 0.002

AChEI (EC50, mg/ml)
∗

Data are presented as mean ± SEM. p value <0.05 and

∗∗

2.07 ± 0.79
192.79 ± 15.94
1.66 ± 0.08∗∗
0.05 ± 0.003

∗

Standard reference
—
—
0.03 ± 0.01, ascorbic acid
21.04 ± 1.24, ascorbic acid
0.20 ± 0.002, Trolox
0.02 ± 0.001, donepezil

p value < 0.01, compared between MME and mulberry fruit extract.

Product, Rockford, IL, USA), with protease inhibitor cocktail
(1 : 10) (Sigma-Aldrich, USA). Brain homogenate was subjected to a 12,000g centrifugation process for 10 minutes at
4°C. The supernatant was isolated and used for the determination of protein and Erk expression. Protein concentration
was determined by using a Thermo Scientiﬁc NanoDrop
2000c spectrophotometer (Thermo Fisher Scientiﬁc,
Wilmington, DE, USA). In addition, sixty micrograms of
tissue lysates was adjusted to an appropriate concentration
by using Tris-Glycine SDS-PAGE loading buﬀer (Bio-Rad,
USA) and heated at 95°C for 10 minutes. Protein in tissue
sample was isolated via sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) by loading
20 μl of tissue sample on SDS-polyacrylamide gel. Then,
the separated bands were transferred to nitrocellulose
membrane, washed with 0.05% TBS-T, and incubated in
blocking buﬀer (5% skim milk in 0.1% TBS-T) at room
temperature for 1 hour. After the blocking process, the
nitrocellulose membrane was incubated with anti-phosphoErk1/2 (Thr202/Tyr204) (Cell Signaling Technology, USA;
dilution 1 : 1000), anti-Erk1/2 (Cell Signaling Technology,
USA; dilution 1 : 1000) antibodies at room temperature for
2 hours. The nitrocellulose membrane was rinsed with
TBS-T (0.05%) again and incubated with anti-rabbit IgG,
HRP-linked antibody (Cell Signaling Technology, USA; dilution 1 : 2000) at room temperature for 1 hour. The bands
were visualized and quantitated by using the ECL detection
systems (GE Healthcare) and LAS-4000 luminescent image
analyzer (GE Healthcare). Band intensities were measured
for statistical analysis using ImageQuant TL v.7.0 image
analysis software (GE Healthcare). The expression was
normalized using anti-total ERK1/2. Data were presented as
a relative density to control normal diet group.
2.13. Statistical Analysis. All data are expressed as mean
± standard error of mean (SEM). Statistical signiﬁcance was
evaluated by using one-way analysis of variance (ANOVA),
followed by Duncan’s post hoc test. The statistical signiﬁcance was regarded at p values < 0.05.

3. Results
3.1. Assessment of Bioactive Compounds and Biological
Activities. Table 1 showed that the contents of polyphenolic
compounds and ﬂavonoids in mulberry fruit extract were
80 ± 0.98 mg of gallic acid equivalent (GAE)/mg sample

extract and 8.89 ± 0.13 μg quercetin/mg sample extract
whereas the contents of the substances just mentioned in
microencapsulated mulberry fruit extract (MME) were
103.89 ± 13.08 mg GAE/mg sample extract and 26.56
± 1.26 μg quercetin/mg sample extract. The ﬂavonoid content in MME is signiﬁcantly higher than that in mulberry
fruit extract (p value < 0.01, compared between MME and
mulberry fruit extract). Half maximal eﬀective concentration
(EC50) of antioxidant evaluated via DPPH, FRAP, and ABTS
assays of mulberry fruit extract was 2.56 ± 0.08, 280.04 ± 3.14,
and 4.08 ± 0.02 mg/ml, respectively. EC50 of antioxidant
activity of MME assessed by DPPH, FRAP, and ABTS were
2.07 ± 0.79, 192.79 ± 15.94, and 1.66 ± 0.08 mg/ml. Although
MME shows the potent antioxidant activity than mulberry
extract, the signiﬁcant diﬀerence was observed only the
EC50 assessed via ABTS assay (p value < 0.01, compared
between MME and mulberry fruit extract). In addition, the
EC50 of antioxidant eﬀect of MME assessed via the mentioned methods was very much higher than the reference.
EC50 of AChEI activity of a mulberry fruit extract was
0.07 ± 0.002 while that of MME was 0.05 ± 0.003 mg/ml.
Interestingly, EC50 of AChEI of MME was signiﬁcantly
lower than that of mulberry extract (p value < 0.05, compared
between MME and mulberry fruit extract). In addition, this
value is close to the value of donepezil, a standard drug used
for treating dementia.
3.2. The Finger Print of Microencapsulated Mulberry Fruit
Extract. Figure 1 shows the ﬁngerprint chromatogram of
mulberry fruit extract and microencapsulated mulberry fruit
extract (MME). The ﬁngerprint chromatogram analysis
obtained from this study revealed that mulberry fruit extract
of 200 milligrams contained 253.04 ± 3.92 μg cyanidin-3-glucoside, 10.81 ± 0.29 μg gallic acid, and 265.84 ± 17.66 μg
quercetin-3-O-rutinoside whereas MME of 200 milligrams
contained of 293.62 ± 4.90 μg cyanidin-3-glucoside, 9.08
± 0.09 μg gallic acid, and 243.51 ± 5.88 μg quercetin-3-Orutinoside. However, no signiﬁcant diﬀerence in gallic acid
and quercetin-3-O-rutinoside contents between MME and
mulberry fruit extract was observed (p value > 0.05). Interestingly, the cyanidin-3-glucoside content in MME is signiﬁcantly higher than that in mulberry fruit extract (p value <
0.05, compared between MME and mulberry fruit extract).
3.3. Eﬀect of MME on Spatial Memory. The eﬀect of MME on
escape latency was shown in Figure 2(a). After the single
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Figure 1: The ﬁngerprint chromatogram of mulberry fruit extract and microencapsulated mulberry fruit extract (MME).

administration, no signiﬁcant diﬀerences among groups were
observed. When compared between rats which received
HCHF diet and those which received normal diet, no significant change in escape latency was observed after 8 weeks of
treatment. However, HCHF diet induced the increased
escape latency in OVX rats (p value < 0.05, compared to control rats which received normal diet and vehicle). In addition,
OVX rats which received HCHF diet and received isoﬂavone
or received MME at doses of 10, 50, and 250 mg/kg signiﬁcantly decreased escape latency (p value < 0.05 all, compared
to OVX rats which received HCHF diet and vehicle).
Figure 2(b) shows the eﬀect of MME on retention time.
After the single administration, HCHF diet failed to produce
the signiﬁcant changes of retention time in both normal and
OVX rats. OVX rats which received a high dose of MME
signiﬁcantly increased retention time after the single administration (p value < 0.01, compared to OVX rats which
received HCHF and vehicle). After 8 weeks of intervention,
it was found that HCHF failed to produce the signiﬁcant
change in retention time in normal rats which received
vehicle. However, OVX rats which received HCHF diet signiﬁcantly decreased retention time (p value < 0.01, compared
to normal rats which received vehicle; p value < 0.001, compared to normal rats which received HCHF diet). Both OVX
rats which fed with HCHF diet and received either isoﬂavone
or MME (all doses used in this study) signiﬁcantly enhanced
retention time (p value < 0.01, 0.001, 0.001, and 0.001,
respectively, compared to OVX which received HCHF diet
and vehicle). Interestingly, MME at a dose of 250 mg/kg also
enhanced retention time better than normal rats which
received vehicle.
3.4. Eﬀect of MME on Hippocampal Neuron. To further
explore the possible underlying mechanism of the memoryenhancing eﬀect of MME, the plasticity of the hippocampus
was assessed via the assessment of the neuron density in
CA1, CA2, CA3, and the dentate gyrus of the hippocampus
(Figure 3). It was found that normal rats which received
HCHF diet signiﬁcantly decreased neuron density in CA1,
CA2, CA3, and dentate gyrus (p value < 0.001, 0.001, 0.01,

and 0.001, respectively, compared to normal rats which
received normal diet and vehicle). OVX rats which received
HCHF diet also showed the reduction of neuron density in
all subregions mentioned earlier (p value < 0.001, 0.01, 0.01,
and 0.001, respectively, compared to normal rats which
received normal diet and vehicle). HCHF diet decreased the
neuron density in CA2 of OVX rats higher than normal rats
(p value < 0.05, compared between OVX rats which received
HCHF diet and normal rats which received HCHF diet).
Isoﬂavone could counteract the reduction of neuron density
in CA1, CA2, CA3, and dentate gyrus in OVX rats which
fed with HCHF diet (p value < 0.05, 0.01, 0.05, and 0.01,
respectively, compared to OVX rats which received HCHF
diet and vehicle). MME at all doses used in this study also
enhanced neuron density in all subregions just mentioned
in OVX rats which received HCHF diet (p value < 0.01,
0.05, and 0.001; p value < 0.001 all; p value < 0.01, 0.01, and
0.001; 0.01, 0.001, and 0.001, respectively, compared to
OVX rats which received HCHF diet and vehicle). Interestingly, the increased neuron density in CA2 and CA3 induced
by high dose of MME and the increased neuron density in
CA2 induced by the low dose of MME were higher than the
neuron density in the normal healthy rats which received
normal diet and vehicle.
3.5. Eﬀect of MME on Oxidative Stress Status and AChE in the
Hippocampus. Table 2 shows the eﬀect of MME on AChE
activity and oxidative stress markers including MDA level
and the activities of SOD, CAT, and GSH-Px. In this study,
the eﬀect of MME on AChE was assessed in order to
indirectly indicate the eﬀect on the available acetylcholine
(ACh) and cholinergic function. The current data showed
that HCHF diet failed to produce the signiﬁcant change of
AChE in normal rats but it signiﬁcantly increased AChE
activity in the hippocampus of OVX rats (p value < 0.001,
compared to normal rats which received normal diet and
vehicle; p value < 0.001, compared to normal rats which
received HCHF diet and vehicle). OVX rats which received
HCHF diet and isoﬂavone signiﬁcantly decreased AChE
activity in the hippocampus (p value < 0.01, compared to
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Figure 2: Eﬀect of microencapsulated mulberry fruit extract (MME) on memory impairment via Morris Water Maze test ((a) escape latency
time, (b) retention time). Data are presented as mean ± SEM (n = 6/group). a p value < 0.05 and aa p value < 0.01, compared to control rats
which received normal diet and vehicle; bbb p value < 0.001, compared to normal rats which received HCHF diet and vehicle; and ∗ p value
< 0.05, ∗∗ p value < 0.01, ∗∗∗ p value < 0.001, compared to OVX rats which received HCHF and vehicle. ND: normal diet; HCHF: highcarbohydrate high-fat diet; OVX-HCHF: ovariectomized plus high-carbohydrate high-fat diet; Iso: the isoﬂavone at dose of 15 mg·kg−1
BW; MME10, 50, and 250: the microencapsulated mulberry fruit extract at dose of 10, 50, and 250 mg·kg−1 BW, respectively.
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Figure 3: Eﬀect of microencapsulated mulberry fruit extract on density of survival neurons in the various subregions of the hippocampus.
(a) Light microscope of coronal sections in CA1, CA2, CA3, and dentate gyrus of the hippocampus were stained with cresyl violet at 40x
magniﬁcation. (b) Density of survival neurons in CA1, CA2, CA3, and dentate gyrus of the hippocampus. Data are presented as mean
± SEM (n = 6/group). aa p value < 0.01 and aaa p value < 0.001, compared to control rats which received normal diet and vehicle; b p value
< 0.05, compared to normal rats which received HCHF diet and vehicle; and ∗ p value < 0.05, ∗∗ p value < 0.01, ∗∗∗ p value < 0.001,
compared to OVX rats which received HCHF and vehicle. ND: normal diet; HCHF: high-carbohydrate high-fat diet; OVX-HCHF:
ovariectomized plus high-carbohydrate high-fat diet; Iso: the isoﬂavone at dose of 15 mg·kg−1 BW; MME10, 50, and 250: the
microencapsulated mulberry fruit extract at dose of 10, 50, and 250 mg·kg−1 BW, respectively.
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Table 2: The eﬀect of various doses of MME on acetylcholineseterase activity and oxidative stress markers in the hippocampus.
Treatment group
ND + vehicle
HCHF + vehicle
OVX + HCHF + vehicle
OVX + HCHF + isoﬂavone
15 mg/kg BW
OVX + HCHF + MME
10 mg/kg BW
OVX + HCHF + MME
50 mg/kg BW
OVX + HCHF + MME
250 mg/kg BW

AChE activity
(nmol/min·mg protein)

MDA
(ng/mg protein)

SOD
(units/mg protein)

CAT
(units/mg protein)

GSH-Px
(units/mg protein)

0.14 ± 0.01
0.17 ± 0.04
0.43 ± 0.12aaa,bbb

4.38 ± 1.41
14.27 ± 2.36aaa
11.85 ± 0.85aa

59.28 ± 6.40
47.39 ± 5.86a
14.28 ± 0.82aaa,bbb

780.07 ± 104.63
517.12 ± 53.99aa
201.80 ± 12.04aaa,bbb

10.86 ± 1.04
7.29 ± 0.96aa
3.64 ± 0.52aaa,bbb

0.19 ± 0.03∗∗

7.05 ± 0.69∗

30.74 ± 2.71∗

411.66 ± 37.81∗

4.72 ± 0.42

0.20 ± 0.03∗∗

6.51 ± 0.98∗

38.15 ± 2.53∗∗∗

446.31 ± 51.80∗∗

6.94 ± 0.69∗∗

0.20 ± 0.03∗∗

4.93 ± 0.61∗∗

30.07 ± 0.56∗

427.58 ± 15.64∗∗

6.06 ± 0.36∗

0.26 ± 0.02∗

5.06 ± 0.69∗∗

31.40 ± 1.64∗∗

464.92 ± 38.16∗∗

7.27 ± 0.43∗∗

Data are presented as mean ± SEM (n = 6/group). a p value < 0.05, aa p value < 0.01, aaa p value < 0.001, compared to control rats which received normal diet and
vehicle, bbb p value < 0.001, compared to normal rats which received HCHF diet and vehicle and ∗ p value < 0.05, ∗∗ p value < 0.01, ∗∗∗ p value < 0.001, compared
to OVX rats which received HCHF and vehicle.

OVX rats which received HCHF diet and vehicle). The
reduction of AChE in this area was also observed in
OVX rats which received MME at all doses used in this
study (p value < 0.01, 0.01, and 0.05, respectively, compared
to OVX rats which received HCHF diet and vehicle).
The decreased activities of SOD, CAT, and GSH-Px
(p value < 0.001 all, compared to normal rats which received
normal diet and vehicle; p value < 0.001 all, compared to
normal rats which received HCHF diet and vehicle) together
with the increased MDA level (p value < 0.01, compared to
normal rats which received normal diet) were also observed
in OVX rats which received HCHF diet. Isoﬂavone treatment
signiﬁcantly increased SOD and CAT activities but decreased
MDA level in OVX rats which received HCHF (p value < 0.05
all, compared to OVX rats which received HCHF diet and
vehicle). MME at all doses used in this study also increased
SOD (p value < 0.001, 0.05, and 0.01, respectively, compared
to OVX rats which received HCHF diet and vehicle), CAT
(p value < 0.01 all, compared to OVX rats which received
HCHF diet and vehicle), and GSH-Px (p value < 0.01,
0.05, and 0.01, respectively, compared to OVX rats which
received HCHF diet and vehicle) but decreased MDA
level (p value < 0.05, 0.01, and 0.01, respectively, compared to OVX rats which received HCHF diet and vehicle)
in hippocampus.
3.6. Eﬀect of MME on the Phosphorylation of Erk in the
Hippocampus. Figure 4 shows the eﬀect of MME on the phosphorylation of Erk in the hippocampus. It was found that
HCHF diet signiﬁcantly decreased the phosphorylation of
Erk in the hippocampus of both normal rats and OVX rats
(p value < 0.001, compared to normal rats which received
normal diet and vehicle). However, the magnitude of change
in OVX rats was higher than that in normal rats (p value <
0.05, compared between normal rats which received HCHF
diet and vehicle and OVX rats which received HCHF diet
and vehicle). In addition, isoﬂavone and all doses of MME
could counteract the reduction of Erk phosphorylation

induced by HCHF diet in OVX rats (p value < 0.001, compared to OVX rats which received HCHF diet and vehicle).

4. Discussion
The present study has demonstrated that encapsulated mulberry fruit extract contains more polyphenolic compounds
and ﬂavonoid content. In addition, the biological activity
including antioxidant and AChEI activities of the encapsulated mulberry fruit extract is also better than that of the mulberry fruit extract. In this study, both the mulberry fruit
extract and encapsulated mulberry fruit extract were determined the contents of phenolic compounds and ﬂavonoids
2 weeks after the preparation. Based on the antioxidant and
AChEI of polyphenol [25, 26], the loss of some phenolic
compounds and ﬂavonoid contents during storage may possibly involve with the diﬀerent contents of both substances
mentioned earlier. The loss of phenolic compounds and ﬂavonoid contents of mulberry fruit extract during storage
due to environmental factors such as light and temperature
[27, 28] may probably be more than the losses of the mentioned substances of encapsulated mulberry fruit giving rise
to the higher contents of both substances in encapsulated
mulberry fruit extract than that in mulberry fruit extract.
Our data also clearly demonstrates that the encapsulated
mulberry fruit extract signiﬁcantly improves spatial memory
in an animal model of menopause with metabolic syndrome.
Interestingly, the high dose of encapsulated mulberry fruit
extract can signiﬁcantly enhance retention time after the single administration while isoﬂavone fails to show the positive
modulation eﬀect on this parameter after the single-dose
administration. However, at the end of the 8-week intervention period, isoﬂavone and all doses of encapsulated mulberry fruit extract used in this study show the positive
modulation eﬀect on spatial memory. Since the hippocampus
is the brain area that plays an important role in spatial memory [29, 30], the changes of parameters contributing the
important roles on learning and memory such as ACh [31]
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Figure 4: Eﬀect of various doses of microencapsulated mulberry fruit extract on the relative density of total P-Erk/Erk in the hippocampus
was detected by Western blotting (a) and quantitatively analysis (b). The levels of total P-Erk were normalized against the level of total Erk.
Their relative phosphorylation levels (active form) were calculated against those of control normal diet plus vehicle rats. Data are presented as
mean ± SEM (n = 6/group). aaa p value < 0.001, compared to control rats which received normal diet and vehicle, b p value < 0.05, compared to
normal rats which received HCHF diet and vehicle, and ∗∗∗ p value < 0.001, compared to OVX rats which received HCHF and vehicle. ND:
normal diet; HCHF: high-carbohydrate high-fat diet; OVX-HCHF: ovariectomized plus high-carbohydrate high-fat diet; MME10, 50, and
250: the microencapsulated mulberry fruit extract at dose of 10, 50, and 250 mg·kg−1 BW, respectively.

and oxidative stress [32] were also investigated in this area. It
has been found that in accompany with the improved spatial
memory, the decreased AChE and MDA level together with
the elevations of SOD, CAT, and GSH-Px were also present.
Accumulative lines of evidence have shown that oxidative
stress status in the hippocampus plays a pivotal role on the
neuron survival in the hippocampus and memory performance [10, 29, 30]. Therefore, the improved learning and
memory impairment observed in this study may occur partly
via the improved function of cholinergic system via the

increase of ACh and the decreased oxidative stress status in
the hippocampus.
A pile of evidence has demonstrated that the brain
plasticity which contributes a crucial role on learning and
memory is associated with the neuron density in the hippocampus area [10, 33]. Therefore, the eﬀects of encapsulated
mulberry fruit extract on neuron densities in CA1, CA2,
CA3, and dentate gyrus of the hippocampus were also
explored. Interestingly, all doses of encapsulated mulberry
fruit extract enhanced neuron density in all areas mentioned
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Figure 5: The possible underlying mechanism for the neuroprotective and cognitive-enhancing eﬀect of encapsulated mulberry fruit extract
on an animal model of menopause with metabolic syndrome.

earlier. It has been reported that the phosphorylation of
extracellular signal-regulated kinase (ERK) also plays an
important role on the neuroprotection and brain plasticity
[34] so we also investigated the eﬀect of encapsulated mulberry fruit extract on the phosphorylation of Erk. Our data
have revealed that encapsulated mulberry fruit extracttreated rats also increased the phosphorylation of Erk. Taken
all data together, we suggested that the increased brain plasticity which occurred via the increased phosphorylation of
Erk might also play a role on the memory-enhancing eﬀect
of encapsulated mulberry fruit extract. Since, the increased
neuron densities induced by MME at low and high doses of
MME in CA2 and CA3 are higher than those in normal rats,
we suggest that MME at the mentioned dose might also
increase neurogenesis in the mentioned areas. However, further exploration is required to conﬁrm this event.
No dose-dependent responses were observed in this
study because the memory performance depended on many
factors, so no simple linear relationship between the concentrations of the tested substance and the observed parameters
was observed. In addition, the tested substance contained
numerous ingredients and the eﬀect of active ingredient can
be masked by the others.
Based on the high contents of phenolic compounds such
as cyanidin-3-glucoside, gallic acid, and quercetin-3-O-rutinoside in microencapsulated mulberry fruit extract together
with the neuroprotection and memory-enhancing eﬀects of
the substances just mentioned [35–39], the neuroprotection

and memory-enhancing eﬀects of microencapsulated mulberry fruit extract observed in this study might be related to
the contents of aforementioned phenolic compounds. However, the modulation eﬀect induced by the interaction eﬀects
among various ingredients may also play the roles. Therefore,
the precise understanding concerning this aspect required
further study.
In summary, Figure 5 shows that MME exerts the
memory-enhancing eﬀect via multiple targets including the
improved cholinergic function and the brain plasticity.
MME can suppress AChE in the hippocampus which in turn
improves cholinergic function in this area resulting in the
improved memory performance. Moreover, MME also
enhances plasticity of the hippocampus via both the
decreased oxidative stress status and the increased Erk phosphorylation and ﬁnally giving rise to the improved memory.
Since the low and high doses of MME can also increase neuron density in CA2 and CA3 than that in normal rats, MME
at the doses mentioned earlier may probably increase neurogenesis in both subregions mentioned earlier. However, this
point also requires further exploration.

5. Conclusion
Encapsulated mulberry fruit extract shows higher stability of
phenolic compounds including ﬂavonoids giving rise to the
potent antioxidant and AChEI. The current preclinical data
also clearly show that it improves hippocampal plasticity
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and memory impairment in an animal model of experimental menopause with metabolic syndrome. Therefore, it may
be served as the potential candidate for neuroprotectant
and memory enhancer for menopausal women with metabolic syndrome. However, further researches concerning
the possible active ingredients, the eﬀect on neurogenesis,
and clinical trial are still essential.
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Despite great advances in therapies observed during the last decades, heart failure (HF) remained a major health problem in
western countries. In order to further improve symptoms and survival in patients with heart failure, novel therapeutic strategies
are needed. In some animal models of HF resveratrol (RES), it was able to prevent cardiac hypertrophy, contractile dysfunction,
and remodeling. Several molecular mechanisms are thought to be involved in its protective eﬀects, such as inhibition of
prohypertrophic signaling molecules, improvement of myocardial Ca2+ handling, regulation of autophagy, and the reduction of
oxidative stress and inﬂammation. In our present study, we wished to further examine the eﬀects of RES on prosurvival (Akt-1,
GSK-3β) and stress signaling (p38-MAPK, ERK 1/2, and MKP-1) pathways, on oxidative stress (iNOS, COX-2 activity, and
ROS formation), and ultimately on left ventricular function, hypertrophy and ﬁbrosis in a murine, and isoproterenol- (ISO-)
induced postinfarction heart failure model. RES treatment improved left ventricle function, decreased interstitial ﬁbrosis, cardiac
hypertrophy, and the level of plasma BNP induced by ISO treatment. ISO also increased the activation of P38-MAPK, ERK1/
2Thr183-Tyr185, COX-2, iNOS, and ROS formation and decreased the phosphorylation of Akt-1, GSK-3β, and MKP-1, which were
favorably inﬂuenced by RES. According to our results, regulation of these pathways may also contribute to the beneﬁcial eﬀects
of RES in HF.

1. Introduction
Despite signiﬁcant advances in therapy, heart failure (HF) is
a constantly growing medical and social burden in western
societies. Pharmacological inhibition of the RAAS and the
adrenergic system resulted in substantial reduction in mortality [1]. However, further blocking of the neuroendocrine
axis has failed to fulﬁll our hopes, so new ideas and
approaches are needed in the treatment of heart failure. Oxidative stress is thought to play an important role in diﬀerent
cardiac pathological conditions such as I/R injury, ﬁbrosis,
cardiac hypertrophy, remodeling, and heart failure [2].
Excessive ROS may cause extensive oxidative damage to proteins, DNA, and lipids resulting in damaged cardiomyocyte
functions including contractility, ion transport, and calcium

cycling [3]. Moreover, ROS induce diﬀerent pathological
intracellular signaling pathways ultimately evoking apoptosis
and necrosis. Regulation of intracellular ROS formation and
modiﬁcation of the stress responding signaling pathways
may prevent or slow pathological processes in HF [4].
Resveratrol (3,5,4′-trihydroxystilbene) (RES) (Figure 1) is
a natural phytoalexin found in a wide variety of plant species
including grapes and nuts and present in varying concentration in red wines [5]. Numerous experimental studies have
veriﬁed that RES interferes with several pathological processes in diﬀerent cardiovascular diseases such as myocardial
ischemia [6], myocarditis [7], cardiac hypertrophy [8], and
heart failure [4]. Multiple mechanisms have been proposed
to be responsible for the protective eﬀects of RES in HF,
including reducing oxidative stress and inﬂammation [9, 10],
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Figure 1: Chemical structure of resveratrol (RES).

inhibiting pathological hypertrophic signaling [11], improving Ca2+ handling [12], decreasing apoptosis, and modifying
autophagy through diﬀerent intracellular pathways [13].
The aim of the present study was to further examine
RES in a postinfarction heart failure animal model, where
isoproterenol, a strong sympathetic agent, was used to
induce myocardial infarction, causing patchy, predominantly subendocardial necrosis and ﬁbrosis [14]. We examined the eﬀect of RES on left ventricular function, myocyte
hypertrophy, collagen deposition, ROS production, and
intracellular signaling pathways taking part in the process
of cardiac remodeling and heart failure.

2. Methods
2.1. Animals. Male 20-week-old Wistar rats (410–480 g) were
used for the experiments. The experiment was approved by
the Animal Research Review Committee of the University
of Pécs Medical School (Permit number: BA02/2000–2/
2010), and the animals received care according to the Guide
for the Care and Use of Laboratory Animals published by
the US National Institute of Health (NIH Publication
Number 85–23, revised 1996). The animals were housed
under standardized conditions, 12 h dark-light cycle in
solid-bottomed polypropylene cages, and received commercial rat chew ad libitum. Resveratrol of herbal origin (with
>98% t-resveratrol content) was purchased from Argina
Nutraceuticals (Fót, Hungary). Ethanol was used to prepare
a stock solution of RES which was added to 30 ml of drinking
water. We got a clean solution without any undissolved residue. Dosage of RES was set to 15 mg/kg/day. After ﬁnishing
this ﬁrst 30 ml of drinking water, the animals got clear water
for the rest of the day [15].
2.2. Experimental Protocol. The rats were treated twice on
two consecutive days with 80 mg/kg ISO (Sigma-Aldrich)
or vehicle (physiological saline solution) subcutaneously to
induce postinfarction remodeling as previously described.
The animals were divided into four groups: control group
(C) received clear water without ISO treatment; the second
group of rats received two subcutaneous injections of isoproterenol at the dosage of 80 mg/kg (ISO); ISO + RES group
(ISO + RES) received resveratrol with ISO treatment; and
the resveratrol group (RES) received resveratrol without
ISO treatment. RES inhibitor treatment was delayed 24 h to
avoid suppression of infarct size. At the end of the 8-weeklong period, body weights were measured, animals were

sacriﬁced, and the hearts were removed. Atria and great vessels were trimmed from the ventricles; the weight of the
ventricles was measured and normalized to body mass.
Afterward, ventricles were ﬁxed in 10% formalin for histology or freeze clamped for Western blot analysis [16].
2.3. Noninvasive Evaluation of Cardiac Structure and
Function. Transthoracic echocardiography was performed
under inhalation anesthesia at the beginning of the experiment and on the day of sacriﬁce. The rats were lightly anesthetized with a mixture of 1.5% isoﬂurane and 98.5%
oxygen. The chest of the animals was shaved and acoustic
coupling gel was applied. The animals were imaged in the left
lateral position, and a warming pad was used to maintain
normothermia. Cardiac diameter and functions were measured from short and long axis views at the midpapillary
level using a VEVO 770 high-resolution ultrasound imaging
system (VisualSonics, Toronto, Canada), which is equipped
with a 25-MHz transducer. The investigators were blinded
to the treatment protocol. Left ventricular (LV), ejection
fraction (EF), LV end-diastolic volume, LV end-systolic
volume, and the thickness of the septum and posterior
wall were determined. EF (percentage) was calculated by
100 × [(LVEDV−LVESV)/LVEDV] [16, 17].
2.4. Histology. For histologic examination, ventricles were
ﬁxed in formalin and sliced and embedded in paraﬃn.
Sections (5 μm thick) were cut serially from the base to
apex. LV sections were stained with Masson’s trichrome
to detect interstitial ﬁbrosis and quantiﬁed by the NIH
ImageJ image processing program via its color deconvolution plug-in [17].
2.5. Nitrotyrosine Immunohistochemical Staining. We performed immunohistochemical staining for nitrotyrosine, a
nitro-oxidative stress marker, using a previously described
method. Extensively stained areas were also quantiﬁed using
the NIH ImageJ image processing program via its color
deconvolution plug-in [18].
2.6. Determination of Plasma B-Type Natriuretic Peptide
Level. Blood samples were collected into Vacutainer tubes
containing EDTA and aprotinin (0.6 IU/ml) and centrifuged
at 1600g for 15 minutes at 4°C to obtain plasma, which was
collected and kept at −70°C. Plasma B-type natriuretic
peptide-45 levels (BNP-45) were determined by enzyme
immunoassay method (BNP-45, Rat EIA Kit, Phoenix Pharmaceuticals Inc., CA, USA) [17].
2.7. Western Blot Analysis. Fifty milligrams of heart samples
were homogenized in ice-cold Tris buﬀer (50 mmol/l,
pH 8.0) containing 50 mM sodium vanadate and protease
inhibitor cocktail (Sigma-Aldrich Co., Budapest, Hungary)
and harvested in 2x concentrated SDS-polyacrylamide gel
electrophoresis sample buﬀer. To ensure the same protein
concentration in each well, protein levels were measured
with Nanodrop. GAPDH was used only as a representative loading control. Proteins were separated on 12%
SDS-polyacrylamide gel and transferred to nitrocellulose
membranes. After blocking (2 h with 3% nonfat milk in
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Table 1: Eﬀects of RES and ISO on the gravimetric parameters.
Group

Control

RES

ISO

ISO + RES

595.86 ± 15.15

596.00 ± 21.30

544.50 ± 11.63

Ventricular weight (g)

1.33 ± 0.01

1.31 ± 0.01

1.53 ± 0.02#

593.86 ± 18.41
1.35 ± 0.01∗

Tibia length (mm)

51.43 ± 0.72

51.57 ± 0.72

50.86 ± 0.55

Ventricular weight/body weight (mg/g)

2.25 ± 0.06

2.21 ± 0.08

2.81 ± 0.06#

49.86 ± 0.35
2.29 ± 0.09∗

Ventricular weight/tibia length (mg/mm)

26.03 ± 0.47

25.33 ± 0.33

29.96 ± 0.28#

27.02 ± 0.13∗

Weight (g)

Eight weeks after ISO-induced myocardial infarction, body weight, mass of ventricles, and tibia length were measured. Ventricular weight/body weight
(mg/g) and ventricular weight/tibia length (mg/mm) ratios were calculated. The results are expressed as mean ± SEM. #P < 0 05 versus control. ∗ P < 0 05
versus ISO.

2.8. Statistical Analysis. Statistical analysis was performed by
analysis of variance, and all of the data were expressed as
the mean ± SEM. The homogeneity of the groups was tested
by F-test (Levene’s test). There were no signiﬁcant diﬀerences among the groups. Comparisons among groups were
made by one-way ANOVA followed by Bonferroni correction or Tukey HSD’s post hoc tests in SPSS for Windows,
version 21.0. All data are expressed as mean ± SEM. A value
of P < 0 05 was considered statistically signiﬁcant.

3. Results
3.1. Resveratrol Treatment Improved the Gravimetric
Parameters in ISO-Induced Heart Failure Model. Body
weights did not diﬀer signiﬁcantly among the four groups
at the beginning or the end of the experiment. Gravimetric
measurements were performed and signiﬁcantly elevated
ventricular weight (WV, g) as well as ventricular weight
normalized to body weight (WV/BW, mg/g) (C versus ISO,
P < 0 05) and to tibia length (TL) (WV/TL, mg/mm) (C versus ISO, P < 0 05) were detected. Resveratrol treatment prevented the unfavorable changes in gravimetric parameters
indicating hypertrophy in the ISO + RES group (ISO + RES
versus ISO, P < 0 05) (Table 1).
3.2. Resveratrol Decreased the Heart Failure-Induced
Elevation of Plasma BNP Level. ISO administration led
to a signiﬁcant increase in BNP level in the ISO group

BNP
3

#
⁎

BNP level (ng/ml)

Tris-buﬀered saline), membranes were probed overnight
at 4°C with antibodies recognizing the following antigens:
phosphospeciﬁc mitogen-activated protein (MAP) kinase
phosphatase-1 (MKP-1) Ser359 (1 : 1000), phosphospeciﬁc
Akt-1/protein kinase B-α Ser473 (1 : 1000), phosphospeciﬁc
glycogen synthase kinase (GSK)-3β Ser9 (1 : 1000), and
phosphospeciﬁc p38 mitogen-activated protein kinase (p38MAPK) Thr180-Gly-Tyr182 (1 : 1000), ERK1/2Thr183-Tyr185,
COX-2 (1 : 1000), and iNOS (1 : 1000). Membranes were
washed six times for 5 min in Tris-buﬀered saline (pH 7.5)
containing 0.2% Tween (TBST) before the addition of goat
anti-rabbit horseradish peroxidase-conjugated secondary
antibody (1 : 3000 dilution; Bio-Rad, Budapest, Hungary).
Membranes were washed six times for 5 min in TBST, and
the antibody-antigen complexes were visualized by means
of enhanced chemiluminescence. The results of Western
blots were quantiﬁed using the NIH ImageJ program.

2

1

0

C

RES

ISO

ISO + RES

Figure 2: RES inhibited the heart failure-induced elevation of
plasma BNP level. Plasma BNP level was determined using an
ELISA method as described in Methods. C: control animals;
RES: animals treated with resveratrol for 8 weeks; ISO: animals
8 weeks after ISO administration; ISO + RES: animals treated
with resveratrol 8 weeks after ISO administration. Values are
mean ± SEM, ∗ P < 0 05 versus ISO, and #P < 0 05 versus C.

8 weeks after myocardial infarction in our study (C versus
ISO, P < 0 05). However, resveratrol signiﬁcantly attenuated
this response (ISO + RES versus ISO, P < 0 05) suggesting
that resveratrol decreases the severity of postinfarction heart
failure. There was no signiﬁcant diﬀerence between the C
and the RES groups (Figure 2).
3.3. Resveratrol Improved Left Ventricular Function and
Moderated Left Ventricular Hypertrophy in ISO-Treated
Rats. The echocardiographic parameters of the animals did
not diﬀer signiﬁcantly from each other at the beginning of
the study. Heart rate did not diﬀer signiﬁcantly during anesthesia among the groups. LVESV and LVIDs were signiﬁcantly higher in the ISO group (ISO versus C and ISO
versus RES P < 0 05). The thickness of the septum and posterior wall and calculated LV mass were also higher in the ISO
group (indicating the presence of ventricular hypertrophy)
compared to the control group (ISO versus C, P < 0 05). Resveratrol treatment signiﬁcantly reduced these unfavorable
alterations. Systolic left ventricular function (EF %) was signiﬁcantly lower in the ISO group (ISO versus C, P < 0 05),
and this deterioration was signiﬁcantly improved by resveratrol administration (ISO versus ISO + RES, P < 0 05)
(Table 2, Figure 3).
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Table 2: Resveratrol improved left ventricular function in ISO-treated rats and reduced left ventricular hypertrophy.
Baseline

C

RES

ISO

ISO + RES

EF (%)

75.62 ± 0.87

71.70 ± 1.61

72.47 ± 1.69

56.96 ± 1.43#

67.49 ± 1.14∗

Septum (mm)

1.63 ± 0.05

1.65 ± 0.10

1.61 ± 0.03

1.82 ± 0.03#

1.70 ± 0.02∗

PW (mm)

1.57 ± 0.03

1.59 ± 0.07

1.59 ± 0.03

#

1.81 ± 0.06

1.60 ± 0.02∗

LVIDd (mm)

8.19 ± 0.11

8.44 ± 0.22

8.43 ± 0.17

7.88 ± 0.12

LVIDs (mm)

4.42 ± 0.08

4.85 ± 0.09

4.69 ± 0.19

5.70 ± 0.2#

8.41 ± 0.23
4.90 ± 0.12∗

LVEDV (μl)

364.23 ± 10.38

393.36 ± 19.32

386.40 ± 16.82

365.54 ± 6.64

LVESV (μl)

88.83 ± 4.40

109.9 ± 4.53

106.14 ± 7.26

157.71 ± 7.29#

401.59 ± 18.63
130.27 ± 6.69∗

LV mass (mg)

994.1 ± 21.8

1035.31 ± 59.79

1038.38 ± 44.44

1239.14 ± 76.5#

1041.85 ± 35.50∗

C: control group; RES: resveratrol group; ISO: isoproterenol-treated group; ISO + RES: ISO + resveratrol group. EF: ejection fraction; LVESV: left ventricular
end-systolic volume; LVEDV: left ventricular end-diastolic volume; LVIDd: diastolic left ventricular inner diameter; LVIDs: systolic left-ventricular inner
diameter. The results are expressed as mean ± SEM. #P < 0 05 versus control. ∗ P < 0 05 versus ISO.

Control

RES

LVIDs

LVIDs

LVIDd

LVIDd

ISO

LVIDs

LVIDd

LVIDs

LVIDd

ISO + RES

Figure 3: Representative echocardiographic M-mode images of left ventricles of animals from control, RES, ISO, and ISO + RES groups.

3.4. Resveratrol Decreased Interstitial Collagen Deposition in
the Myocardium. Marked scar tissue formation was
revealed by histological analysis after ISO stress in failing
rat hearts compared to the control group (P < 0 05). Resveratrol treatment signiﬁcantly decreased the extent of
interstitial ﬁbrosis (P < 0 05). Resveratrol alone did not
cause any signiﬁcant alterations in physiological conditions
related to myocardial hypertrophy or interstitial collagen
deposition (Figure 4(a)).
3.5. Eﬀects of Resveratrol on the Oxidative Stress Marker
Nitrotyrosine. The presence of oxidative stress was conﬁrmed in our rodent heart failure model by the measurement of NT, which is a product of tyrosine nitration.
Almost no immunostaining for NT was observed in myocardial sections of the control group. In contrast, in animals
with heart failure (ISO), immunostaining was signiﬁcantly
more extensive (P < 0 05, C versus ISO), but this increase
was attenuated by RES treatment (P < 0 05, ISO versus
ISO + RES; Figure 4(b)).
3.6. Resveratrol Favorably Inﬂuenced the Phosphorylation
of Akt-1Ser473 and GSK-3βSer9 in Failing Myocardium. The
level of Akt-1Ser473 was signiﬁcantly higher in the RES and
ISO + RES groups compared to the control and ISO groups
(P < 0 05), respectively. Although the level of Akt-1Ser473

was signiﬁcantly elevated in ISO-treated animals (ISO versus C P < 0 05), the highest activities were observed in the
ISO + RES group (ISO versus ISO + RES P < 0 05). The level
of GSK-3βSer9 was also slightly elevated in the RES group
compared to the control group and signiﬁcantly decreased
in ISO animals compared to control animals (P < 0 05, C
versus ISO). The elevation in the ISO + RES group was
signiﬁcant compared to the ISO group too (P < 0 05,
ISO + RES versus ISO). GAPDH was used as a loading
control (Figure 5).
3.7. Resveratrol Attenuated the Phosphorylation of p38MAPKThr180-Gly-Tyr182 and ERK1/2Thr183-Tyr185 and Increased
the Amount of MKP-1 in ISO-Stressed Hearts. The level of
phosphorylation of p38-MAPKThr180-Gly-Tyr182 and ERK1/
2Thr183-Tyr185 was signiﬁcantly elevated in the ISO group
compared to the control group (C versus ISO P < 0 05).
There was a signiﬁcant reduction in the phosphorylation
level of p38-MAPKThr180-Gly-Tyr182 in the ISO + RES group
versus the ISO group (P < 0 05, ISO versus ISO + RES). The
activation of ERK1/2Thr183-Tyr185 was also signiﬁcantly
reduced in the ISO + RES group compared to the ISO group
(P < 0 05, ISO versus ISO + RES). Consequently, the steady
state amount of MKP-1 was signiﬁcantly elevated in the
ISO + RES group compared to the ISO group. Interestingly,
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Figure 4: RES treatment moderated ISO-induced interstitial collagen deposition and protein nitrosylation in ISO-induced heart failure.
(a) Representative sections stained with Masson’s trichrome, scale bar: 500 μm, and magniﬁcation is10-fold. Control: age-matched control
rats. RES: age-matched animals treated with resveratrol for 8 weeks. ISO: age-matched animals 8 weeks after ISO administration.
ISO + RES: age-matched animals treated with resveratrol, 8 weeks after ISO administration. Values are mean ± SEM, P < 0 05 (ISO
versus control group), and P < 0 05 (ISO + RES versus ISO group). (b) Representative immunohistochemical stainings for
nitrotyrosine (NT, brown staining, scale bar: 500 μm, and 10x magniﬁcation) in the myocardium of the following: control: age-matched
control rats; RES: age-matched animals treated with resveratrol for 8 weeks; ISO: age-matched animals 8 weeks after ISO administration;
and ISO + RES: age-matched animals treated with resveratrol, 8 weeks after ISO administration. Values are mean ± SEM, #P < 0 05 (ISO
versus control group), and ∗ P < 0 05 (ISO + RES versus ISO group).

there was a strong and signiﬁcant elevation in the RES group
compared to the control group (P < 0 05, C versus RES).
GAPDH was used as a loading control (Figure 6).
3.8. Resveratrol Decreased the Expression of COX-2 and iNOS.
The expression of COX-2 and iNOS was signiﬁcantly elevated in ISO compared to the control (P < 0 05, C versus
ISO) and signiﬁcantly decreased in ISO + RES compared
to ISO (P < 0 05, ISO versus ISO + RES). Although the activation level of COX-2 was markedly decreased in RES
compared to the control, the only signiﬁcant diﬀerence
was between ISO + RES and ISO. GAPDH was used as a
loading control (Figure 7).

4. Discussion
Chakraborty et al. examined the protective eﬀect of resveratrol
and atorvastatin and their combination on isoproterenolinduced cardiac hypertrophy in rats. They found that RES
pretreatment was able to decrease infarct size and myocardial
necroenzyme level and restored myocardial endogenous

antioxidant level [19]. Moreover, our working group has previously demonstrated the beneﬁcial eﬀects of an alcohol-free
red wine extract in an isoproterenol-induced heart failure
model [8].
This time, we aimed to test the cardioprotective eﬀect of
RES on oxidative stress and diﬀerent signaling pathways in
an advanced stage of heart failure. Subcutaneous administration of ISO produces patchy myocardial necrosis with subsequent hypertrophy, ﬁbrosis, and remodeling leading to heart
failure similar to that observed in patients after myocardial
infarction [20]. Plasma BNP levels (Figure 2), left ventricular
wall thickness, and dimensions were increased and the
systolic left ventricular function was signiﬁcantly decreased
in ISO-treated animals. RES was capable of preserving LV
function and moderated the severity of heart failure
(Table 2). Excessive collagen deposition is the main histological characteristic of ventricular remodeling. The damaged
myocardium is replaced by scar tissue stabilizing the ventricular wall but leading to systolic and diastolic dysfunction and
arrhythmias. In our study, RES prevented the marked ﬁbrosis
induced by ISO treatment (Figure 4(a)).
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Figure 5: Eﬀect of resveratrol treatment on Akt-1Ser473 and GSK-3βSer9. Representative Western blot analysis of Akt-1Ser473, GSK-3βSer9, and
p38-MAPKThr180-Gly-Tyr182 and phosphorylation and densitometric evaluation are shown. GAPDH was used as a loading control.
Representative blots and bar diagrams of three independent experiments are presented. C: control animals; RES: animals treated with
resveratrol for 8 weeks; ISO: animals 8 weeks after ISO administration; ISO + RES: animals treated with resveratrol, 8 weeks after ISO
administration. Values are mean ± SEM, #P < 0 05 versus control, ∗ P < 0 05 versus ISO, and ψ P < 0 05 (C versus RES).

There is a large amount of evidence that ROS release
plays a pivotal role in the development of heart failure
[21]. We observed increased immunohistochemical staining against nitrotyrosine (NT)—a marker of oxidative
stress—on ISO-treated animal heart samples, which was
signiﬁcantly decreased by RES treatment (Figure 4(b))
indicating that RES was able to reduce myocardial ROS
production. This antioxidant property of RES was investigated many times in diﬀerent heart failure models including
hypertensive [22], pressure overload [23, 24], myocarditis
[7], or chemotherapy induced [25, 26] and genetic models
of HF [27].
Excessive ROS formation induces diﬀerent intracellular
signaling pathways regulating cardiac remodeling, myocyte
survival, apoptosis, and necrosis [28]. Here, we investigated
the eﬀect of RES on ERK 1/2, p38-MAPK, Akt-1, and
GSK-3β pathways which plays a critical role in cardiac
hypertrophy and ventricular dilatation [29], myocyte survival, apoptosis, autophagy, and necrosis [29–31]. Akt activation inhibits cardiomyocyte apoptosis and improves
surviving of cardiomyocytes in the ischemic heart [32].
Akt exerts its protective eﬀect through phosphorylation of
the Bcl-2 family and GSK-3β [33]. Akt-1 is a key molecule
in the signaling of physiological hypertrophy, and it has a
pivotal role in the prevention of pathological cardiac
growth [29]. Interestingly, in our investigation, phosphorylation of Akt-1 and GSK-3β was elevated in all treated
groups compared to the control group and the highest level

of phosphorylation was in the ISO + RES group (Figure 5),
indicating that RES presumably further augments the stress
ISO-induced activity of endogenous prosurvival signaling
pathways. Xi et al. examined the eﬀect of RES against
reperfusion injury on an isolated rat heart, and they also
found that the cardioprotective eﬀect of RES involved the
increased phosphorylation of GSK-3β [11].
There are conﬂicting data in the literature regarding
the role of MAP kinases in the regulation of cell survival
[29, 30, 34–37]. A wide variety of extra and intracellular
stress signals can induce sequential phosphorylation and
activation of MAPK kinases via phosphorylation on both
threonine and tyrosine residues [31]. The eﬀect of RES
on the activation of MAPK cascades was previously investigated on cardiomyocytes. Becatti et al. found that RES
protected cardiomyocytes from oxidative injury by SIRT1
overexpression by reducing p38-MAPK activity [38]. Lv
and Zhou demonstrated that RES attenuated cell death
and apoptosis induced by oxidative stress by upregulating
autophagy via inhibiting the p38 MAPK pathway [39].
In an animal study by Gao et al., they found that RES
ameliorated diabetes-induced cardiac dysfunction through
the AT1R-ERK/p38 MAPK signaling pathway [40]. We
investigated the phosphorylation (activation) of p38MAPKThr180-Gly-Tyr182 and ERK1/2Thr183-Tyr185 which was
elevated in ISO-treated groups but RES signiﬁcantly
decreased their activation (Figure 6). These changes were
probably due to the increased production of MAPK
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Figure 6: Eﬀect of resveratrol treatment on the phosphorylation of p38-MAPKThr180-Gly-Tyr182, ERK1/2Thr183-Tyr185, and on the amount of
MKP-1. Representative Western blot analysis of p38-MAPKThr180-Gly-Tyr182, ERK1/2 phosphorylation, and MKP-1 level; a densitometric
evaluation is shown. GAPDH was used as a loading control. Representative blots and bar diagrams of three independent experiments
are presented. C: control animals; RES: animals treated with resveratrol for 8 weeks; ISO: animals 8 weeks after ISO administration;
ISO + RES: animals treated with resveratrol, 8 weeks after ISO administration. Values are mean ± SEM, #P < 0 05 (control versus ISO),
ψ
P < 0 01 (C versus RES), and ∗ P < 0 05 (ISO versus ISO + RES).

phosphatase-1 (MKP-1) which is the major regulator of
MAPKs [31, 37, 41]. In accordance with this, the amount
of MKP-1 was increased in the RES-treated groups compared to untreated animals (Figure 6).
Whereas COX-1 plays a housekeeping role, COX-2
plays a major part in inﬂammation, atherosclerosis, and
tumor formation [42–44]. Previous studies showed that
COX-2 is upregulated by p38-MAPK and ERK1/2 [45].
Moreover, prolonged activation of COX-2 produces cardiac cell death, leading to gradual loss of myocardial
function, and eventually heart failure. The eﬀect of RES
on COX-2 activity was not investigated previously neither on cardiomyocytes nor on a heart failure animal
model. We found in our postinfarction animal model
that RES was able to reduce the activation of COX-2
induced by ISO treatment (Figure 7).

Previous in vivo animal and human studies demonstrated the elevated expression of iNOS in heart failure
[46]. Overexpression of iNOS in the myocardium of mice
resulted in peroxynitrite generation [47–50], which was
also detected in our model and it has also been demonstrated that elevated nitrotyrosine formation results in an
increase in iNOS levels, creating a vicious circle of harmful
eﬀects [51]. Such evidence indicates that iNOS is also a
factor, in addition to COX-2, in the development of postinfarction heart failure [52]. It has been shown that iNOS,
as well as COX-2 expression level, is strongly correlated
with the phosphorylation level of the MAPKs (p38-MAPK
and ERK1/2Thr183-Tyr185) [53–55]. Also, it has been reported
that ﬂavonoids like quercetin, galangin, and apigenin can
downregulate iNOS expression by modulating enzyme activity related to signal transduction [56, 57]. In our study, the
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Figure 7: Eﬀect of resveratrol treatment on COX-2 and iNOS. Representative Western blot analysis of COX-2 and iNOS activation and
densitometric evaluation is shown. GAPDH was used as a loading control. Representative blots and bar diagrams of three independent
experiments are presented. C: control animals; RES: animals treated with resveratrol for 8 weeks; ISO: animals 8 weeks after ISO
administration; ISO + RES: animals treated with resveratrol, 8 weeks after ISO administration. Values are mean ± SEM, #P < 0 05 (control
versus ISO), and ∗ P < 0 05 (ISO versus ISO + RES).

ISO-enhanced expression of iNOS was reduced by RES treatment (Figure 7) indicating suppressed free radical formation.

5. Conclusion
The protective eﬀects of the nutritional agent RES against the
development of postinfarction heart failure were investigated
in a murine model. RES improved the left ventricular function and decreased myocardial hypertrophy, ﬁbrosis, and
the severity of heart failure. Moreover, RES decreased the
oxidative stress and favorably modiﬁed the activity of several
intracellular signaling pathways including Akt-1, GSK-3β,
p38-MAPK, ERK1/2, MKP-1, COX-2, and iNOS. According
to our results, regulation of these pathways may also contribute to the beneﬁcial eﬀects of RES in HF.
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Beer is one of the most frequently consumed fermented beverages in the world, and it has been part of the human diet for thousands
of years. Scientiﬁc evidence obtained from the development of new techniques of food analysis over the last two decades suggests
that polyphenol intake derived from moderate beer consumption may play a positive role in diﬀerent health outcomes including
osteoporosis and cardiovascular risk and the relief of vasomotor symptoms, which are commonly experienced during
menopause and are an important reason why women seek medical care during this period; here, we review the current
knowledge regarding moderate beer consumption and its possible eﬀects on menopausal symptoms. The eﬀect of polyphenol
intake on vasomotor symptoms in menopause may be driven by the direct interaction of the phenolic compounds present in
beer, such as 8-prenylnaringenin, 6-prenylnaringenin, and isoxanthohumol, with intracellular estrogen receptors that leads to
the modulation of gene expression, increase in sex hormone plasma concentrations, and thus modulation of physiological
hormone imbalance in menopausal women. Since traditional hormone replacement therapies increase health risks, alternative,
safer treatment options are needed to alleviate menopausal symptoms in women. The present work aims to review the current
data on this subject.

1. Introduction
Beer is one of the most frequently consumed alcoholic beverages in the world. Beer consumption ranks ﬁrst in Europe,
slightly above wine consumption, according to the World
Health Organization [1] and third amongst alcoholic beverage preferences in North America [2]. Archaeological
ﬁndings show that Chinese villagers brewed fermented alcoholic drinks as far back as 7000 BC on a small individual
scale, with a production process and methods similar to those
of ancient Egypt and Mesopotamia [3]. Throughout human
history, products, ingredients, procedures, and techniques
have evolved due to technological advances and the implementation of industrialized processes [4] further enhancing
the long history of beer as a part of the human diet.

During the last two decades, scientiﬁc evidence has suggested that moderate consumption of alcoholic beverages
has positive outcomes on diﬀerent aspects of cardiovascular
risk, as evidenced by Nogueira et al. who correlated regular
daily intake of 330 ml of beer with positive changes in insulin
sensitivity and lipid proﬁles [5]. Fermented beverages have
also shown positive associations with diﬀerent cardiovascular
disease endpoints such as coronary heart disease, peripheral
arterial disease, chronic heart failure, and stroke in which
regular moderate consumption of alcohol reduced the prevalence of adverse events [6], and fermented beverages have
shown anti-inﬂammatory properties [7]; these ﬁndings may
explain the beneﬁts of regular and moderate alcohol intake
on cardiovascular disease risk [8–11]. In the last decade, the
development of new techniques for food analysis has allowed
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Table 1: Flavonoids contained in diﬀerent types of beer.

Molecule
Chalcones
Xanthohumol
Flavanols
Catechin
Epicatechin
Procyanidin dimer B3
Procyanidin trimer C2
Prodelphinidin trimer C-GC-C
Prodelphinidin trimer GC-C-C
Prodelphinidin trimer GC-GC-C
Prodelphinin dimer B3
Flavanones
6-Geranylnaringenin
6-Prenylaringenin
8-Prenylaringenin
Isoxanthohumol
Naringin
Flavones
Apigenin
Flavonols
3,7-Dimethylquercetin
Myricetin
Quercetin
Quercetin 3-O-arabinoside
Quercetin 3-O-rutinoside
Isoﬂavonoids
Biochanin A
Daidzein
Genistein

Mean content (mg/100 ml)
Ale
Dark

Regular

0.0003

0.0100

0.0300

0.0014

0.1000
0.0056

0.3300
0.0500

0.0200
0.0100

0.1100
0.0600
0.1600
0.0300
0.0200
0.0100
0.0400
0.1800

0.0007
0.0003
0.0100

0.0011
0.0200
0.0044
0.2100

0.0027
0.0200
0.0092
0.1200

0.0004
0.0026
0.0010
0.0400
0.0008

Alcohol-free

0.0042
0.0003
0.0007
0.0067
0.0006
0.0900
0.0005
0.0005
0.0010

0.0015

Data from the Phenol-Explorer database [12].

the quantiﬁcation of phenolic proﬁles [12], which, in turn,
has led to new studies suggesting that regular polyphenol
consumption might provide health beneﬁts for menopausal
and postmenopausal women, reducing vasomotor symptoms
[13, 14] and osteoporosis [15].
Hop (Humulus lupulus L) is the ingredient used for beer
making and is rich in phenolic compounds. Mass spectrometry analysis show that it contains around 14.4% of phenolic
acids, ﬂavonoids, proanthocyanidins, prenylated chalcones,
and catechins [16]. Furthermore, malt provides 70%–80% of
the total polyphenolic compounds found in beer [17]. It has
been shown through high-performance liquid chromatography and posterior ultrasound separation that fermentation,
boiling, and the amount of hop used to manufacture beer signiﬁcantly inﬂuence the ﬁnal polyphenol concentrations [18].
Menopause is induced by the permanent cessation of
menstruation due to the end of ovarian follicular activity.
This aﬀects the physiology of women [19] and leads to a
diminished production of estradiol which is correlated with
the night sweats and hot ﬂushes experienced by many

menopausal women [20]. According to the Menopause Epidemiology Study, in which 4402 women were surveyed, these
symptoms are one of the main reasons for women to seek
medical care and over-the-counter treatments that provide
some relief and improve the quality of life [21]. For the present work, we review the current knowledge found through
online scientiﬁc libraries, PubMed and Scopus, regarding
moderate beer consumption, polyphenol intake from beer,
and their possible beneﬁts for menopausal women.

2. Polyphenolic Compounds in Beer
Beer contains amino acids, carbohydrates, vitamins, minerals, and polyphenols. As mentioned above, beer contains
a diversity of polyphenols mainly derived from hops and
malt [16, 22]. Moreover, during the beer fermentation
process, a resin produced by hops that contains monoacylphlorogucinols is converted into bitter acids such as humulones and isohumulones. These molecules act as bioactive
antioxidants and provide additional beneﬁcial eﬀects [23].
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Tables 1–3 show the polyphenols found in diﬀerent types of
beer. Malt contains many free and total (bound) polyphenolic compounds; according to composition analysis using a
liquid chromatography-antioxidant technique before and
after fermentation, the concentrations of polyphenolic compounds may be increased by up to threefold after the fermentation process [24]. The main polyphenolic compounds
present in beer are sinapic, ferulic, and caﬀeic acids. Vanillic
acids are present in bound and unbound forms while 4hydroxyphenylacetic and p-coumaric acids are present as
free forms [17]. The main phenolic acids found in beer are
shown in Figure 1.

3. Polyphenol Metabolites in Plasma
Analysis of polyphenol concentrations in plasma reveals that
after ingestion, beer goes through the gastrointestinal tract.
An estimated amount of between 5–10% of beer is absorbed
in the small intestine, with the remaining 90–95% continuing
on to the colon where it is further fermented by the gut
microbiota [25], increasing the amount of polyphenols
such as 4-hydroxyphenylacetic and vanillic acids absorbed
[26–28]. After being absorbed, polyphenols undergo hepatic
conjugation reactions with S-adenosyl methionine, sulfates,
glucuronates, or a combination of them [29]. After 30
minutes, the plasma levels of nonconjugated hydroxyphenylacetic acid signiﬁcantly increase. Vanillic, caﬀeic, and ferulic
acid levels raise equally as conjugated and nonconjugated
forms, with a slight prevalence of sulfate over glucuronate
isoforms [30]. Composition analysis carried out in human
urine samples after ingestion of wine, tea, beer, or coﬀee
has shown that polyphenol compounds and metabolites such
as resveratrol [31], 4-O-methylgallic acid, isoferulic acid [32],
and isoxanthohumol [33] are excreted through renal ﬁltration. Table 4 provides detailed information about the plasma
levels of polyphenol metabolites after the ingestion of beer.

4. Menopause: Physiology, Symptoms, and
Current Treatment
Menopause is deﬁned as the permanent cessation of menstruation as a direct result of the end of ovarian follicular
activity [35]. Follicular development is a cyclical process that
occurs on average every 28 days during reproductive life.
However, with age, these cycles become irregular and then
stop completely. This cessation causes abnormal ﬂuctuations
of sex hormones, such as the follicle-stimulating hormone
(FSH), anti-Müllerian hormone, estrogen, and insulin-like
growth factors-I (ILGF-I), which eventually lead to physiological and morphological changes in many organs and
systems in women [36].
These physiological changes induce diﬀerent symptoms
and signs which are characteristic of menopausal women,
such as irregular bleeding, night sweats, hot ﬂashes, tachycardia, breast pain, lack of energy, dyspareunia, joint soreness,
atrophic vaginitis, interrupted sleeping patterns, anxiety,
mood swings, dry skin, and loss of libido [37, 38]. Moreover,
menopause may also predispose women to a series of risks,
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Table 2: Phenolic acids contained in diﬀerent types of beer.
Molecule
Hydroxybenzoic acids
2,6-Dihydroxybenzoic
acid
2-Hydroxybenzoic acid
3,5-Dihydroxybenzoic
acid
3-Hydroxybenzoic acid
4-Hydroxybenzoic acid
Gallic acid
Gallic 3-O-gallate
Gentisic acid
Protocatechuic acid
Syringic acid
Vanillic acid
Hydroxycinnamic acids
4-Caﬀeoylquinic acid
5-Caﬀeoylquinic acid
Caﬀeic acid
Ferulic acid
m-Coumaric acid
o-Coumaric acid
p-Coumaric acid
Sinapic acid
Hydroxyphenylacetic acids
4-Hydroxyphenylacetic
acid
Homovanillic acid

Mean content (mg/100 ml)
AlcoholAle
Dark Regular
free

0.0900
0.0011

0.2000
0.0300

0.0073

0.1100 0.0700
0.1100 0.0300

0.2700

0.0600 0.0400
0.1100
0.2900 0.1700

0.0300

0.0100
0.1200

0.0075 0.0300
0.3300 0.0900

0.4000
0.0073

0.1200 0.0500
0.0700 0.0300

0.0300
0.9600
0.0700
0.2600
0.0300
0.0500
0.0200
0.0700
0.0100
0.0800
0.0300
0.2600
0.0200
0.1500
0.1000
0.0200

0.0300
0.0500

Data from the Phenol-Explorer database [12].

such as an increased risk of atherosclerosis [39–43], osteopenia, and osteoporosis [44, 45] (Figure 2).
Hot ﬂashes are one of the most frequent symptoms
presented by women undergoing menopause. They have a
profound impact on the quality of life and increase health
costs [46]. Vasomotor symptoms represent one of the main
reasons why menopausal women seek medical care and
treatments in the hope of relieving their discomfort [47].
Hot ﬂashes are the result of the brain’s response to diminished and ﬂuctuating sex hormone concentrations that
occur in menopause [48, 49]. Mechanisms of temperature
homeostasis on the hypothalamus and peripheral vasculature are inﬂuenced by diﬀerent hormones such as ovarian
hormones, norepinephrine, and serotonin. Kronenberg
described the links between vasomotor symptoms and
diﬀerent thermal, hormonal, and autonomic parameters,
demonstrating the relevance of hormones in the deregulation of core body temperature that leads to hot ﬂashes in
menopause [50].
Current menopausal treatment includes estrogen
hormone replacement therapy (HRT); selective estrogen
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Table 3: Other phenolic compounds contained in beer.

Molecule

Mean content (mg/100 ml)
Ale
Dark

Alcohol-free
0.0025

2,3-Dihydroxy-1-guaiacylpropanone
3-Methylcatechol
4-Ethylcatechol
4-Hydroxycoumarin
4-Methylcatechol
4-Vinylguaiacol
4-Vinylphenol
Catechol
Esculin
Pyrogallol
Tyrosol
Umbelliferone
Vanillin

0.0029
0.0010
0.0022
0.0300
0.0300
0.0100

0.0100

0.0300
0.2700
0.0048

Regular
0.0034
0.0001
0.0006
0.1100
0.1500
0.0045
0.0011
0.0200
0.0047
0.3200
0.0017
0.0200

Data from the Phenol-Explorer database [12].

18%

24%

32%
48%

16%

22%
18%

22%
p-Coumaric
Protocatechuic

Tyrosol
Others

Ferulic
Vanillic

(a)

Catechin
Others
(b)

8%

11%

24%

21%
53%
61%

7%

15%

Ferulic
Vanillic

Isoxanthohumol
Others
(c)

Tyrosol
4-Hydroxybenzoic

Ferulic
Others

(d)

Figure 1: Main polyphenol content in diﬀerent types of beer presented in percentages: (a) alcohol-free beer; (b) ale beer; (c) dark beer;
(d) regular beer.

receptor modulators, such as tamoxifen and raloxifene
[51]; and other medications such as selective serotonin
reuptake inhibitors that alleviate vasomotor symptoms
[52]. However, in diﬀerent studies carried out in human
patients, it has been suggested that HRT has no beneﬁt
in preventing cardiovascular disease and may even lead
to an increased risk of arterial and venous thrombotic
events [53], ovarian cancer [54], nonalcoholic steatohepatitis [55], and other diseases. These reports have encouraged

scientists to ﬁnd alternative and safer treatment options for
menopausal symptoms.

5. Moderate Beer Intake and Health
Although it is well known that ethanol is a carcinogenic
substance for humans [56], several studies have shown that
regular and moderate intake of fermented beverages, such
as wine and beer, may be associated with diﬀerent positive
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Table 4: Mean plasmatic levels of polyphenolic metabolites after beer intake.
Polyphenolic metabolite
Ferulic acid
4-Hydroxyphenylacetic acid
Vanillic acid
p-Coumaric acid
Caﬀeic acid

Dose per day
500 ml
500 ml
500 ml
500 ml
500 ml

Mean concentration (plasma)
0.11 μmol/l
1.4 μmol/l
0.11 μmol/l
0.05–0.07 μmol/l
0.05–0.07 μmol/l

T-Max (h)
0.5
0.5
0.5
0.5
0.5

Ref.
[34]
[30]
[30]
[30]
[30]

T-Max: time when maximal concentration is achieved.

(i) Anxiety
(ii) Mood swings
(iii) Diminished libido

(i) Hot flashes
(ii) Night sweats

(i) Bone mineral loss
(i) Tachycardia
(i) Joint soreness

(i) Dyspareunia
(ii) Atrophic vaginitis
Estrogen
Inhibin
ILGF-I
AMH

FSH

Figure 2: Sexual hormone status and common clinical manifestations in menopause. Insulin-like growth factor I (ILGF-I); anti-Müllerian
hormone (AMH); follicle-stimulating hormone (FSH).

health eﬀects, such as the reduction in the risk of cardiovascular disease as evidenced by the J-shaped relation
found in wine [57] and beer [58] intake on cardiovascular
risk, the reduction in atheroma plaque formation [59],
prevention on diﬀerent cancer types [23, 60, 61], and the
reduction in bone mineral loss that leads to osteoporosis
and osteopenia [15, 62]. The lack of evidence attributing
the same eﬀects to spirit intake suggests that polyphenolic
compounds might play an important role in the beneﬁcial
eﬀects of moderate alcoholic beverage intake on several
health outcomes [63–66].

6. Beer and Menopause
Several intervention studies have evaluated the eﬀects of beer
and menopause. An 8-week, randomized, double-blind,
cross-over trial showed that consuming 8-prenylnaringenin
(8-PN), a characteristic polyphenol from hops and beer,
resulted in a signiﬁcant reduction in menopause symptoms
[14] and discomforts [67]. Vasomotor symptoms are
believed to be caused by a slight increase in body temperature
in conjunction with a smaller thermo-neutral zone [68].
These processes are controlled by a region of the anterior
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Prolactin
FSH
Prolactin
FSH

LH

LH

Promoter

Gene

(DNA)

17-훽-Estrogen
8-Prenylnaringenin
6-Prenylnaringenin
Isoxanthohumol
Estrogen receptor

Figure 3: Mechanism of phytoestrogens. Like estrogen, phytoestrogen molecules travel through plasma and diﬀuse into the target cells, where
they bind to cytoplasmatic estrogen receptors (ER). The new molecule-ER complex then dimerizes and is translocated into the nucleus, where
it binds to speciﬁc promoters that decrease the expression of genes translating hormones such as follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) and promote the translation of prolactin. The use of estrogen receptors by 17-b-estrogen and molecules such as
8-prenylaringenin, 6-prenylaringenin, and isoxanthohumol explains why these molecules can be used to decrease the intensity of many
classical symptoms of menopause.

hypothalamus called the thermoregulatory nucleus. This area
responds to sex hormones as shown by experimental models
with ovariectomized rats. These rats presented signiﬁcant
diﬀerences in body temperature compared to a unovariectomized control group, and the diﬀerences reversed when the
rats were treated with estrogens or clonidine, an alphaadrenoceptor used for vasomotor symptom treatment, suggesting that temperature irregularities in menopause may
be due to changes in the sex hormone regulatory system
[69]. In the same animal model, low doses of approximately
400 μg/kg/day of 8-prenylnaringenin were also able to alleviate menopausal vasomotor symptoms [70].
The eﬀect of 8-prenylnaringenin may be explained by its
strong aﬃnity for both alpha and beta estrogen receptors
(ER). The binding of 8-PN and the consequent activation of
ERs lead to the stimulation of alkaline phosphatase activity
and upregulate the activity of progesterone receptors and
presenelin-2 [14], both of which are estrogen-stimulated genes
(Figure 3). In addition, low doses of 8-prenylnaringenin
increase the libido of menopausal women [71].
The absorption of hop phenolic acid and the pharmacokinetics and possible health beneﬁts of hops have been

studied in women [72]; however, at present, no clinical trial
has assessed the eﬀects of moderate beer consumption on
menopausal women.

7. Summary
Menopause is a physiological condition that causes signiﬁcant discomfort in many women around the world with the
presentation of a myriad of symptoms related to an imbalance in sex hormone levels. Hot ﬂashes and night sweats
are two of the most common clinical ﬁndings in menopausal
women that lead them to seek medical care. Since traditional
hormone replacement therapies increase health risks, alternative, safer treatment options are needed. Hop and beer
polyphenols seem to be an alternative to alleviate the
menopausal symptoms presented by women.
There is evidence that regular and moderate intake of the
polyphenols commonly found in hop and beer may help to
relieve many common symptoms presented by women
undergoing menopause. Said beneﬁts can also be obtained
by menopausal women from regular alcohol-free beer consumption, since ingredients used and most processes are
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shared between alcohol-free and regular beer. Alcohol-free
beer could provide women with all the same possible beneﬁts,
without the risk of gastrointestinal pathologies and cancer
that frequent alcohol consumption represents to health.
Nonetheless, randomized intervention clinical trials are
needed to conﬁrm their eﬃcacy.
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Metabolic syndrome (MetS) is a cluster of cardiovascular risk factors which severely increases the risk of type II diabetes and
cardiovascular disease. Several epidemiological studies have observed a negative association between polyphenol intake and
MetS rates. Nevertheless, there are relatively small numbers of interventional studies evidencing this association. This review is
focused on human interventional trials with polyphenols as polyphenol-rich foods and dietary patterns rich in polyphenols in
patients with MetS. Current evidence suggests that polyphenol intake has the potential to alleviate MetS components by
decreasing body weight, blood pressure, and blood glucose and by improving lipid metabolism. Therefore, high intake of
polyphenol-rich foods such as nuts, fruits, vegetables, seasoning with aromatic plants, spices, and virgin olive oil may be the
cornerstone of a healthy diet preventing the development and progression of MetS, although there is no polyphenol or
polyphenol-rich food able to inﬂuence all MetS features. However, inconsistent results have been found in diﬀerent trials, and
more long-term randomized trials are warranted to develop public health strategies to decrease MetS rates.

1. Introduction
Metabolic syndrome (MetS) is a cluster of cardiovascular risk
factors which severely increases the risk of type II diabetes [1]
and cardiovascular disease (CVD) [2, 3]. CVD and diabetes
are major causes of disability, whose prevalence is increasing
worldwide [4]. Therefore, strategies to decrease the onset and
progression of MetS and their associated pathologies are of
extreme interest.
In terms of the relationship between nutrition and MetS,
undernutrition and overnutrition from an energy balance
focus are the most studied topics, because a triggering factor
of MetS is obesity. Nevertheless, intense research from the last
decades has shown that not only energy balance but macroand micronutrient composition of the diet may inﬂuence
MetS onset and progression. On those grounds, diet is considered a major environmental insult contributing to the increase
in metabolic disease incidence, especially in younger individuals, and current evidence highlights that the overall quality

diets such as the Mediterranean diet, the Nordic diet, and Dietary Approaches to Stop Hypertension (DASH) diets protect
against MetS or are even able to improve the MetS phenotype
[5–7]. A diet is a complex mixture of food and compounds
with multiple interactions and varying bioavailability, which
hampers the identiﬁcation and isolation of the eﬀect of one
single component in a total meal or diet. Although individual
dietary components have to be considered in the context of a
whole dietary pattern to evaluate their eﬀects on MetS, phytochemicals such as polyphenols and their metabolites have
been shown to modulate MetS through diﬀerent mechanisms.
Polyphenols are biomolecules found in products from
plant origin and have been shown to exert antioxidant and
anti-inﬂammatory eﬀects both in vitro and in vivo [8]. However, controlled trials in MetS subjects with single phenolic
compounds or speciﬁc food/beverage/extract do not provide
strong evidence for the promising protective eﬀects of polyphenols on cardiovascular diseases as reported in numerous
animal and cell studies. This can be attributable to the peculiar
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Figure 1: Representative chemical structures of major groups of polyphenols. Adapted from Phenol-Explorer (http://phenol-explorer.eu/)
and Andres-Lacueva et al. [132].

characteristics of MetS patients, the use of overdoses in experimental models compared to human trials, and the low
bioavailability of polyphenols in the small intestine (5 to 10%).
Therefore, the aim of this review is to update the
knowledge on the eﬀects of polyphenol intake in MetS
patients, derived from interventional human studies with
polyphenols as polyphenol-rich foods and dietary patterns
rich in polyphenols.

2. Phenolic Compounds: Occurrence, Intake,
and Bioavailability
Polyphenols (phenolic compounds) are the most widely
distributed secondary metabolites from plants in dietary

sources. Although they are not considered essential micronutrients, a huge body of literature evinces their beneﬁcial
eﬀects on human health, especially in diets associated with
high consumption of fruits and vegetables.
Polyphenols share a phenol carbon ring but have diﬀerent structures, and more than 500 diﬀerent molecules have
been found in foods [9]. According to their chemical structure, they can be divided into two major groups: ﬂavonoids
and nonﬂavonoids, with subsequent subgroups as depicted
in Figure 1. Table 1 displays the main sources of polyphenols
in the diet.
Worldwide consumption of polyphenols diﬀers between
countries. For instance, mean polyphenol intake of an adult
subject is about 283–1000 mg of total polyphenols/day in

Oxidative Medicine and Cellular Longevity

3

Table 1: Major food sources of dietary polyphenols.
Food group

Polyphenols
Phenolic acids, stilbenes, ﬂavonols, dihydroﬂavonols, anthocyanins, ﬂavanol monomers (catechins),
Wine
and ﬂavanol polymers (proanthocyanidins)
Prenylated ﬂavonoids, phenolic acids, simple phenols, ﬂavanols, hydroxycoumarins, ﬂavonols,
Beer
and ﬂavones
Coﬀee
Phenolic acids
Tea
Catechins, phenolic acids, ﬂavonols, and proanthocyanidins
Flavanols (catechins and proanthocyanidins), phenolic acids, ﬂavonols,
Cocoa
some stilbenes, simple phenols, and isocoumarins
Vegetables
Flavonols (kaempferol and quercetin derivatives) and hydroxycinnamic acids (cabbages)
Hydroxycinnamic acids, ﬂavonols, and ﬂavanones (tomatoes)
Flavonoids, phenolic acids, and capsaicinoids (pepper)
Hydroxycinnamic acids and anthocyanins (eggplant)
Hydroxycinnamic acids, ﬂavones, and ﬂavonols (leaf vegetables)
Flavonols such as quercetin (onions)
Phenolic acids (roots)
Anthocyanins, ellagitannins, and proanthocyanidins (berries)
Fruits
Flavanone glycosides, polymethoxylated ﬂavones, and traces of ﬂavonols and hydroxycinnamic acids (citrus)
Chlorogenic acids, anthocyanins, ﬂavonols, catechins, and proanthocyanidins (pommes and drupes)
Nuts
Catechins, proanthocyanidins, ellagitannins, and ellagic acid
Pulses
Proanthocyanidins, ﬂavonols, ﬂavanones, and hydroxycinnamic acids
Soy
Isoﬂavonoids
Virgin or extra virgin olive oil
Tyrosols
Sesame oil
Lignans and phenolic acids
Aromatic plants
Phenolic acids, ﬂavones, phenolic diterpenes, and ﬂavanones
Spices
Phenylpropenes, phenolic acids, ﬂavones, and ﬂavonols
Data extracted from Phenol-Explorer (http://phenol-explorer.eu/).

France [10, 11], 500–1100 mg/day in Spain [12], about
700 mg/d in Italy [13, 14], 890 mg/day in Finland [15],
534 mg/day in Brazil [16], and around 1500 mg/day in Japan
[17], while total ﬂavonoid intake is about 190 mg/day in
the UK and Ireland [18], about 240–350 mg/day in the
US [19, 20], around 450 mg/day in Australia [21], between
50 and 500 mg/day in China [22], and around 320 mg/day in
Korea [23]. In addition, there is a great variability in polyphenol intake within countries depending on the type of diet
consumed. Because polyphenols are from plant origin,
vegetarians and vegans should have higher intakes of polyphenols than people who follow westernized diets. However,
in the US and Canada, coﬀee consumption is more determinant in the amount of total polyphenol intake than the
dietary pattern itself [24].
Besides diﬀerences between countries and dietary patterns, diﬀerences in polyphenol intake can also be attributed
to the analytical method used to quantify polyphenols in
foods. To determine polyphenol content in foods, there are
two main approaches: by measuring total polyphenol content
with the Folin-Ciocalteu colorimetric assay (by quantifying
the total reducing capacity of a sample) and by measuring
single polyphenols or metabolites by chromatographic techniques [25]. The Folin-Ciocalteu method gives higher values
of polyphenols than chromatographic techniques because
several other reducing agents contained in foods such as
vitamin C or some nitrogen-containing compounds [26]
interfere in the quantiﬁcation. Although it is an estimation

of total polyphenols, it should strictly be considered a measurement of the in vitro antioxidant capacity of foods. On
the other hand, chromatographic techniques oﬀer higher
sensitivity and sensibility than the colorimetric methods.
To determine polyphenol intake in humans, there are
also two diﬀerent approaches: by determining biomarkers
of intake (namely, total polyphenols or single polyphenols
or their metabolites in biological samples with chromatographic techniques or again with the Folin-Ciocalteu
method) or by estimating its intake.
The estimation of the intake of polyphenols is performed
by administering food frequency questionnaires or food
recalls to the study subjects and translating this information
to single or total polyphenols by using databases to calculate
polyphenol intake from consumed food. The major public
databases used for polyphenol content of foods and beverages are the United States Department of Agriculture
(USDA) databases for ﬂavonoids, proanthocyanidins, and
isoﬂavones and the Phenol-Explorer database. USDA databases only present values for ﬂavonoids, but PhenolExplorer is a more complete database because it gathers
information on all classes and types of polyphenols, including their metabolites [27]. Nevertheless, this approach is
limited due to self-reporting bias and because of the seasonal
and geographical variability in the polyphenolic composition
of foods, the ripeness of the food at time of harvest and its
storage before consumption, and the limited data on the
polyphenolic composition of food databases. Moreover,
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Table 2: Metabolic syndrome deﬁnition.

Cardiovascular risk factor

Measurement

Central obesity

Insulin resistance
Hypertension
Dyslipidemia∗

Waist circumference

Fasting blood glucose
Blood pressure
Fasting blood triglycerides
Fasting blood HDL cholesterol

Deﬁnition
Region
Men
Women
Asia
≥90 cm
≥80 cm
Europe, Africa, and Middle-East
≥94 cm
≥80 cm
America
≥102 cm
≥88 cm
≥100 mg/dL (5.55 mmol/L)
≥130/85 mmHg
≥150 mg/dL
≤50 and ≤40 mg/dL for women and men, respectively

According to the International Diabetes Federation (IDF), metabolic syndrome is deﬁned as central obesity plus 2 or more cardiovascular risk factors [133], and
according to the American Heart Association (AHA), metabolic syndrome is deﬁned by having 3 or more cardiovascular risk factors [134]. ∗ High triglyceride
levels and low HDL cholesterol levels are considered independent risk factors for the deﬁnition of metabolic syndrome. HDL denotes high-density lipoprotein.

polyphenols are not homogeneously distributed within foods
but are usually concentrated in the outer layers. Therefore,
peeling or processing foods may substantially decrease its
polyphenol content [28]. In addition, cooking foods provokes either losses or increases in some polyphenol content
of foods [29].
The use of the Folin-Ciocalteu method carries the same
limitations described above, and thus, chromatographic
analyses provide the most reliable results, although only
few polyphenols and their metabolites have been quantiﬁed
in ﬂuids or tissues. In addition, given the low bioavailability
of polyphenols (5–10%) [30] and that maximal plasma
concentrations are reached within the ﬁrst two hours after
ingestion and fall to baseline levels within 8 to 12 hours
[31], 24 h urine provides a more accurate measure of the total
polyphenol absorption, metabolism, and excretion over a
24 h period, even for polyphenols with short half-lives [32].

3. The Metabolic Syndrome
MetS is a cluster of several interrelated and well-documented
cardiovascular risk factors (hyperglycemia, hypertension,
dyslipidemia, insulin resistance, and central adiposity) that
may provably result from the increasing prevalence of obesity
and seems to be triggered by insulin resistance [33]. Many
international organizations and expert groups, such as the
World Health Organization (WHO), the European Group
for the Study of Insulin Resistance (EGIR), the National
Cholesterol Education Program Adult Treatment Panel III
(NCEP-ATPIII), the American Association of Clinical Endocrinology (AACE), the International Diabetes Federation
(IDF), and the American Heart Association/National Heart,
Lung, and Blood Institute (AHA/NHLBI), have attempted
to incorporate all the diﬀerent parameters used to deﬁne
MetS [34, 35]. However, the consensus deﬁnition of the
IDF [34] seems the most suitable for practical use in clinical
medicine, taking into account the incorporation of diﬀerent
thresholds for diﬀerent ethnicities as shown in Table 2,
recognizing that the risk associated with a particular waist
measurement will diﬀer in diﬀerent populations.
As depicted in Figure 2, MetS is a pathological condition
deﬁned by a chronic, systemic, and low-grade inﬂammation

[36] and oxidative status and characterized by the cluster of
three or more independent CV risk factors, namely, abdominal obesity, hyperglycemia/insulin resistance, hypertriglyceridemia, low high-density lipoprotein (HDL) and/or high
low-density lipoprotein (LDL) cholesterol, and high blood
pressure [37], in which each factor contributes to the development and progression of each other. Overall, this leads to
excessive tissue damage, endothelial dysfunction, thrombosis, insulin resistance, and high blood pressure. Accumulation of these cardiometabolic risk factors has been
associated with increased CVD [38], diabetes, some forms
of cancer, arthritis, neurodegenerative diseases [39], and allcause mortality [40]. The prevalence of both obesity and type
2 diabetes has increased dramatically in recent decades
worldwide, and both conditions represent substantial risk
factors for the development of atherosclerotic disease and
the resulting increased incidence of myocardial infarction
and stroke [41].
Worldwide prevalence of MetS ranges between 10 and
84% depending on the ethnicity, age, gender, and race of
the population [3, 42, 43]. As an average, one-quarter of the
world’s population has MetS [44]. Therefore, MetS has been
highlighted as a major socioeconomic problem throughout
the world.

4. Effects of Polyphenol Intake on the
Metabolic Syndrome
Considering that a pro-oxidant status and low-grade chronic
inﬂammation are hallmarks of MetS and that its severity
seems to depend on the prevalent number of components
of MetS, polyphenols appear as good dietary candidates to
prevent MetS progression given their well-described antioxidant and anti-inﬂammatory actions [45]. Furthermore, polyphenols have been shown to improve insulin resistance [46],
to decrease blood pressure [47] and body weight [48], and to
improve the lipid proﬁle [49]. Nevertheless, dietary strategies
may be less eﬀective for patients with a cluster of risk factors
of MetS as a whole than for those patients with one or two
risk factors. Along this line, the eﬀects of polyphenol intake
on healthy volunteers or low-moderate CV risk patients
may diﬀer from those on patients with MetS because of
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Figure 2: Pathological processes involved in the metabolic syndrome and their potential interactions.

their pathological characteristics. Thus, the results reported
in humans are still inconsistent, and the metabolic beneﬁts
of polyphenols may strongly depend on the population
studied. For instance, urolithins are the microbial metabolites of ellagitannin. Ellagitannin-metabolizing phenotypes
(urolithin metabotypes A, B, and 0) diﬀer among individuals depending on their body mass index. In fact, urolithin
A in MetS patients only correlated inversely with glucose
after intake of 30 g of nuts, while in healthy and overweight
patients, urolithin A positively correlated with apolipoprotein A-I and HDL cholesterol after the intake of nuts
[50]. Along the same line, a systematic review on the eﬀects
of grape polyphenols on MetS components [51] shows differential eﬀects of grape polyphenols on MetS components
according to the number of components in each patient.
Moreover, in healthy volunteers, extra virgin olive oil consumption improved glycemia, insulin sensitivity, and the
inﬂammatory phenotype, but these eﬀects were observed
in a signiﬁcantly lesser extent in MetS patients [52]. A
recent systematic review also postulates that polyphenols
are eﬀective in reducing some MetS features, but there is
no single food, extract, or polyphenol able to act on all
MetS features [53], suggesting that the whole dietary pattern and not food or extract supplements may contribute
in controlling MetS progression. Considering their low
bioavailability and metabolism, the protective functions of

polyphenols may become eﬀective only through frequent
and sustained intake at a long term, in the context of a
healthy and diversiﬁed diet. Given the complex nature of
MetS, we aimed to review the modulation of MetS features
by polyphenol intake with a special focus on MetS
patients, deﬁned according to the IDF, beyond their antiinﬂammatory and antioxidant eﬀects.
4.1. Epidemiological Evidence
4.1.1. Association between Polyphenol Intake and Central
Obesity. In the past decades, polyphenols have attracted
media interest because of their potential eﬀects on lipid and
energy metabolism and on reducing body weight. Several
in vitro and animal studies have proposed diﬀerent mechanisms by which polyphenols could play a potential role in
reducing obesity, but few cohort studies have evaluated the
association between polyphenol intake and body weight. In
addition, interventional trials are very limited too.
In a Chinese cohort, regular tea consumers showed less
percentage of body fat and waist-to-hip ratio compared to
subjects who did not consume tea on a regular basis [54]. A
longitudinal analysis from the Netherlands Cohort Study
has shown that increased intake of ﬂavones, ﬂavonols, and
catechins is associated with a lower increased body mass
index (BMI) associated with age in women but not in men
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[55]. Chocolate intake in a cohort of subjects under statin
treatment without known cardiovascular disease or diabetes
was associated with lower BMI, despite that higher chocolate
intake was associated with higher calorie and saturated fat
intake [56]. However, as recently reviewed, resveratrol intake
does not mediate body weight loss in overweight/obese
patients, showing a great diﬀerence in the response to resveratrol intake between animal and human studies [57].
Despite the potential eﬀects of polyphenols on reducing
body weight, a recent systematic review points out that the
weight loss induced by polyphenols is not clinically relevant
in overweight and obese individuals [58]. In addition, many
of the interventional trials have a duration of less than 3
months, and therefore, long-term randomized interventional
trials are needed to properly elucidate the role of polyphenols
in weight loss and obesity prevention.
4.1.2. Association between Polyphenol Intake and Insulin
Resistance. Polyphenol intake has been related to decreased
risk of insulin resistance and type 2 diabetes. In a Mediterranean cohort at high cardiovascular risk, total polyphenol,
total ﬂavonoid (ﬂavanones and dihydroﬂavonols), and stilbene intake was associated with decreased risk of type 2 diabetes [12]. In the Nurses’ Health Studies (NHS) I and II,
urinary excretion of ﬂavanones (naringenin and hesperetin)
and ﬂavonols (quercetin and isorhamnetin), as well as caﬀeic
acid, was associated with about 39%–48% decreased risk of
type 2 diabetes at a middle term (5 years) but not at a long
term (up to 11 years) [59]. In this study, only hesperetin
was associated with decreased long-term risk of type 2 diabetes. However, in another substudy of women from the NHS I
and II and men from the Health Professionals Follow-up
Study, higher intakes of anthocyanins, but not of total ﬂavonoids or other ﬂavonoid subclasses, were signiﬁcantly associated with lower risk of type 2 diabetes [60]. Oppositely, the
European Prospective Investigation into Cancer and Nutrition- (EPIC-) InterAct case-cohort study observed that
ﬂavan-3-ol monomers and proanthocyanidin dimers and trimers, but not proanthocyanidins with greater polymerization
degrees, were associated with decreased risk of type 2 diabetes [61]. Nevertheless, the Iowa Women’s Health Study
found no association between ﬂavonoid consumption and
the risk of type 2 diabetes [62], in accordance with the
Women’s Health Study [63], in which dietary intake of total
ﬂavonols and ﬂavones, quercetin, kaempferol, myricetin,
apigenin, and luteolin was not associated with decreased risk
of type 2 diabetes. However, apple and tea consumption
was associated with lower risk of type 2 diabetes. In this
line, green tea (but not black tea) intake of more than 3
cups/day has been inversely associated with type 2 diabetes
risk in a Japanese cohort [64]. On the other hand, the
relationship between coﬀee intake and type 2 diabetes is a
matter of controversy [65].
4.1.3. Association between Polyphenol Intake and
Dyslipidemia. A meta-analysis has shown that green tea but
not black tea [66] consumption decreases total and LDL cholesterol [67] with no eﬀects on HDL cholesterol, although
some studies observed that green tea consumption increased
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HDL cholesterol levels [68]. In the TOSCA.IT study with
type 2 diabetic patients, high polyphenol intake is associated
with slightly lower levels of LDL and triglycerides and higher
levels of HDL cholesterol [14]. In the Moli-sani cohort,
higher intakes of polyphenols were associated with lower
total and LDL cholesterol, lower triglycerides, and higher
levels of HDL cholesterol [69]. In the PREDIMED cohort,
increased polyphenol intake at 5 years measured by total
urinary polyphenol excretion was inversely associated with
triglyceride levels but not with total, LDL, or HDL cholesterol
levels [70]. In a subset of the NHANES cohort, urinary enterolignan concentrations (enterolactone and enterodiol) were
associated with increased levels of HDL cholesterol and
decreased levels of triglycerides, but no association was found
for total or HDL cholesterol [71]. In a subset cohort of the
ATHENA study, total polyphenol and anthocyanin intakes
were not associated with an improved lipid proﬁle, but individuals with the serum paraoxonase/arylesterase 1 singlenucleotide polymorphisms rs854549 and rs854552 showed
a positive association between HDL cholesterol levels and
total polyphenol and anthocyanin intakes [72].
4.1.4. Association between Polyphenol Intake and
Hypertension. Several observational studies have revealed a
positive correlation between greater intake of fruits and vegetables and a decreased prevalence of hypertension (reviewed
in [73]). In a Mediterranean population at high cardiovascular risk, total polyphenol intake measured by urinary polyphenol excretion was associated with lower blood pressure
levels and lower prevalence of hypertension [74]. However,
in a Brazilian cohort, an inverse relationship was found for
hypertension and intake of lignans, stilbenes, tyrosols, alkylphenols, and other polyphenols, but not for total polyphenol,
ﬂavonoid, or phenolic acid intake [75]. A meta-analysis of
the eﬀects of hibiscus tea showed that supplementation with
this sour tea decreased blood pressure levels [76], and
another meta-analysis has shown that green tea consumption
decreases systolic blood pressure, although the size of the
eﬀects appears to be relatively small (about 2 mmHg) [67]
in accordance with another meta-analysis [77]. High intake
of blueberries and strawberries (rich in anthocyanins) has
been associated with decreased risk of hypertension in subsets of the cohorts of women from the NHS I and II and
men from the Health Professionals Follow-up Study (HPFS)
[78]. Furthermore, in a cross-sectional study on women aged
18–75 years old, higher anthocyanin intake, but not intake of
other ﬂavonoids, was associated with lower systolic blood
pressure and mean arterial pressure, whereas anthocyanin
and ﬂavone intake was associated with lower pulse wave
velocity [79]. However, a recent meta-analysis pinpoints that
blueberry supplementation (and consequently anthocyanin
supplementation) does not decrease blood pressure [80].
Therefore polyphenols, and speciﬁcally ﬂavonoids, show
potential antihypertensive eﬀects, which may diﬀer in relation to the disease status (healthy versus pre-hypertensive
versus hypertensive individuals).
4.1.5. Association between Polyphenol Intake and the
Metabolic Syndrome. Several epidemiological studies have
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observed a negative association between polyphenol intake
and MetS rates. In a cross-sectional study comprising
more than 8800 subjects, BMI, waist circumference, blood
pressure, and triglycerides were signiﬁcantly lower among
individuals in the higher quartiles of polyphenol intake,
assessed by food frequency questionnaires. In addition, the
odds ratio for MetS was about 0.75 for subjects at the highest
quartile of polyphenol intake [81].
Coﬀee consumption has been inversely associated with
the prevalence of MetS in Korean women [82] and Japanese
[83] and Danish men and women [84], although these associations may vary depending on the body mass index [85].
Tea drinking, especially 240 ml or more of tea daily, was
inversely associated with incidence of MetS in elderly
Taiwanese males [86]. A cross-sectional study of US adults
showed that intake of hot (brewed) tea, but not of iced tea,
was inversely associated with obesity and biomarkers of MetS
and CVDs [87]. On the other hand, a cross-sectional study of
a Japanese cohort observed no such association [83].
In a Spanish cohort, moderate red wine consumption was
negatively associated with MetS prevalence, accompanied by
reduced waist circumference, blood pressure, and fasting glucose and higher HDL levels [88]. On the other hand, in
another Spanish cohort, no relationship was found between
wine consumption and MetS prevalence, but beer consumption was associated with higher risk for MS [89].
Overall, epidemiologic data is very useful from a
hypothesis-generating perspective, but usually, nutritional
data relies on the transformation of food frequency questionnaires to food or single polyphenol intake, and large epidemiological trials do not often use reliable biomarkers of intake.
Therefore, caution should be taken when interpreting epidemiological data.
4.2. Evidences from Interventional Studies. As previously
stated, MetS is triggered by a maintained pro-oxidant status
and low-grade chronic inﬂammation. Therefore, antioxidant
and anti-inﬂammatory compounds may appear protective
for the MetS onset and progression, but despite the wellknown antioxidant eﬀects of polyphenols in vitro in numerous clinical studies, antioxidant and anti-inﬂammatory
eﬀects were not signiﬁcant after polyphenol supplementation
in patients with MetS (reviewed in [53]).
4.2.1. Antioxidant Activity of Polyphenols. In MetS women,
480 mL/day of cranberry juice for 8 weeks increased plasma
antioxidant capacity and decreased oxidized LDL and malondialdehyde [90], and 50 g freeze-dried blueberries for eight
weeks decreased serum oxidized LDL and malondialdehyde
and increased hydroxynonenal concentrations in both men
and women with MetS [91]. However, in women with MetS,
22 g freeze-dried blueberry powder for eight weeks showed
no eﬀect on superoxide dismutase levels [92], but 300 mL/
day of pomegranate juice for 6 weeks decreased the levels of
thiobarbituric acid reactive substances (TBARS) in erythrocytes [93]. MetS patients receiving 10 mL/day of extra virgin
olive oil showed increased total radical-trapping antioxidant
parameter (TRAP)/uric acid ratio, but no eﬀects were
observed on the levels of hydroperoxide, advanced oxidation
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protein product (AOPP) or AOPP/TRAP, and TRAP/AOPP
indexes [94].
In MetS patients, a Mediterranean diet for ﬁve years supplemented with extra virgin olive oil or nuts increased plasma
levels and activity of superoxide dismutase and catalase,
increased levels of nitrates, and decreased xanthine oxidase
activity [95], and a Mediterranean-style diet for 3 months
decreased lipid and protein oxidation and increased plasma,
erythrocyte, and platelet antioxidant enzymes [96].
The antioxidant potential of polyphenols is deﬁned by
their chemical structure, the number and position of
hydroxyl groups, conjugation groups, degree of glycosylation, and the presence of donor electrons in the ring structure, considering that the aromatic group is able to endure
the disappearance of electrons. However, whether the eﬀects
of polyphenols are relevant in oxidative stress remains to be
elucidated. Despite their low bioavailability and rapid metabolism and elimination, the antioxidant eﬀects of polyphenols
may be of potential clinical relevance when considered in the
context of a diet rich in fruits and vegetables. However, being
polyphenol-rich foods and also antioxidant vitamin-rich
foods, the antioxidant activity observed in these trials may
be a sum of the eﬀects of antioxidant vitamins and polyphenols, because polyphenols represent <1-2% of the plasma
antioxidants, which include proteins, ascorbate, tocopherol,
carotenoids, bilirubin, uric acid, and several other compounds [97]. Therefore, polyphenols may exert their protective eﬀects far beyond their antioxidant activity.
4.2.2. Anti-Inﬂammatory Activity of Polyphenols. Besides the
antioxidant activity of polyphenols, they exert eﬀects on
enzymes, cell signaling pathways, and gene expression
related to inﬂammation that may better explain their beneﬁcial eﬀects on endothelial function, metabolic disturbances,
and vascular inﬂammation. Berry supplementation in the
form of juice, powder, or extract has been shown to decrease
serum levels of interleukin- (IL-) 12, monocyte expression of
monocyte-to-macrophage diﬀerentiation-associated (MMD)
and C-C motif chemokine receptor 2 (CCR2), and the overall
inﬂammation score [98] and to improve endothelial function
measured by the reactive hyperemia index [99] in MetS
patients. However, in those patients, berry supplementation
had no eﬀect on C-reactive protein (CRP) [91, 92], intercellular adhesion molecule-1 (ICAM-1), vascular adhesion
molecule-1 (VCAM-1), adiponectin [91], IL-6 [90], CRP,
tumor necrosis factor- (TNF-) α, or monocyte chemoprotein- (MCP-) 1 [100]. On the other hand, men with MetS
show decreased ICAM-1 levels and increased ﬂowmediated dilation after 46 g/day of freeze-dried grape polyphenol powder for 30 days [101], and green tea supplementation for eight weeks through infusion or powder did not
signiﬁcantly modify serum levels of adiponectin, CRP, IL-6,
IL-1β, VCAM-1, ICAM-1, leptin, or leptin : adiponectin ratio
[102] in both men and women with MetS. In those patients, a
Mediterranean-style diet for 3 months decreased CRP levels
[96] and serum concentrations of IL-6, IL-7, and IL-18 and
increased the endothelial function score after 2 years [103].
These controversial results may partly be explained by diﬀerences in polyphenol doses in each trial and also suggest that
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MetS should be addressed through a multifactorial approach
considering the whole dietary pattern and also increased
physical activity, known to be a good anti-inﬂammatory
strategy [104].
4.2.3. Acute Interventions with Polyphenol-Rich Foods in
Patients with Metabolic Syndrome. As pinpointed in a previous section, given the low bioavailability of polyphenols and
that maximal plasma concentrations are reached within the
ﬁrst two hours after ingestion and fall to baseline levels
within 8 to 12 hours, the protective eﬀects of polyphenols
may be reached through a long-term regular, daily basis
consumption. However, minimizing postprandial metabolic
stress may help in the control of the chronic progression of
MetS. Therefore, polyphenols may be more active when
consumed in the principal meals, which provokes greater
postprandial metabolic stress. While several studies reported
beneﬁcial postprandial eﬀects of polyphenol intake on
healthy subjects or on subjects with one or two cardiovascular risk factors, very few acute interventional trials have been
performed in MetS patients. Diets rich in polyphenols have
been shown to decrease postprandial triglyceride total area
under the curve in plasma and large VLDLs, as well as to
decrease 24 h urinary 8-isoprostane in these patients [105].
Acute intake of extra virgin olive oil improved glycemia
and insulin sensitivity in healthy subjects but not in MetS
patients. In addition, the authors observed that acute extra
virgin olive oil consumption switched peripheral blood
mononuclear cells to a less deleterious inﬂammatory phenotype, but weaker eﬀects were observed in patients with
MetS [52]. Taking into account these diﬀerences and given
the fact that MetS could aﬀect polyphenol bioavailability
as shown in rats [106], more acute interventional trials in
MetS patients are warranted in order to elucidate the capability of polyphenols to minimize postprandial metabolic stress
in MetS patients.
4.2.4. Long-Term Interventions with Polyphenol-Rich Foods
in Patients with Metabolic Syndrome. On the other hand,
clinical trials are currently the best approach to demonstrate
the eﬀects of foods or food compounds such as polyphenols
on human health. Nevertheless, it has to be taken into
account that the fact that a food or a single polyphenol modulates some or several biomarkers related to MetS may not
imply an improvement of the MetS progression itself. In
addition, while several randomized trials have evaluated the
eﬀects of polyphenols on patients with abdominal obesity
and or some of the MetS components, few randomized trials
have evaluated the eﬀects of polyphenols on MetS patients.
Therefore, more and large randomized trials are needed
to deﬁnitively elucidate the role of polyphenols on MetS.
In this subsection and in Table 3, the main clinical trials
on polyphenols and MetS are summarized.
(1) Fruit Polyphenols. Berries are very rich in anthocyanins,
being pelargonidin, cyanidin, delphinidin, petunidin, peonidin, and malvidin the most predominant. Randomized trials
analyzing the eﬀect of berry consumption (as fresh fruit,
juice, or extracts) are performed at a relatively short term,
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and therefore, their long-term eﬀects still remain unknown.
Blueberry consumption has been shown to decrease blood
pressure [92] and oxidative stress [91] and improve endothelial function [99] and insulin sensitivity [100] in MetS
patients. On the other hand, inconsistent results have been
found for other berries in the improvement of MetS. In MetS
patients, neither bilberry [98] nor cranberry supplementation
[90] showed diﬀerences in body weight, glucose, or lipid
metabolism, compared to a control group. However, compelling evidence shows that overall berry intake improves the
oxidative and inﬂammatory proﬁle, as reviewed [107].
In middle-aged women with metabolic syndrome,
300 mL of pomegranate juice (rich in ﬂavonoids) daily for 6
weeks decreased erythrocyte but not plasma TBARS levels.
Nevertheless, they observed no eﬀects on blood pressure [93].
(2) Olive Oil Polyphenols. It is worth pointing out that olive
oil polyphenols are contained in extra virgin olive oil,
whereas olive oil is almost deprived of polyphenols because
of the reﬁning process [108]. Polyphenols from extra virgin
olive oil, mainly (hydroxy) tyrosol and oleuropein, elicit
antioxidant and anti-inﬂammatory eﬀects, improve the lipid
proﬁle and the endothelial function, and may exert some
antithrombotic eﬀects [109]. Although the beneﬁcial eﬀects
of olive oil polyphenols on the general population are not
under debate, to our knowledge, only a clinical trial has been
performed to evaluate the eﬀects of extra virgin olive oil as a
single food in MetS patients. These patients showed
decreased waist perimeter after consuming 10 mL of extra
virgin olive oil a day for 3 months, but no changes in the lipid
proﬁle, glucose, insulin resistance, or blood pressure were
observed [94].
(3) Tea Polyphenols. Tea is a beverage especially rich in
catechins. The beneﬁcial eﬀects of tea (higher for green than
for black tea intake) on MetS have generally been observed in
most human studies at least at three to four cups or more
per day. One of the protective main eﬀects of tea consumption in MetS is by reducing body weight [110], by
decreasing digestion and absorption of some macronutrients, by altering the gut microbiota, by inhibiting anabolism, and by stimulating catabolism in liver, muscle, and
adipose tissues [48]. However, current evidence suggests
that this eﬀect may only be observed at a short term
and not at a long term [111].
(4) Grape and Red Wine Polyphenols. Grape and wine (red
wine in a higher degree than white wine) are very rich in
phenolic acids, stilbenes, ﬂavonols, dihydroﬂavonols, anthocyanins, catechins, and proanthocyanidins. Consumption of
dried grape polyphenol powder for a month resulted in
decreased systolic blood pressure [112] and increased ﬂowmediated dilation in men with MetS, but no eﬀects were
observed in insulin resistance, lipid proﬁle, or body weight
[101]. Intake of red wine or dealcoholized red wine for 30
days signiﬁcantly decreased SBP, DBP, glucose, triglycerides,
total cholesterol, and C-reactive protein and increased HDL
levels in MetS patients [113]. In parallel and as will be further
discussed, red wine polyphenols (in both interventions)

Number
of patients

48

48

44

32

27

31

23

102

Type of
study

Placebocontrolled

Placebocontrolled

Placebocontrolled

Placebocontrolled

Placebocontrolled

Placebocontrolled

Placebocontrolled

Placebocontrolled

Ref.

[92]

[91]

[99]

[100]

[98]

[90]

[93]

[94]

MetS

MetS women

MetS women

43–60

40–60

46–60

43–59

46–57

Obese,
nondiabetic, and
insulin-resistant

MetS

53–61

47–53

55–65

Age
(years)

MetS

MetS

Patients’
characteristics
Postmenopausal
women with
pre- and stage 1
hypertension

Extra virgin
olive oil

Pomegranate

Cranberries

Bilberries

Blueberries

Blueberries

Blueberries

Blueberries

Intervention

10 mL/day

300 mL/day
juice

480 mL/day
juice

400 g
fresh

45 g/day
powder

45 g/day
powder

50 g/day
powder

22 g/day
powder

Dose

90 days

6 weeks

8 weeks

8 weeks

6 weeks

6 weeks

8 weeks

8 weeks

Duration

Blood pressure, BMI, HOMA
index, lipid proﬁle, CRP, and
oxidative parameters

Lipid peroxidation and
phospholipid fatty acid
composition of plasma and
erythrocytes, blood pressure,
and lipid proﬁle

Blood pressure, glucose
and lipid proﬁle, markers
of inﬂammation, and
oxidation

Body weight, blood
pressure, glucose, lipid
proﬁle, and inﬂammatory
parameters

Blood pressure, endothelial
function, and insulin
sensitivity
Insulin sensitivity,
inﬂammatory biomarkers,
and adiposity

Blood pressure, lipid proﬁle,
HOMA index, oxidation, and
inﬂammation parameters

Blood pressure, arterial
stiﬀness, CRP, nitric oxide,
and superoxide dismutase

Measured outcomes

Table 3: Summary of interventional trials with polyphenol-rich foods on metabolic syndrome.

Decreased blood pressure and
arterial stiﬀness and increased
nitric oxide after blueberry
intervention: no eﬀects on CRP
Decreased blood pressure, no
changes in body weight, HOMA
index or lipid proﬁle. Decreased
oxLDL, MDA, and HNE. No
changes in inﬂammatory
biomarkers
Improved endothelial function.
No changes in blood pressure
or insulin sensitivity
Improved insulin sensitivity
but no changes in adiposity or
inﬂammatory biomarkers
Decreased CRP, IL-6, IL-12, and
LPS concentrations and decreased
expression of MMD and CCR2
in monocytes. No changes in
body weight, blood pressure,
glucose, or lipid metabolism
Increased plasma antioxidant
capacity and decreased oxLDL
and MDA. No changes in blood
pressure, glucose and lipid
proﬁles, CRP, and IL-6
Decreased plasma arachidonic
acid and increased saturated
fatty acids. Decreased TBARS
and arachidonic acid and
increased monounsaturated
fatty acids in erythrocytes. No
changes in blood pressure or
lipid proﬁle
Decreased waist perimeter and
increased TRAP but no changes
in blood pressure, lipid proﬁle,
HOMA index, BMI, or CRP

Results
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Number
of patients

65

27

24

10

75

36

180

Type of
study

Placebocontrolled

Placebocontrolled

Randomized
crossover

Randomized
crossover

Randomized
parallel

Case-control

Randomized
parallel

Ref.

[112]

[113]

[101]

[114]

[95]

[96]

[103]

MetS

MetS and
healthy
individuals

MetS

MetS

MetS men

MetS

Normal and
overweight

Patients’
characteristics

272 mL/day

Red wine and
dealcoholized
red wine

37–50

42–64

—

—

Mediterranean
diet

Mediterranean
diet and
prudent diet

—

46 g/day
(267 mg
polyphenols)

Grape seed
powder or
placebo

No diﬀerences in body weight,
fat mass index, or resting
energy expenditure

Results

Serum lipids, blood glucose,
and blood pressure

Decreased blood pressure. No
changes in glucose or lipid
4 weeks
proﬁle. No diﬀerences
between doses
Decreased systolic blood pressure
Blood pressure, endothelial
and ICAM-1 and increased FMD.
30 days
function, lipid proﬁle,
No diﬀerences in diastolic blood
glucose, and body weight
pressure, nitric oxide, body
weight, glucose, or lipids
Decreased systolic and diastolic
blood pressure, glucose,
Body weight, blood pressure,
triglycerides, total cholesterol,
30 days
glucose and insulin, lipid
CRP, and LPS and increased
proﬁle, CRP, and LPS
serum levels of HDL cholesterol.
No changes in body weight
Increased plasma activity and
protein levels of SOD and
Catalase, SOD, myeloperoxidase,
catalase, increased plasma
and XOX activities and protein
nitrate levels, and decreased
levels; protein carbonyl
5 years
XOX activity in the
derivatives; and nitrotyrosine,
Mediterranean diets compared
nitrite, and nitrate levels
to the control diet
Decreased plasma, erythrocyte,
Insulin resistance and
and platelet antioxidant enzymes
3 months
oxidative and inﬂammatory
and a rise in lipid and protein
status
oxidation, plasma CRP, and
ﬁbrinogen in MetS patients
Decreased body weight and
Endothelial function score,
insulin resistance, decreased
lipid proﬁle and glucose,
concentrations of CRP, IL-6,
insulin sensitivity, circulating
2 years
IL-7, and IL-18, and improved
levels of CRP, and IL-6, IL-7,
endothelial function score in the
and IL-18
Mediterranean diet group

Body weight, fat mass
index, resting energy
expenditure

9 capsules/day
containing
>0.06 g EGCG and
12 weeks
0.03–0.05 g
caﬀeine
per capsule
300 or
150 mg/day

Measured outcomes

Duration

Dose

Grape seed
extract

Green tea
extract

Intervention

Mediterranean
diet supplements
55–80 with extra virgin
olive oil or nuts
and control diet

30–70

25–80

18–50

Age
(years)
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35

86

Randomized
controlled

Randomized
parallel

Case-control

[102]

[105]

[52]

40–44

Age
(years)

Healthy and MetS

27–38

Overweight/obese
individuals with
a large waist
44–64
circumference
and any other
component of the
metabolic syndrome

MetS

Patients’
characteristics

50 mL/single
dose

Extra virgin
olive oil

Acute

8 weeks

8 weeks

Green tea
(4 cups/day), green
tea extract
(2 capsules and
4 cups water/day)

—

Duration

Dose

Isoenergetic
diets with high
and low
polyphenol
content

Green tea

Intervention

Glycemia, insulin sensitivity,
lipid proﬁle, and gene and
miRNA expression of
peripheral blood
mononuclear cells

Fasting and postmeal
TRLs and 8-isoprostane
concentrations

Body weight, lipid proﬁle,
blood pressure, and
inﬂammatory biomarkers

Measured outcomes

Decreased total and LDL
cholesterol after green tea
extracts. No changes in body
weight, blood pressure or in
serum levels of adiponectin,
CRP, IL-6, IL-1β, VCAM-1,
ICAM-1, leptin, or leptin :
adiponectin ratio
Reduced fasting triglyceride
concentrations and large VLDL,
reduced postprandial triglyceride
total area under the curve in
plasma and large VLDLs, and
decreased urinary 8-isoprostane
after high polyphenol intake
Improved glycemia and insulin
sensitivity in healthy subjects
but not in MetS patients. No
changes in lipid proﬁle in either
population

Results

Ref.: reference number; MetS: metabolic syndrome; HOMA: homeostasis model assessment of β-cell function and insulin resistance; BMI: body mass index; CRP: C-reactive protein; LPS: lipopolysaccharide; SOD:
superoxide dismutase; XOX: xanthine oxidase; IL: interleukin; TRL: triglyceride-rich lipoprotein; oxLDL: oxidized low-density lipoprotein; VLDL: very low-density lipoprotein; MDA: malondialdehyde; HNE:
hydroxynonenal; MMD: monocyte-to-macrophage diﬀerentiation-associated; CCR2: C-C motif chemokine receptor 2; TBARS: thiobarbituric acid reactive substances; TRAP: total peroxyl radical-trapping
antioxidant potential; ICAM-1: intercellular adhesion molecule-1; VCAM-1: vascular adhesion molecule 1; FMD: ﬂow-mediated dilation.

24

Number
of patients

Type of
study

Ref.

Table 3: Continued.
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increased the number of fecal biﬁdobacteria and Lactobacillus (intestinal barrier protectors) and butyrate-producing
bacteria and decreased lipopolysaccharide- (LPS-) producing
bacteria, which was translated to lower LPS systemic levels,
suggesting that red wine polyphenols are capable of switching microbiota phenotype to a more protective one in
patients with MetS [113]. However, a recent meta-analysis
concludes that grape polyphenols do not have a signiﬁcant
eﬀect on glycemia, blood pressure, or the lipid proﬁle in MetS
patients, although limited evidence suggests a positive eﬀect
on insulin sensitivity [51], in contraposition to another
meta-analysis that concluded that grape polyphenols are able
to decrease systolic but not diastolic blood pressure in MetS
patients [114].
(5) Mediterranean Diet. The Mediterranean diet is characterized by the high consumption of polyphenol-rich foods such
as fruits, vegetables, nuts, olive oil, aromatic plants, spices,
whole-grain cereals, and red wine. Several cross-sectional
and prospective studies have suggested that the Mediterranean diet has protective eﬀects on diﬀerent components of
MetS [115] and its associated low-grade inﬂammation
and pro-oxidative status. Intervention with a Mediterranean
diet for ﬁve years supplemented with extra virgin olive oil or
nuts increased plasma antioxidant capacity and decreased
xanthine oxidase activity in MetS patients [95]. This is in
concordance with another study with MetS patients, which
reported that a Mediterranean-style diet for 3 months
improved the antioxidant enzyme activities in plasma,
erythrocytes, and platelets [96]. Moreover, MetS patients
under a Mediterranean diet for 2 years showed reduced
prevalence of MetS by decreasing body weight, reducing
serum concentrations of inﬂammatory markers, decreasing
insulin resistance, and improving endothelial function
[103]. Concurrently, Mediterranean diet intervention for
one year supplemented with extra virgin olive oil or nuts
was associated with decreased incidence [116] and increased
reversion of MetS [117], even at ﬁve years of intervention
[118], suggesting that the Mediterranean diet may be a promising tool for both MetS prevention and management. In the
same cohort, one-year intervention with a Mediterranean
diet supplemented with extra virgin olive oil or nuts has been
shown to decrease blood pressure, and these changes were
associated with a signiﬁcant increase in total polyphenols in
urine and plasma nitric oxide [119]. Overall, a Mediterranean diet for ﬁve years supplemented with extra virgin olive
oil or nuts, despite the increased fat intake, was not associated
with increased visceral adiposity or body weight [120],
suggesting that indeed, olive oil and nut polyphenols, among
other compounds, may have an eﬀect on body weight
maintenance or loss.
4.3. Gut Microbiota and Metabolic Syndrome. The human
colonic microbiota is a large and complex microbial community. In total, over 1000 bacterial species have been identiﬁed,
of which many remain uncultured, with about 160 species
being found in the gut of any individual, making an
important contribution to human metabolism and health
by contributing enzymes that are not encoded by the human
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genome [121]. Given the low bioavailability of polyphenols,
the remaining polyphenols (90–95% of total polyphenol
intake) may accumulate in the large intestinal lumen up to
the millimolar range where they are subjected to the enzymatic activities of the gut microbial community prior to their
reabsorption, modulating the composition of the microbiota
and inﬂuencing the metabolic balance and the health status.
In this line, red wine intake has been shown to increase
global fecal microbial diversity in healthy volunteers [122],
and diﬀerent proﬁles of urinary polyphenol metabolites
derived from microbial metabolism have been shown after
one-month red wine intake between healthy individuals
and obese/diabetic patients [123].
Once the polyphenols have been metabolized to their
aglycones or the polymers have been converted to monomers, they are extensively degraded by components of the
colonic microbiota via dehydroxylation, decarboxylation,
and ring breakage ultimately generating simpler phenolic
compounds, such as hydroxyphenyl-acetic acids and hydroxyphenylpropionic acids [124]. Given the high variability in
the microbial composition between individuals, polyphenols
may be diﬀerently metabolized, thus aﬀecting the bioavailability of both the parental polyphenols and their metabolites
and inﬂuencing their bioactivity. For instance and as previously mentioned, daidzein (a soy isoﬂavone) is metabolized
by two diﬀerent pathways depending on the gut microbiota
of the subjects, producing O-desmethylangolensin by
Clostridium, or on (S)-equol via dihydrodaidzein and tetrahydrodaidzein by Streptococcus intermedius, B. ovatus,
Ruminococcus productus, Eggerthella sp. Julong732, Adlercreutzia equolifaciens, Slakia isoﬂavoniconvertens, and Slakia
equolifaciens [125]. In addition, diﬀerent responses to a mix
of epigallocatechin-3-gallate and resveratrol have been
observed between men and women. In men, this polyphenol
mixture decreased the amount of fecal bacteroidetes and
tended to decrease Faecalibacterium prausnitzii, but these
changes were not observed in women [126], highlighting
the complex nature of intestinal microbiota. Moreover,
MetS features may also inﬂuence intestinal microbiota
and polyphenol metabolism and therefore their bioactivity
[127, 128]. A randomized study in MetS patients has shown
that bioavailability of ellagitannins depends on the gut
composition of microbiota [98]. As previously remarked,
ellagitannin-metabolizing phenotypes (urolithin metabotypes A, B, and 0) diﬀer among individuals depending on
their body mass index, and urolithin A in MetS patients only
correlated inversely with glucose after intake of 30 g of
nuts, while in healthy and overweight patients, urolithin
A positively correlated with apolipoprotein A-I and HDL
cholesterol after the intake of nuts [50]. In MetS patients,
red wine polyphenols in the form of red wine or dealcoholized red wine signiﬁcantly increased the number of fecal
protective species (biﬁdobacteria and Lactobacillus) and
butyrate-producing bacteria (Faecalibacterium prausnitzii
and Roseburia), consequently decreasing the amount of
groups of nonprotective bacteria such as LPS producers
(Escherichia coli and Enterobacter cloacae) and approaching
the microbiome proﬁle of MetS patients to the proﬁle of
healthy volunteers. Indeed, before the red wine intervention,
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Figure 3: Main potential eﬀects of polyphenols on metabolic syndrome components.

MetS patients had higher amounts of Proteobacteria and
Firmicutes compared to healthy subjects, while after the red
wine and dealcoholized red wine intake periods, no signiﬁcant diﬀerences were observed between healthy individuals
and MetS patients [113]. Overall, the (complex) interaction
between nutrients and the gut microbiome is an emerging
ﬁeld of intensive research that will provide new and promising insights into the relationship between nutrition and
health in the near future.

role of polyphenols in MetS progression. Safe doses have to
be determined, as the eﬀects greatly vary among polyphenols
and food sources, and no speciﬁc food or polyphenol is able
to improve all components of MetS. Overall, a varied diet rich
in polyphenol-rich foods may be beneﬁcial in the onset and
progression of MetS and in decreasing the associated risk of
developing diabetes or cardiovascular disease.
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As summarized in Figure 3, compelling evidence suggests
that polyphenols at maintained doses may delay or prevent
MetS onset by decreasing body weight, blood pressure, and
blood glucose and by improving lipid metabolism. Because
of the complex polyphenol composition of polyphenol-rich
foods, it is diﬃcult to emphasize the bioactivity of a speciﬁc
polyphenol. Moreover, it seems plausible that they have
additive or synergistic eﬀects. Therefore, high intake of
polyphenol-rich foods such as nuts, fruits, vegetables, seasonings with aromatic plants, spices, and virgin olive oil may be
the cornerstone of a healthy diet preventing the development
and progression of MetS. However, human epidemiological
and interventional studies have shown inconsistent results.
There is a small number of interventional studies evidencing
the beneﬁts of polyphenol intake in the improvement of
MetS phenotype in these patients, and more long-term randomized trials are warranted in order to evaluate the possible
preventive eﬀects of a higher consumption of polyphenols by
a combination of their diverse dietary sources, as suggested
by some epidemiological observations [12, 61, 129–131]
and in order to conclude whether single polyphenols or
polyphenol-rich foods are indeed related to a reduction in
MetS-related symptoms or whether their action is merely
aﬀecting a biomarker.
In conclusion, current evidence suggests that polyphenol
intake has the potential to alleviate MetS components. However, there is still a long way to run before establishing the
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Dietary polyphenols come mainly from plant-based foods including fruits, vegetables, whole grains, coﬀee, tea, and nuts.
Polyphenols may inﬂuence glycemia and type 2 diabetes (T2D) through diﬀerent mechanisms, such as promoting the
uptake of glucose in tissues, and therefore improving insulin sensitivity. This review aims to summarize the evidence from
clinical trials and observational prospective studies linking dietary polyphenols to prediabetes and T2D, with a focus on
polyphenol-rich foods characteristic of the Mediterranean diet. We aimed to describe the metabolic biomarkers related to
polyphenol intake and genotype-polyphenol interactions modulating the eﬀects on T2D. Intakes of polyphenols, especially
ﬂavan-3-ols, and their food sources have demonstrated beneﬁcial eﬀects on insulin resistance and other cardiometabolic
risk factors. Several prospective studies have shown inverse associations between polyphenol intake and T2D. The
Mediterranean diet and its key components, olive oil, nuts, and red wine, have been inversely associated with insulin
resistance and T2D. To some extent, these associations may be attributed to the high amount of polyphenols and bioactive
compounds in typical foods conforming this traditional dietary pattern. Few studies have suggested that genetic
predisposition can modulate the relationship between polyphenols and T2D risk. In conclusion, the intake of polyphenols
may be beneﬁcial for both insulin resistance and T2D risk.

1. Introduction
In the past few decades, type 2 diabetes (T2D), in parallel
with the obesity epidemic, has become a public health challenge for many countries [1]. Increasing evidence has demonstrated that the combinations of several unhealthy
lifestyle factors, including a sedentary lifestyle, unhealthy
diets, overweight/obesity, smoking, and excessive alcohol
intake, were responsible for 90% of T2D cases [2]. For this
reason, strategies focused on lifestyle and the promotion of

a healthy diet to prevent T2D have been identiﬁed as a cornerstone of researchers and policymakers.
Recently, growing interest has emerged on the beneﬁcial
eﬀects of plant-based diets for the prevention of chronic diseases including obesity, diabetes, and cardiovascular disease
[3, 4]. Such diets are based on foods derived from plants,
including fruits, vegetables, whole grain cereals, legumes,
and nuts, with limited animal products. As an example, the
Mediterranean diet, which has been associated with many
health beneﬁts [5], is characterized by a high intake of fruits,
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Table 1: Main food sources of polyphenols.

Polyphenol

Compound

Total polyphenols

Flavonoids

Flavones
Flavonols
Flavanols
Flavanones
Isoﬂavones
Anthocyanins

Phenolic acids

Stilbenes
Lignans

Benzoic acid

Main food sources, excluding seasoning
Coﬀee, oranges, apples, grapes, olives and
olive oil, red wine, cocoa powder, dark
chocolate, tea, black elderberry, nuts,
whole grains, legumes
Virgin olive oil, oranges, whole grain wheatﬂour bread, reﬁned-grain wheat-ﬂour bread,
whole grain wheat four, black olives
Spinach, beans, onions, shallot
Red wine, apples, peaches, cocoa powder,
nuts, dark chocolate
Grapefruit/pomelo juice, oranges, orange juice,
grapefruit juice
Soy ﬂour, soy paste, roasted soy bean, beans
Cherries, red wine, olives, hazelnuts, almonds,
black elderberry, black chokeberry, blueberries
Olives, virgin olive oil, red wine, walnuts,
pomegranate juice, red raspberry,
American cranberry

Cinnamic acid

Coﬀee, maize oil, potatoes

Resveratrol

Grapes, red wine, nuts
Virgin olive oil, whole grain rye ﬂour,
bread from whole grain rye ﬂour, ﬂaxseed

vegetables, legumes, nuts, and olive oil; a moderate consumption of dairy products and wine; and low intake of red and
processed meat, butter, cream, and sugar drinks. One of the
dietary constituents common in plant-based diets are polyphenols, which are especially abundant not only in fruits,
vegetables, whole grains, and legumes but also in cocoa, tea,
coﬀee, and red wine [6].
Polyphenols are a large and heterogeneous group of phytochemicals containing phenol rings and are divided into ﬂavonoids, phenolic acids, stilbenes, and lignans [7] (Table 1).
Flavonoids are classiﬁed into ﬂavones, ﬂavonols, ﬂavanols,
ﬂavanones, isoﬂavones, and anthocyanins [8]. Among others,
fruits like apples, grapes, pears, and berries typically contain
high amounts of polyphenols (200–300 mg per 100 g) [9].
The most common phenolic acids are caﬀeic acid and ferulic
acid, which is a major phenolic compound in coﬀee and
cereals, respectively [10]. The best-studied stilbene is resveratrol in grapes, grape products, and red wine [10]. Other
main dietary sources of polyphenols include vegetables,
chocolate, tea, whole grains, dry legumes, nuts, and olive
oil [10]. Polyphenols are the most abundant antioxidants
in the diet, and their intake has been associated with a
reduced incidence of T2D in humans [11–13]. Polyphenols
have anti-inﬂammatory eﬀects and may inﬂuence glycemia
through diﬀerent mechanisms, including the inhibition of
glucose absorption in the gut and the improvement of
insulin resistance [9].
This review aims to summarize the relevant evidence
linking dietary polyphenols to prediabetes and T2D with a
focus on polyphenol-rich food characteristics of the Mediterranean diet (MedDiet). In addition, the present work aims to

Main food sources, only seasoning
Cloves, dried peppermint, star anise

Celery seed, dried peppermint, dried,
common verbena
Capers, saﬀron, dried oregano

Dried peppermint, dried oregano,
fresh rosemary
Soy sauce

Chestnut, cloves, star anise
Dried peppermint. Common verbena,
dried rosemary
Sesame seed oil, black sesame oil, ﬂaxseed

describe genotype-polyphenol interactions and metabolic
biomarkers to understand the relationship between polyphenols and T2D.

2. Dietary Polyphenols, Insulin Sensitivity, and
Resistance
Abundant evidence generated in human studies collectively
suggests that the intake of polyphenols and their major food
sources may exert beneﬁcial eﬀects on improving insulin
resistance and related diabetes risk factors, such as inﬂammation and oxidative stress (as reviewed by Scalbert et al. [9]).
Given the amount of such evidence, this narrative review
does not seek to provide a comprehensive summary of all
study ﬁndings, but rather focuses on well-conducted clinical
trials and observational prospective studies. In this regard,
only randomized and controlled trials have been considered,
and regarding the prospective cohort studies, only those with
appropriate control of potentially confounding variables
have been included. We have performed a narrative review
in MEDLINE up to June 2017. Our search terms combined
the exposures (polyphenols, ﬂavonoids, phenolic acids, stilbenes, lignans; and also, MedDiet, extra-virgin olive oil, nuts,
and red wine) with several outcomes (insulin resistance,
insulin sensitivity, oxidation, inﬂammation, and T2D). We
also conducted a speciﬁc search for well-powered human
clinical studies with the potential for clinical translational
ﬁndings. We reviewed the evidence of polyphenols and
T2D from a nutritional genomic perspective, particularly
from metabolomics and metagenomics. We acknowledge
other omics studies using transcriptomics, proteomics, and
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epigenomics may also have an important role on understanding polyphenol mechanisms of action, but given the clinical
translational nature of this review, we have not included
these studies.
Among all polyphenols, the beneﬁcial eﬀects of ﬂavanols
(ﬂavan-3-ols) and their primary food sources, including
cocoa, chocolate, and red wine, have been most widely examined in clinical trials. In a meta-analysis of 24 trials among
1106 individuals that examined the eﬀects of cocoa intake
for 2–18 weeks, Shrime et al. showed signiﬁcant eﬀects of
cocoa intake on improving insulin sensitivity [14]. Homeostatic model assessment of insulin resistance (HOMA-IR)
decreased by 0.94 points (95% CI = 0.59, 1.29; P < 0 001) with
the consumption of ﬂavonoid-rich cocoa. This meta-analysis
included healthy participants and patients with hypertension, diabetes, and overweight. Total ﬂavonoid intake ranged
from 16.6 mg/d to 1080 mg/d and control group included
low-ﬂavonoid cocoa, white chocolate, skim milk, and placebo
capsules. In nine studies, at least one author was employed by
a chocolate company [14]. In another meta-analysis of 42 trials comprised of 1297 individuals which was conducted in
2012, Hooper et al. showed that acute to short-term (≤18
weeks) intake of cocoa, chocolate, and ﬂavan-3-ols signiﬁcantly decreased insulin resistance [15]. Healthy participants
and participants with elevated blood pressure, serum cholesterol, and diabetes as well as other health conditions were
included. Interventions were cocoa drinks, dark or milk
chocolate, cocoa supplements, solid chocolate plus cocoa
drinks, and a whole diet (all foods provided) including cocoa
powder and chocolate. These were compared with low
ﬂavan-3-ol versions of the same foods, drinks, or supplements [15].
Data on the eﬀects of long-term chronic consumption
of ﬂavan-3-ols on cardiometabolic health are scarce. In a
randomized, placebo-controlled trial in 93 patients with
T2D, the intake of 7 grams per day of ﬂavonoidenriched chocolate (containing 850 mg ﬂavan-3-ols and
100 mg isoﬂavones) for 1 year signiﬁcantly improved insulin resistance. In this long-term trial, eﬀects on hemoglobin A1c (HbA1c) and glucose were not observed [16].
However, the authors acknowledged that the dropout rate
was high and limited to postmenopausal women receiving
diabetes therapy.
Another food source of ﬂavan-3-ols, green tea, has also
been extensively examined in short-term clinical trials evaluating its beneﬁcial eﬀects on cardiometabolic health. For example,
catechins from green tea exerted beneﬁcial eﬀects on lowering
fasting glucose, although eﬀects on fasting insulin, HbA1c,
and HOMA-IR were not signiﬁcant in a meta-analysis summarizing results of 22 randomized clinical trials with 1584 participants and ranging interventions from 3 to 24 weeks [17].
Green tea catechin dosage ranged from 240 mg/d to 1207 mg/
d and was compared with water or placebo.
Clinical trials that aim to assess the eﬀects of anthocyanins are relatively sparse. In a double-blinded 6-week clinical
trial among 32 obese nondiabetic individuals, Stull et al.
found that intake of a smoothie with added blueberry powder
(equivalent to 668 mg/day anthocyanins) as compared to a
smoothie of equal nutritional value without added blueberry
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bioactivities signiﬁcantly improved insulin sensitivity measured by a hyperinsulinemic-euglycemic clamp [18]. Beneﬁcial eﬀects of anthocyanins (either puriﬁed anthocyanin
(320 mg/d) derived from bilberry and black currant or placebo) on improving insulin resistance were also observed in
a 12-week trial conducted in 74 patients with nonalcoholic
fatty liver disease [19]. Of note, the descriptions of the
control foods and extracts used as in the abovementioned
clinical trials were poorly described and no indication on
its nature is given.
The consumption of beverages with added freeze-dried
strawberries rich in anthocyanins compared to placebo for
12 weeks did not exert eﬀects on inﬂammatory markers or
glucose measurements in 60 individuals with abdominal adiposity and hypercholesterolemia, although a signiﬁcant
reduction of total and low-density lipoprotein (LDL) cholesterol was observed in this trial [20].
Isoﬂavones are a class of ﬂavonoids with estrogenic
eﬀects that are found in soya beans and are highly consumed
in East Asian populations. Probably because of these estrogenic properties, most of the clinical trials evaluating the
eﬀects of isoﬂavone supplementation focused on postmenopausal or perimenopausal women. In a meta-analysis of 24
trials comprised of 1518 men and women, intervention
groups included isoﬂavone extracts as supplements and
whole soy foods into the diet and compared the isolated soy
protein that contained isoﬂavones with milk or animal protein. The soy protein content ranged from 0 to 40 g soy protein/d, and the isoﬂavone content ranged from 36 to 132 mg
isoﬂavones/d. Results from this meta-analysis have shown
that soy intake did not exert signiﬁcant eﬀects on measures
of glucose metabolism, including fasting glucose and insulin,
HOMA-IR, HbA1c, and 2-hour glucose or insulin levels [21].
Restricting the analysis to postmenopausal women generated
similar results.
Interestingly, in another meta-analysis that only considered clinical trials conducted among non-Asian perimenopausal or postmenopausal women, soy isoﬂavones
or genistein supplements for 3 months to 2 years signiﬁcantly reduced serum insulin and HOMA-IR, but had no
eﬀects on fasting blood glucose [22].
Lignans are a group of polyphenols that also possess
estrogenic properties. A few trials have been conducted to
elucidate the eﬀects of ﬂaxseed supplements that contain
high amount of lignans on insulin resistance and other
cardiometabolic intermediate outcomes. In a small crossover
trial among 9 obese subjects with glucose intolerance, ﬂaxseed intake (40 g/day) compared to 40 g wheat bran for 12
weeks signiﬁcantly improved insulin resistance [23]. In
another small randomized trial comparing ﬂaxseed intake
(40 g/day) with hormone replacement therapy among 25
postmenopausal women, ﬂaxseed intake signiﬁcantly
reduced glucose and insulin levels, although these beneﬁts
were comparable to those of hormone replacement therapy
[24]. However, sample sizes of these studies were small and
replication of the results in other populations is needed to
make strong conclusions. In a crossover, randomized trial
conducted among ~70 patients with T2D, Pan et al. showed
that supplementation of 360 mg/day of lignans derived from
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ﬂaxseed for 12 weeks signiﬁcantly reduced HbA1c [25] and
C-reactive protein (CRP) [26] in comparison with the placebo group. Interestingly, such eﬀects were primarily
observed in women, whilst no eﬀects on CRP levels were
found in men [26]. In the largest trial testing the eﬃcacy of
ﬂaxseed supplements so far, ﬂaxseed lignan supplements
(543 mg/day) (as compared to placebo) did not exert significant eﬀects on lowering fasting blood glucose concentrations or inﬂammatory markers in 100 Canadian healthy
men and women followed for 6 months [27]. Moreover,
in a recent trial among 99 prediabetic patients, ﬂaxseed
supplementation did not improve insulin sensitivity [28].
This randomized, clinical trial compared two groups receiving 40 g and 20 g per day of ﬂaxseed powder daily for 12
weeks and the third group was the control group (no intervention) [28].
Evidence regarding other polyphenols or their food
sources is sporadic. In a crossover trial conducted in overweight men and women, supplementation of 150 mg/day resveratrol compared to placebo capsules for 4 weeks had no
eﬀects on insulin sensitivity or inﬂammatory markers [29].
Supplements of chlorogenic acid (1 g/d, a polyphenol highly
present in coﬀee, signiﬁcantly reduced glucose and insulin
concentrations 15 minutes following an oral glucose tolerance
test (OGTT), although no overall improvement on OGTT
measurements was observed in a small crossover trial (three
interventions: 12 g decaﬀeinated coﬀee, 1 g chlorogenic acid,
500 mg trigonelline, and placebo (1 g mannitol)) including 15
overweight men [30]. Of note, trials that examined the eﬀects
of coﬀee consumption per se did not generate consistent ﬁndings regarding whether insulin resistance could be improved,
although all these trials were small in sample size (ranging
from 10 to 47 participants) [31–33]. Of note, because the portions of coﬀee are larger in North European and American
populations and therefore the intake of polyphenols from this
food greater, some diﬀerences may exist among populations.
In summary, intake of polyphenols, especially ﬂavan-3ols and their food sources, have demonstrated overall beneﬁcial eﬀects on decreasing insulin resistance, chronic systematic inﬂammation, oxidative stress, and improving other
cardiometabolic risk factors. However, some publication bias
may be present as several clinical trials have been sponsored
by the food industry, particularly for cocoa, chocolate, and
tea, and this may explain the greater amount of evidence on
this food groups. In addition, some clinical trials on this topic
were of short duration which may dilute the eﬀect of polyphenol intake on a long term. Although surrogate endpoints
measured in most clinical trials can help to monitor changes
during follow-up and are relevant for the prediction of T2D,
more research is warranted to elucidate the metabolic eﬀects
of polyphenols in larger trials with longer intervention term
and risk of T2D. In this regard, the ongoing Cocoa Supplement and Multivitamin Outcomes Study (COSMOS) [34],
which aims to evaluate the eﬃcacy of a concentrated cocoa
extract using a ﬁve-year randomized trial among 18,000
healthy men and women, may provide conclusive evidence
on the health beneﬁts of cocoa (rich in polyphenols) on cardiometabolic hard outcomes. Finally, novel metabolomic
techniques will help to determine more objective plasma
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concentrations of polyphenols and had a better picture of
availability and potential beneﬁcial eﬀects on insulin resistance and T2D.

3. Dietary Polyphenols and Risk of Type 2
Diabetes
Table 2 summarizes the evidence on prospective studies evaluating polyphenol intake and risk of T2D. Several studies
have evaluated the associations between the intake of total
ﬂavonoids or speciﬁc ﬂavonoids and the risk of T2D. Four
studies including data from 6 cohorts on healthy participants
have evaluated the associations between dietary total ﬂavonoids and risk of T2D [35]. Results from a meta-analysis
including 18,146 incident T2D cases and 284,806 participants showed that the relative risk of T2D for the highest
intake of total ﬂavonoids compared with the lowest was
0.91 (95% CI: 0.87, 0.96). A dose-response analysis of these
results revealed that 500 mg/d increase in total ﬂavonoid
intake was associated with a signiﬁcant 5% reduction of
T2D incidence. These beneﬁcial eﬀects were especially
observed in younger individuals and in those studies with
larger follow-up [35]. Two new studies not included in this
meta-analysis were published later [36, 37]. In the European
Prospective Investigation into Cancer and NutritionInterAct (EPIC-InterAct) study, an inverse association
between total ﬂavonoid intake and T2D risk was reported
in a case-cohort study including 12,403 incident cases of
diabetes and 16,154 healthy participants [36]. In contrast,
total ﬂavonoid intake was nonsigniﬁcantly associated with
the risk of T2D in a report from the Framingham Oﬀspring
Study, which included 2915 participants followed for 11.9
years [37].
Several studies have evaluated the association between
the consumption of diﬀerent subtypes of ﬂavonoids and
T2D risk with some controversial results. The Finnish Mobile
Clinic Health Examination Survey (FMCHES) [38], the
Womens’ Health Study [39], both including healthy participants, and the α-Tocopherol, β-Carotene Cancer Prevention
(ATBC) Study, which included male smokers [40], examined
the associations between the intake of total or selected ﬂavonol or ﬂavone molecules (quercetin, kaempferol, myricetin,
hesperetin, and naringenin) and T2D risk. In the FMCHES,
higher intake of quercetin and myricetin showed a trend
towards a reduction in the risk of T2D, but not for the rest
of the compounds [38]. No signiﬁcant associations were
observed between total or selected types of ﬂavonol and ﬂavone intake and T2D in the Women’s Health Study [39]
and the ATBC Study cohorts [40].
Findings from large-scale prospective studies have evaluated the associations between ﬂavonoids and T2D risk. After
pooling the results of three large cohorts (Nurses’ Health
Study (NHS), NHSII and Health Professionals Follow-up
Study (HPFS); 3,645,585 person-years of follow-up; 12,611
incident cases of diabetes), higher intakes of anthocyanins
and anthocyanin-rich fruits were associated with a decreased
risk of T2D after adjusting for multiple potential confounders, whereas no associations were shown for total ﬂavonols, ﬂavones, ﬂavanones, and ﬂavan-3-ols [11]. A case-

Sex

Both

F

F

M

First author,
publication
year, study name,
location

Knekt 2002, The
FMCHES,
Finland

Song 2005, WHS,
United States

Nettleton 2006,
Iowa Women’s
Health Study,
United States

Kataja-Tuomola
2011, ATBC,
Finland

10.2

18

8.8

18

Follow-up
(years)

50–69
(57.5)

55–69
(61)

≥45 (53)

39.3
± 15.8

Age at
baseline
(years)
(mean)

660/
25,505

3395/
35,816

1614/
38,018

526/9878

Number
of cases/
participants

Validated FFQ 275 food
items/self-reported or
medical diagnosis and
Social Insurance
Institution Finland

Quintiles of
ﬂavonols and
ﬂavones

mg/d quintiles of
ﬂavonoid and
ﬂavonoid sources

mg/d quintiles of
dietary intake of
total or individual
ﬂavonols and ﬂavones
and ﬂavonoid-rich
foods

Nonsigniﬁcant
associations for
kaempferol, luteolin,
myricetin, quercetin

Age, energy, education
level, BMI, waist:hip
ratio, activity level,
smoking status,
multivitamin use, and
hormone therapy
Q5 versus Q1
(median intake
mg/d: 680.4
versus 90.4)
of total ﬂavonoids
0.97 (0.86, 1.10)

Age, supplementation,
BMI, cigarettes smoked
daily, smoking years,
blood pressure, total
cholesterol, high-density
lipoprotein cholesterol,
leisure-time physical
activity, and daily
intake of alcohol
and energy

Age, BMI, energy, total
fat, smoking, exercise,
alcohol use, history of
hypertension, high
cholesterol, family
history of diabetes,
ﬁber intake, glycemic
load, magnesium

Sex and age

Adjustment for
covariates

Q5 versus Q1
(median intake
mg/d: 47.2 versus
8.85) of total
ﬂavonoids 0.92
(0.78, 1.09)

Q4 versus Q1 0.98
(0.78, 1.24)

Quartiles of dietary
intake of major
ﬂavonoid subclasses
(total ﬂavonoid intake
24.2 mg/d)

FFQ > 100 items/
identiﬁed from
Social Insurance
Institution Finland
131-item
semiquantitative
validated FFQ/selfreport and
conﬁrmed with
supplementary
questionnaire about
symptoms, American
Diabetes Criteria
Validated 127-item
FFQ/self-reported
were determined by
the following question:
“Were you diagnosed
for the ﬁrst time by
a doctor as having
sugar diabetes?”

Relative risk (95%
CI) (highest versus
lowest category)

Types of
polyphenols
analyzed

Exposure assess
ment and case
ascertainment

Table 2: Prospective studies evaluating polyphenol intake on the risk of type 2 diabetes.
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Zamora-Ros
2013, EpicInterAct, 8
European
countries

Wedick 2012,
NHS, NHSII,
HPFS, United
States

First author,
publication
year, study name,
location

Both

52.4
(9.1)

20

3.99 million
personyears of
follow-up
12,403/
16,154

2649/
41,334

40–75
(53)

M
(HPFS)

6878/
70,359

Number
of cases/
participants

3084/
89,201

16

F
(NHSII)

30–55
(50)

Age at
baseline
(years)
(mean)

25–42
(36)

24

F
(NHS)

Sex

Follow-up
(years)

mg/d quintiles of
dietary intake of major
ﬂavonoid subclasses

mg/d quintiles of
dietary ﬂavonoids,
types of ﬂavonoids
and lignans intake

Same as above

Country-speciﬁc FFQ/
self-report and linkage
to primary and
secondary care
registers, hospital and
mortality data

mg/d quintiles of
dietary intake of major
ﬂavonoid subclasses

mg/d quintiles of
dietary intake of major
ﬂavonoid subclasses

131-item
semiquantitative
validated FFQ/
self-report
and conﬁrmed with
supplementary
questionnaire about
symptoms, the National
Diabetes Group criteria

Same as above

Types of
polyphenols
analyzed

Exposure assess
ment and case
ascertainment

Table 2: Continued.

Q5 versus Q1
(median intake
mg/d: 817.5
versus 126.8) of
total ﬂavonoids
0.90 (0.77, 1.04)

Q5 versus Q1
(median intake
mg/d: 770.3
versus 112.1) of
total ﬂavonoids
0.99 (0.89, 1.11)
Q5 versus Q1
(median intake
mg/d: 624.3
versus 112.5) of
total ﬂavonoids 0.92
(0.81, 0.94)

Q5 versus Q1
(median intake
mg/d: 718.1 versus
105.2) of total
ﬂavonoids 0.85
(0.79, 0.92)

Relative risk (95%
CI) (highest versus
lowest category)

Age, sex, and total energy
intake, educational level,
physical activity,
smoking status, BMI,
alcohol intake, intakes
of red meat, processed
meat, sugar-sweetened
soft drinks, and coﬀee,
intakes of ﬁber, vitamin
C, and magnesium

Same as above except
postmenopausal status
and hormone use and
oral contraceptive use

Same as above plus
oral contraceptive use

Age, BMI, smoking
status, alcohol intake,
multivitamin use,
physical activity, family
history of diabetes,
postmenopausal status
and hormone use,
ethnicity, total energy,
intakes of red meat, ﬁsh,
whole grains, coﬀee,
high-calorie sodas, and
trans fat

Adjustment for
covariates
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Sex

Both

Both

Both

First author,
publication
year, study name,
location

Jacques 2013,
Framingham
Oﬀspring Cohort,
United States

Zamora-Ros
2014, EPICInterAct,
United States

TresserraRimbau
2016, PREDIMED,
Spain
55–80

52.4
(9.1)

3.99 million
personyears of
follow-up

5.51

54.2
(53.8,
54.5)

Age at
baseline
(years)
(mean)

11.9

Follow-up
(years)

314/
3430

12,403/
16,154

308/2915

Number
of cases/
participants
Types of
polyphenols
analyzed

6 ﬂavonoid classes
and total ﬂavonoids

mg/d quintiles of
dietary ﬂavanol and
ﬂavonol intake

Total polyphenols,
ﬂavonoids, stilbenes,
lignans

Exposure assess
ment and case
ascertainment
Validated FFQ/fasting
glucose concentrations
and/or a medical and
medication use history
obtained by a physician
at each study examination

Country-speciﬁc FFQ/
self-report and linkage to
primary and secondary care registers, hospital
and mortality data

Validated 137-item FFQ/
fasting plasma glucose
≥7 mmol/L or 2 h plasma
glucose ≥11.1 mmol/L after
a 75 g oral glucose load,
conﬁrmed by a second test
using the same criteria,
the American Diabetes
Association criteria

Table 2: Continued.

T3 versus T1
(mean intake 1002
versus 600) of total
polyphenols 0.72
(0.52, 0.99)

HR per 2.5-fold
diﬀerence in
ﬂavonoid intake
(cumulative mean
ﬂavonoid intake)
0.89 (0.75, 1.05)
Q5 versus Q1 of
sum of ﬂavanols
and ﬂavonols
(median intake in
mg/d: 713.6 versus
97.6). Inverse
associations between
all ﬂavan-3-ol
monomers,
proanthocyanidin
dimers and trimers
(Q5 versus Q1 0.81
(0.71, 0.92) and
0.91 (0.80, 1.04),
resp.)

Relative risk (95%
CI) (highest versus
lowest category)

Age, sex, recruitment
center, intervention group.
Smoking, BMI, physical
activity, dyslipidemia,
hypertension, education
level, total energy intake,
alcohol intake, adherence
to the Mediterranean
diet, and fasting glucose

Age, sex, and total energy
intake, educational level,
physical activity, smoking
status, BMI, alcohol intake,
intakes of red meat,
processed meat, sugarsweetened soft drinks,
and coﬀee, intakes of
ﬁber, vitamin C, and
magnesium

Sex, age, cardiovascular
disease, current
smoker (y/n), BMI,
and cumulative mean
energy intake, vegetable
and fruit intake

Adjustment for
covariates
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8

8

F
(NHS)

F
(NHSII)

M
(HPFS)

Ding 2016, NHS,
NHS2, HPFS,
United States

40–75
(53)

25–42
(36)

30–55
(50)

Age at
baseline
(years)
(mean)

Same as above

742/
21,281

mg/d quintiles
of isoﬂavone
consumption

mg/d quintiles of
isoﬂavone
consumption

mg/d quintiles of
isoﬂavone
consumption

131-item semiquantitative
validated FFQ/self-report
and conﬁrmed with
supplementary
questionnaire about
symptoms, the National
Diabetes Group
criteria

Same as above

Types of
polyphenols
analyzed

Exposure assess
ment and case
ascertainment

3920/
79,061

3671/
63,115

Number
of cases/
participants

Q5 versus Q1
(median intake
mg/d: 5.73
versus 0.17) of
isoﬂavones
0.85 (0.76, 0.95)
Q5 versus Q1
(median intake
mg/d: 5.09
versus 0.31)
of isoﬂavones
0.80 (0.62, 1.02)

Q5 versus Q1
(median intake
mg/d: 2.78
versus 0.17)
of isoﬂavones
0.97 (0.88, 1.07)

Relative risk (95%
CI) (highest versus
lowest category)

Same as above except
postmenopausal status
and hormone use

Same as above

Age, race, family history
of T2D, baseline disease
status, BMI, physical
activity, overall dietary
pattern (alternate Healthy
Eating Index score, in
quintiles), total energy
intake and smoking
status and menopausal
status, postmenopausal
hormone use

Adjustment for
covariates

ATBC, α-Tocopherol, β-Carotene Cancer Prevention Study; WHS, Women’s Health Study; FFQ, food frequency questionnaire; NHS, Nurses’ Health Study; HPFS, Health Professionals Follow-up Study;
PREDIMED, Prevención con Dieta Mediterránea; EPIC, The European Prospective Investigation into Cancer and Nutrition; FMCHES, Finnish Mobile Clinic Health Examination Survey.
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Sex

Follow-up
(years)

First author,
publication
year, study name,
location

Table 2: Continued.
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cohort study within the frame of the EPIC-InterAct cohort,
which included healthy middle-aged participants from eight
countries, showed that when comparing extreme quintiles
of consumption of ﬂavonoid subclasses, total ﬂavonols and
ﬂavanols, including ﬂavan-3-ol monomers, were inversely
related to the diabetes risk, whereas no associations were
reported for the intake of lignans [36]. It is important to
highlight that these associations were observed within the
context of a European-wide population with a large heterogeneity in the intake of these compounds. In a following report
from the same study [41], signiﬁcant inverse trends for the
intakes of proanthocyanidin dimers and trimers and incident
T2D were observed, but not for proanthocyanidins with a
greater polymerization degree. Among the ﬂavonol subclasses, only myricetin was associated with a lower incidence
of T2D [41]. Finally, in the Framingham Oﬀspring Cohort,
each 2.5-fold increase in ﬂavan-3-ol intake was marginally
associated with an 11% lower incidence of T2D, but no other
associations between other ﬂavonoid classes (ﬂavonols, ﬂavones, ﬂavanones, anthocyanins, and polymeric ﬂavonoids)
and risk of T2D were reported [37].
In relation to the intake of isoﬂavones, ﬁndings from the
NHS, NHSII, and HPFS have shown inverse associations for
total isoﬂavones and major individual isoﬂavones, especially
those present in soy and soy products, including daidzein
and genistein, with the risk of developing diabetes [42]. However, no signiﬁcant association between total isoﬂavone
intake and T2D has been reported in the EPIC-InterAct
Study [36].
In summary, results from prospective cohort studies have
suggested inverse associations between the intake of total ﬂavonoids and speciﬁc ﬂavonoid subclasses and the risk of T2D
although some controversial results exist.

4. Characteristic Polyphenols of the
Mediterranean Diet, Prediabetes,
and Type 2 Diabetes
As described before, dietary polyphenols come mainly from
plant-based foods [8]. Olive oil, nuts, red wine, legumes, fruits,
and vegetables, key components of the MedDiet, are all
polyphenol-rich foods [5]. The much-appreciated MedDiet
is well-known for its antioxidant and anti-inﬂammatory
eﬀects [43, 44]. The cardioprotective eﬀect of this dietary pattern has been attributed, in part, to the high amount of antioxidant components such as the phenolic compounds [43].
Moreover, the MedDiet has been shown to be beneﬁcial for
glycemic control and T2D [45, 46]; however, few studies have
evaluated the eﬀects of speciﬁc polyphenols from food products characteristic of this diet and insulin resistance or T2D.
In this section, we aim to provide further information on
characteristic food of the MedDiet that contain large
amounts of polyphenols.
4.1. Extra-Virgin Olive Oil. Extra-virgin olive oil is probably
one of the components that most diﬀerentiates the MedDiet
from other dietary patterns. Phenolic components such
as oleuropein and hydroxytyrosol, ﬂavonoids, specially ﬂavones, and lignans are abundant in extra-virgin olive oil
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[47]. Extra-virgin olive oil is the best quality olive oil, is
rich in taste and color, and also contains high amount of
bioactive compounds compared to other types of olive
oil (such as common olive oil, which is reﬁned, has less
ﬂavor, color, and aroma, and contains fewer amounts of
antioxidants and vitamin E). The phenolic composition
of olive oil ranges from 50 to 800 mg/L depending on several factors like the variety, cultivation techniques, degree
of ripeness, and climate, among others [48].
Evidence from clinical trials on the eﬀects of olive oil
polyphenols and biomarkers of T2D is scarce. Only two randomized trials have been published so far evaluating the
eﬀect of olive leaf polyphenols on markers of insulin sensitivity [49, 50]. Main polyphenols in olive leaves (oleuropein and
hydroxytyrosol) are similar than those in fruit and fruit oil;
however, its concentration is greater. In the ﬁrst intervention
study, including 70 adults with T2D, those participants consuming olive leaf extract (500 mg) exhibited signiﬁcantly
lower HbA1c and fasting plasma insulin levels; however,
postprandial plasma insulin levels did not diﬀer signiﬁcantly
by treatment group [50]. The second study demonstrated
that participants who received capsules of olive leaf extract
for 12 weeks (51.1 mg oleuropein and 9.7 mg hydroxytyrosol
per day) compared to placebo improved pancreatic β-cell
function by 28% and also signiﬁcantly improved insulin sensitivity compared to the placebo [49]. Other clinical trials
have evaluated the eﬀect of extra-virgin olive oil rich in polyphenols on glycemic biomarkers [51, 52]. Daily consumption
of polyphenol-rich extra-virgin olive oil for 8 weeks signiﬁcantly reduced fasting plasma glucose and HbA1c, as well
as other circulating inﬂammatory adipokines, in overweight
patients with T2D [52]. In contrast, no signiﬁcant eﬀects on
fasting glucose after supplementation with 20 mL per day of
polyphenol-rich olive oil during 6 weeks compared to
20 mL dose of low phenolic oil were observed in healthy participants [51]. The PREDIMED trial has provided conclusive
evidence of the beneﬁcial eﬀects of a MedDiet supplemented
with extra-virgin olive oil on glucose metabolism and T2D
[45, 46]. In this regard, a MedDiet supplemented with
extra-virgin olive oil reduced the risk of T2D by 40% (HR:
0.60; 95% CI: 0.43, 0.85) after a median of 4.1 years of
follow-up among participants at high cardiovascular risk
compared to the control group [46]. Previous reports from
the PREDIMED Study also showed that a MedDiet supplemented with extra-virgin olive oil reduced fasting plasma
glucose improved insulin resistance and inﬂammatory biomarkers [45, 53]. Another randomized crossover trial in
healthy volunteers, the EUROLIVE study, which tested the
eﬀect of the daily 3-week administration of 25 mL of 3 olive
oils with low, medium, and high phenolic content, demonstrated beneﬁcial eﬀects of phenolic compounds on oxidative
damage on lipids and HDL cholesterol [54]. However, given
that the volunteers were healthy, no eﬀects were observed
on glucose levels; nevertheless, the objective of the study
was the lipid and lipoperoxidation. Also in a postprandial
state study with healthy volunteers, after 50 mL of virgin
olive oil load, the expression of candidate genes related
to insulin sensitivity was observed in peripheral mononuclear cells [55].
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4.2. Nuts. Nuts, which are well-known for their unique nutritional composition (rich in unsaturated fatty acids, ﬁber,
antioxidant vitamins, minerals, and other bioactive compounds), are also consumed in high amounts in the MedDiet.
Several seeds and nuts are among the richest sources of polyphenols: chestnuts and walnuts are rich in ellagitannins; while
hazelnuts, pecan, and almonds are rich in proanthocyanidins;
and ﬂaxseed is rich in lignans [8]. Although the eﬀects of nut
consumption on glycemic markers and T2D have been well
studied over the past decades [56, 57], speciﬁc studies on polyphenols from nuts are lacking. However, we have some indirect evidence that polyphenols from tree nuts may have
beneﬁcial eﬀects on glucose metabolism. Some evidence has
suggested that ellagic acid, which is found in a considerable
amount in several nuts (especially walnuts), could be beneﬁcial for diabetes control [58]. In addition, urolithin A glucuronide in plasma, a metabolite of dietary ellagic acid
derivatives which has shown to be a discriminative biomarker of nut exposure, was inversely correlated with insulin
resistance measured by HOMA-IR. However, further clinical
trials are needed to conﬁrm these associations [59].
4.3. Red Wine. One of the main characteristics of the traditional MedDiet is the moderate intake of wine consumed
with meals. Wine, particularly red wine, is rich in phenolic
compounds including ﬂavonoids (anthocyanins, tannins,
and catechin), stilbenes like resveratrols, tyrosols, and
hydroxytyrosols. Evidence suggests that red wine consumption exerts some beneﬁts on cardiovascular health
[60]; however, whether these eﬀects are due to ethanol
or to nonalcoholic components of red wine is still unclear.
Along these lines, a randomized clinical trial including
sixty-seven men at high cardiovascular risk was designed
to compare the eﬀects of moderate intake during 4 weeks
of red wine, a high polyphenolic alcoholic beverage (the
equivalent amount of dealcoholized wine), a high polyphenolic nonalcoholic beverage, and gin (without polyphenols)
on glucose metabolism and lipid proﬁle [61]. Findings of
that study suggested that red wine rich in polyphenols with
or without alcohol, but not gin, improved glucose metabolism, as measured by HOMA-IR [61]. Previous clinical trials have demonstrated improvements in insulin sensitivity
with the consumption of red wine [62] and red grape juice
[63], but others reported no signiﬁcant eﬀects on these
parameters [64, 65]. In addition, the positive eﬀects on glucose metabolism of supplementation with grape derived
polyphenol and resveratrol, one of the main polyphenols
in red wine, have been observed in intervention studies
[66, 67]. Finally, a 2-year randomized clinical trial in
patients with T2D suggests that initiating moderate red
wine intake, among well-controlled diabetics as part of a
healthy diet, is apparently safe and modestly decreases
cardiometabolic risk [68]. Moreover, genetic interactions
may play a role in glucose metabolism, and red wine’s
eﬀects also involve nonalcoholic constituents such as polyphenols. In this trial, slow ethanol metabolizers (alcohol
dehydrogenase alleles [ADH1B ∗ 1] carriers) signiﬁcantly
beneﬁted from the eﬀect of red wine on glycemic control
(fasting plasma glucose, HOMA-IR, and hemoglobin A1c)
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compared with fast ethanol metabolizers (persons homozygous for ADH1B ∗ 2) [68].
4.4. Other. Fruits, vegetables, whole grains, legumes, and coffee are also primary sources of polyphenols [8] and are beneﬁcial for glycemic control and prevention of T2D [4, 69].
Other beverages and foods that are rich in polyphenols
include green tea, soy, chocolate, and cocoa and could also
play a role in the prevention of T2D [70].
In summary, the MedDiet and its key components, extra
virgin olive oil, nuts, and red wine, are inversely associated
with insulin resistance and T2D. To some extent, these eﬀects
may be attributed to its high amount of polyphenols and
other bioactive compounds.

5. New Frontiers in Nutrition Research:
Genotype-Polyphenol Interaction on
Type 2 Diabetes
Because of their chemical structures, dietary polyphenols
exert multiple activities by interacting with several molecular
pathways particularly relevant for glucose homeostasis. In
Figure 1, we summarize relevant mechanisms linking dietary
polyphenols and T2D risk. These include slowing carbohydrate digestion and glucose absorption, stimulation of insulin
secretion, modulation of glucose release, and activation of
insulin receptors and glucose uptake in the insulin-sensitive
tissues [71]. A growing body of evidence from in vitro and
animal studies has shown that polyphenols can activate
and/or silence transcription factors, and consequently inﬂuence gene expression, and regulate diﬀerent signaling pathways in the muscle, the liver, pancreatic β-cells, the
hypothalamus, and adipose tissue, thereby contributing to
glucose homoeostasis [72, 73].
Although promising data aimed at understanding how
diﬀerent polyphenol classes can modulate genetic regulation
and expression have been published, few studies have investigated whether genetic predisposition modiﬁes the relationship among polyphenols, intermediate phenotypes of insulin
resistance, and T2D risk [74–79]. An initial and very preliminary track of evidence for genotype-polyphenol interaction
is emerging from studies of coﬀee, the consumption of which
is highly spread in Mediterranean regions. In a prospective
population-based cohort study including 4077 normal glycemic individuals over a 4-year follow-up, habitual coﬀee
intake outweighed the hazard of unfavorable genetic predisposition on 3 well-known T2D-increasing risk genetic loci,
including IGF2BP2, CDKAL1, and KCNJ11 [74]. Along
these lines, an independent study including 1180 nondiabetic young to middle-aged participants with stage 1
hypertension, baseline coﬀee consumption was longitudinally associated with the risk of impaired glucose tolerance
only in carriers of CYP1A2 ∗ 1F allele. Among participants
homozygous for the ∗ 1A allele, which is responsible for
fast caﬀeine metabolism, the favorable action of polyphenols or other bioactive agents balanced the genetic and
metabolic risk for T2D [75]. Finally, in a prospective epidemiological study from the EPIC-InterAct cohort, including 8086 incident T2D cases in 11,035 participants over
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Figure 1: Relevant mechanisms linking dietary polyphenols and T2D risk. Polyphenols can exert a beneﬁcial eﬀect on type 2 diabetes by a
number of mechanisms including (a) slowing carbohydrate digestion and glucose absorption by interacting with oral cavity and intestinal
α-amylase and intestinal α-glucosidase and sodium-dependent glucose transporter (SLGT1); (b) stimulating insulin secretion in the
pancreas via increasing 5′ adenosine monophosphate-activated protein kinase (AMPK) pathway, and insulin receptor substrate (ISRS) and
decreasing β-cell oxidative damage which preserves β-cell integrity; (c) modulating liver glucose release due to increase in acyl-CoA
oxidase 1 (ACO-1) and carnitine palmitoyl transferase 1-β (CPT1-β) and diminishing glucose 6 phosphatase (G6Pase) and
phosphoenolpyruvate carboxylase (PEPCK); and (d) activation of glucose uptake receptors in the insulin-sensitive tissue. Additionally, the
modulation of microbial metabolism can synergically beneﬁt glucose homeostasis.

12.5 years, habitual coﬀee consumption was associated
with a 7% T2D risk reduction among carriers of the diabetes increasing risk allele at transcription factor 7-like 2
locus (TCF7L2) [76]. In addition, an interaction between
an incretin-speciﬁc genetic risk score, designed to capture
the genetic predisposition to defects in postprandial insulin secretion and coﬀee consumption on T2D risk was
observed (i.e., each additional cup of coﬀee was associated
with 5% lower T2D risk in individuals carrying high number of risk alleles). In line with previous results, adherence
to the MedDiet has been reported to be able to reduce the
adverse eﬀect of the TCF7L2 polymorphism on fasting
glucose and blood lipids and, importantly, on stroke incidence [77]. Unfortunately, with this type of study, we cannot diﬀerentiate the eﬀect of polyphenols from other
dietary compounds of the MedDiet.

Despite nutrigenomic evidence being still preliminary,
and major challenges existing in analytical strategies and replication, the role of polyphenol-rich components on TCF7L2
locus is likely to be relevant. TCF7L2 is the strongest common genomic region associated with T2D (OR = 1.4) and
encodes a transcription factor for proteins involved in the
proper functioning of the Wnt signaling pathway, essential
for insulin secretion and beta-cell proliferation [78, 79]. It
would be rational, therefore, to envision that nutrients which
tend to stimulate both insulin and incretin secretion will tend
to partly compensate for any genetic defects in the incretin
system and thus confer higher protection from T2D in individuals carrying the predisposing polymorphisms. Understanding gene-diet interactions in T2D holds promise to
achieve the goal to develop personalized diet and lifestyle
interventions based on genetic proﬁle; nevertheless, further
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research is warranted before implementing preliminary
results to clinical practice is still required.

6. Biomarkers of Polyphenol Intake
Along with the development of sophisticated genomics techniques, recent advancements in analytic procedures have
allowed the measurement of molecules that provide a close
representation of what is encoded by the genome and modiﬁed
by diet, gut microbiome, and other environmental exposures
[80]. In this regard, metabolomics has greatly contributed in
the identiﬁcation of new biomarkers (of dietary exposure,
nutritional status, and health/disease). In a prospective nested
case-control study including 1107 diabetic women and 1107
control women participating in the NHS, metabolites from different classes of polyphenols were associated with T2D risk.
For example, urinary excretion of enterolignans, especially
enterolactone, was signiﬁcantly associated with a lower T2D
risk during up to 13 years of follow-up [12]. Comparing the
extreme quartiles of urinary excretion of enterolactone, the
relative risk of T2D was 0.62 (95% CI: 0.44, 0.88; P for
trend = 0.003). In contrast, metabolites from ﬂavanones
(naringenin and hesperetin), ﬂavonols (quercetin and isorhamnetin), and phenolic acids (caﬀeic acid) in spot urine
samples were signiﬁcantly associated with a lower T2D risk
within a relatively short period of follow-up (≤4.6 years) after
sample collection, but not during the entire follow-up [81].
Such a temporal pattern may be explained by the signiﬁcant
variability of these metabolites over time, especially when they
are measured in spot urine samples [81]. In a separate analysis,
Ding et al. found an inverse association between urinary excretion of daidzein and genistein, but not other isoﬂavone metabolites, and T2D risk in the NHS and NHSII [82]. An inverse
association between isoﬂavone biomarkers and diabetes risk
was also observed in two other prospective analyses conducted
among minority populations. Among 431 Native American
participating in the Strong Heart Family Study [83], Zhao
et al. used an untargeted metabolomics approach to examine
metabolite levels in plasma. From seven metabolites related
to diabetes risk after adjustment by multiple testing, an isoﬂavone metabolite [(3S)-7-hydroxy-2′,3′,4′,5′,8-pentamethoxyisoﬂavan] was identiﬁed as being signiﬁcantly associated with
a lower risk [83]. Moreover, in 1391 Korean men and women,
higher plasma concentrations of genistein were signiﬁcantly
associated with a lower T2D risk among women who were
equol producers, which is a metabolite of isoﬂavone, but not
in men or nonequol producers [84]. Although equol is biotransformed from daidzein by the metabolism caused by gut
bacteria, some individuals cannot metabolize daidzein to
equol. There is increasing evidence that the endocrinerelated clinical eﬃcacy of isoﬂavone may be modiﬁed by
equol-producing status [84].
A recent prospective analysis conducted in the PREDIMED trial showed that over a 5-year follow-up,
increased total polyphenol excretion was signiﬁcantly associated with lower levels of triglycerides, glucose, and diastolic blood pressure among 573 participants at high
cardiovascular risk [85]. In a small cross-sectional analysis
conducted among 57 Japanese women, higher plasma levels
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of chlorogenic acid were signiﬁcantly associated with lower
levels of fasting blood glucose, HbA1c, and CRP [86]. In
the nationwide representative National Health and Nutrition Examination Survey (NHANES), urinary excretion of
enterolignans was inversely associated with CRP levels
and metabolic syndrome components [87–89].

7. Metagenomics
Another layer of complexity in human nutritional studies
comes from the intricate interplay between the gut microbiome and dietary intake. Obesity, insulin resistance, and
T2D have been correlated with an altered gut microbiota composition. The largest metagenomics-based study to date,
which includes 368 Chinese individuals, identiﬁed a moderate
degree of gut bacterial dysbiosis with a decline in butyrateproducing bacteria and an increase in opportunistic bacteria
among T2D patients as well as an enrichment of other microbial functions conferring sulphate reduction and oxidative
stress resistance [90]. This is particularly relevant because only
a limited number of bacterial species have been identiﬁed as
being involved in the metabolism of polyphenols [91].
The 3-week consumption of a phenolic compounds
enriched virgin olive oil, containing a mixture of olive oil
and thyme phenolic compounds, decreases systemic oxidized
LDL and increases biﬁdobacterium population and microbial
metabolites of phenolic compound in faeces from hypercholesterolemic humans [92]. However, this was a small randomized controlled trial only including 12 participants.
For instance, in vitro digestion of water-insoluble cocoa
fractions to investigate the biotransformation of polyphenols demonstrated that bacterial fermentation of the insoluble
material was associated with an increase of biﬁdobacteria and
lactobacilli as well as butyrate production [93]. Flavanols were
converted into phenolic acids by the microbiota resulting in an
increasing concentration of 3-hydroxyphenylpropionic acid
[93]. In a separate randomized clinical trial, these microbial
changes were associated with signiﬁcant reductions in plasma
triacylglycerol and C-reactive proteins, suggesting the potential beneﬁts associated with the dietary inclusion of ﬂavanolrich foods [94].
Undoubtedly, the interplay between gut microbiome and
host and its modulation by nutrition will beneﬁt from the
integration of information from a biology-wide systems
approach. Integration of gene sequence, metabolomics, and
other “omics” sources will pave the way towards a better
molecular understanding of the complex organisms.
System-wide computational approaches will aid testing
mechanistic hypothesis in silico on whole systems, such as
eﬀects of diet and modulations of metabolic diseases.

8. Conclusions
In the past decades, active strategies for the prevention of
T2D focusing on healthy diets, and lifestyle in general, have
become a priority for researchers and policymakers. Growing
interest has particularly emerged on the beneﬁcial eﬀects of
plant-based diets for the prevention of chronic diseases
such as obesity and diabetes [4]. Polyphenols are highly
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prevalent in plant-based diets, such as the MedDiet, and
especially abundant in fruits, vegetables, legumes, cocoa,
coﬀee, and red wine [7]. In addition, extra-virgin olive
oil and nuts, both key components of the MedDiet, are
also polyphenol-rich foods.
Given the abundant evidence from human studies regarding the intake of polyphenols, and their food sources, on
related-diabetes risk factors, this narrative review has focused
on well-conducted clinical trials and prospective cohort studies with special attention paid to extra-virgin olive oil, nut,
and red wine consumption but also other polyphenol-rich
foods. These key components of the MedDiet were inversely
associated with insulin resistance and T2D risk in observational studies [46]. The intake of speciﬁc polyphenols, especially ﬂavan-3-ols and their food sources, has demonstrated
overall beneﬁcial eﬀects on improving insulin resistance,
chronic systemic inﬂammation, oxidative stress, and other
cardiometabolic risk factors in trials that tested eﬀects of acute,
moderate-term, or relatively long-term (up to a year) intake of
ﬂavan-3-ols [14–16]. Moreover, ﬁndings from prospective
cohort studies have suggested inverse associations between
the intake of total ﬂavonoids and speciﬁc ﬂavonoid subclasses
and the risk of T2D [13, 35–37], although some controversial
results still exist.
Given the chemical structures of dietary polyphenols,
multiple bioactivities are displayed by interacting with
molecular pathways particularly relevant for glucose homeostasis. A preliminary track of evidence for genotypepolyphenol interaction is emerging from coﬀee consumption
and beneﬁts on glycemia control [74]. In addition, adherence
to the MedDiet, a polyphenol-rich dietary pattern, has been
shown to reduce the adverse eﬀect of the TCF7L2 polymorphism on fasting glucose [77]. The role of polyphenol-rich
foods on TCF7L2 locus is therefore likely to be relevant.
The advancement in sophisticated omics methodologies
has allowed the determination of molecules involved in the
nutritional genomics (genetic/epigenetic, transcriptome/epigenomics, proteome, and metabolome), metagenomics, and
other environmental exposures, but mainly as markers of
compliance. Therefore, the integration of gene sequencing
and omics techniques will lead towards a molecular understanding of the complex organisms. System-wide computational approaches will thus contribute to the study of the
eﬀects of diet on modulation of metabolic diseases by testing
the hypothetical mechanisms in silico on whole systems.
In conclusion, the intake of polyphenols may be beneﬁcial for both insulin resistance and T2D risk.
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The aim of the study was to assess the relationship between the dietary polyphenol intake (DPI) and the dietary total antioxidant
capacity (DTAC) and the prevalence of cardiovascular disease (CVD) in postmenopausal women. Participants were 916
postmenopausal women diagnosed with CVD and 1683 postmenopausal women without history of CVD, who took part in the
population-based studies carried out in Poland: WOBASZ (2003–2005) and WOBASZ II (2013-2014). Nutritional data were
collected using a single 24-hour dietary recall. DPI and DTAC in the CVD women were signiﬁcantly lower and accounted for
1766.39 mg/d and 10.84 mmol/d, respectively, versus 1920.57 mg/d and 11.85 mmol/d in the women without CVD, but these
diﬀerences disappeared after the standardization for energy input. Also, in the multiple-adjustment model, higher DPI, but not
DTAC, was associated with the reduced odds ratio for the prevalence of CVD. Beverages, mainly coﬀee and tea, contributed in
more than 40% to DPI and in more than a half to DTAC. In this study, higher dietary polyphenol intake, but not the dietary
total antioxidant capacity, was inversely associated with CVD in postmenopausal women, which points to the health beneﬁts of
increased polyphenol intake from food sources for these women.

1. Introduction
Cardiovascular disease (CVD) is the leading cause of
mortality in postmenopausal women [1]. Unfavorable
behavioral factors during the life as tobacco use, physical
inactivity, unhealthy diet, and harmful use of alcohol are
fundamental for CVD risk [2]. Deleterious lifestyle
patterns translate to the occurrence of intermediate risk
factors as raised blood glucose and lipid levels, increased
blood pressure, and overweight/obesity [3]. CVD incidence
increases with age, and particularly in women, which

raises after menopause. Termination of the secretory
ovarian function contributes to this morbidity [4].
Because life expectancy has improved and can be up to
one-third after menopause and due to increased morbidity and mortality, postmenopausal women should be
targeted with all sorts of activities that would reduce
the risk of CVD.
At the ground of several chronic diseases that include
CVD, diabetes, neurodegenerative diseases (Parkinson’s disease and Alzheimer’s disease), and cancer and aging is oxidative stress [5]. An excessive generation of extremely reactive
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WOBASZ II

WOBASZ

6170 participants aged 20+ y
evaluated during general assessment
(2760 men and 3410 women)

14,769 participants aged 20−74 y
evaluated during general assessment
(6977 men and 7792 women)

5690 completed dietary assessment
(2554 men and 3136 women)

7256 completed dietary assessment
(3418 men and 3838 women)

1253 women selected
according to menopause criterion
(6 months from the last menstrual period)

1346 women selected according to
menopause criterion (6 months from
the last menstrual period)

(i) 916 postmenopausal women
diagnosed with CVD
(ii)1683 postmenopausal women
without history of CVD

Figure 1: Flow chart of the study participants.

oxygen species (ROS) in the body leads to oxidative damage
to cellular structures [6]. Some evidence suggests that
mechanisms of antioxidant protection can deteriorate with
age [7]. Furthermore, heart tissues of elderly people tend to
be more vulnerable to oxidative stress, because of the
disturbed metabolism in the mitochondria, which leads to
oxidative injury [8]. Dietary antioxidants are one of the
several lines of defense against cardiovascular disease, diabetes, and cancer. The most important are redox-active
dietary constituents as vitamins C and E, carotenoids,
and polyphenols [9].
Polyphenols, which are secondary plant metabolites, display potential health eﬀects. The main classes of phenolic
compounds include phenolic acids, ﬂavonoids, stilbenes,
and lignans [10]. Food products are generally sources of all
classes of polyphenols, but they occur in diﬀerent proportions. The most abundant dietary polyphenols, however, are
phenolic acids and ﬂavonoids [11].
The aim of the study was to assess the relationship
between the dietary polyphenol intake (DPI) and the dietary
total antioxidant capacity (DTAC) and the prevalence of
CVD in postmenopausal women and to establish the main
dietary sources of polyphenols and antioxidants in postmenopausal women with and without history of CVD.

2. Material and Methods
2.1. Participants. The study examined general, anthropometric, biochemical, and dietary data collected from 2599
postmenopausal women, participants of the two largest

population-based cross-sectional studies carried out in
Poland: Polish National Multicenter Health Examination
Surveys—WOBASZ (2003–2005) and WOBASZ II (20132014), which were carried out by the National Institute of
Cardiology, Warsaw, Poland, in collaboration with ﬁve Polish medical universities. The rationale, design, and methods
of the WOBASZ and WOBASZ II studies were described in
previous publications [12–14]. Women were selected for
the current analysis on the basis of the occurrence of natural
menopause and on the basis of completed records. Uniform
criteria of six months from the termination of menstruation
have been adopted in both WOBASZ studies in accordance
with the study manual. The exclusion criteria were pregnancy and surgical menopause. Then, a group of 916 women
with medically diagnosed cardiovascular disease (CVD) was
extracted from the general study group of postmenopausal
women. The remaining women without past history of
CVD have served as control. The ﬂow chart of the study participants is provided in Figure 1.
2.2. Data Collection. Data on marital status, level of education, menopause status, family history of CVD, history of
myocardial infarction or stroke, medications and supplements used, leisure-time physical activity, alcohol intake,
and smoking habit were collected from a self-reported standardized questionnaire designed for the WOBASZ study.
Cardiovascular disease (CVD) classiﬁcation was adopted in
accordance with the WHO [15]. Hypertension has been
recognized if systolic BP ≥ 140 mmHg and/or diastolic
BP ≥ 90 mmHg and/or when antihypertensive drugs were
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Table 1: General description of the studied postmenopausal women with and without CVD.
Trait
Age (years)
Marital status (%)
Married
Single
Level of education (%)
Under middle
Middle
Academic
Age of natural menopause (years), mean, SD, range
Duration of menopause (years), mean, SD, range
Family history of CVD (%)
Diseases (%)
Hypertension
Myocardial infarction
Stroke
Diabetes
Medication
Menopause hormone therapy (%)
Hypotensive drugs (%)
Cholesterol-lowering therapy (%)
Antidiabetic medication or insulin (%)
Smoking status (%)
Current smokers
Past smokers
Never smokers
Leisure-time physical activity (%)
Low level
Middle level
High level
BMI (kg/m2) (%)
Underweight (BMI < 18.5)
Normal (BMI 18.5–24.99)
Overweight (BMI 25–29.99)
Obesity (BMI > 30)
Abdominal obesity (%)
Supplementation with antioxidant vitamins (A, C, and
E) (%)
Alcohol intake (g pure ethanol/day), mean, SD
Fasting glucose (mmol/l), mean, SD
Total cholesterol (mmol/l), mean, SD
LDL cholesterol (mmol/l), mean, SD
HDL cholesterol (mmol/l), mean, SD
Triglyceride (mmol/l), mean, SD

Women diagnosed with CVD
N = 916
Mean ± SD or %
65.5 ± 9.2

Women without CVD
N = 1683
Mean ± SD or %
60.98 ± 8.4

Signiﬁcance
level
p
<0.0001

57.2
42.8

63.9
36.1

0.001

61.0
31.9
7.1
49.9 ± 4.4
15.6 ± 9.6
39.4

55.2
35.4
9.5
50.0 ± 4.1
11.0 ± 8.6
36.1

0.009

0.875
<0.0001
0.098

73.1
12.6
7.9
19.8

57.3
0
0
13.4

<0.0001
<0.0001
<0.0001
<0.0001

3.8
61.0
29.3
15.6

4.9
34.9
13.5
8.2

0.178
<0.0001
<0.0001
<0.0001

12.5
18.6
68.9

20.9
17.7
61.4

<0.0001

52.1
16.5
31.3

47.8
18.4
33.8

0.107

0.3
28.2
35.2
44.3
71.1

0.7
27.8
39.2
32.2
62.5

<0.0001

9.9

8.9

0.391

0.7 ± 2.7
5.7 ± 1.9
5.4 ± 1.2
3.2 ± 1.1
1.4 ± 0.4
1.6 ± 1.0

1.0 ± 2.9
5.5 ± 1.6
5.8 ± 1.3
3.6 ± 1.1
1.5 ± 0.4
1.5 ± 0.8

<0.0001
0.531
<0.0001
<0.0001
<0.0001
0.1006

used. Criteria for diabetes were glucose level ≥ 7.0 mmol/L
and/or the use of glucose-lowering drugs. Two categories of
the marital status were included: married and singles, while
“singles” were widows, unmarried women, divorced, and

<0.0001

separated. Education level was given in three categories: (1)
under middle—no education, partial or completed education
for primary level, vocational lower secondary education, and
partial secondary education; (2) middle—secondary

4
education and partial academic education; and (3) academic
education. Smoking status was assessed in three categories:
current smokers, past smokers, and never smokers, depending on a habit of smoking at least one cigarette a day. Physical
activity at leisure was assessed at a low level—when there was
no such physical activity, for example, jogging, cycling,
swimming, and gardening for at least 30 minutes a day or
only occasional activity (once a week, several times a month,
and several times a year); middle level—physical activity, for
example, jogging, cycling, swimming, and gardening was for
at least 30 minutes a day every second or third day; and high
level—physical activity as given above every day or almost
every day. Body measurements, such as height, body mass,
and waist circumference were taken by the personnel trained
in standard procedures. The body mass index (BMI) was calculated as weight in kilograms divided by the square of height
in meters. Abdominal obesity has been recognized if waist
circumference was >88 cm. Supplementation with at least
one of the antioxidant vitamins (A, C, and E) was collected
from the self-reported WOBASZ questionnaire. Blood pressure (BP) was measured three times on the right arm after
5 minutes of resting in a sitting position in one-minute intervals, and the ﬁnal BP was calculated as an average of the second and third measurements. Biochemical analyses, as
fasting glucose, total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides, were carried out at the Central
Laboratory of the National Institute of Cardiology, Warsaw.
General description of the study group, stratiﬁed by CVD
status, is given in Table 1.
The WOBASZ study protocol was approved by the Bioethics Committee of the National Institute of Cardiology
(WOBASZ, number 708) and (WOBASZ II, number 1344).
2.3. Dietary Assessment. Nutritional data were collected by
qualiﬁed interviewers using a single 24-hour dietary recall.
On the basis of the recalls, it was found that 367 dishes, food
items, and beverages consumed by the participants were
sources of polyphenol intakes. These products were grouped
into 5 food categories: beverages (alcoholic and nonalcoholic)—coﬀee, tea, wine, beer, fruit drinks, and juices; cereals—
bread (wheat, rye, and mixed), groats, and macaroni; fruit
(fresh, frozen, dried, and jam); vegetables (fresh, frozen, pickled, and legumes); and other food products—cocoa products
(chocolates—semisweet chocolate, bitter chocolate, and
white chocolate; cocoa), nuts and seeds (almonds, peanut,
coconut, hazelnuts, pistachio, walnuts, poppy seeds, sesame
seeds, sunﬂower seeds, and pumpkin seeds), cookies and pastry, and other sweets (candies, etc.). The meal preparation
techniques were taken into consideration as factors aﬀecting
the polyphenol contents of food items. Individual components of complex dishes have been extracted using dish recipes from the Polish Food Composition Tables [16]. These
recipes give the amounts of food items required for 100 g dish
portion, with consideration of yield factors. A quantitative
composition of plant components of ready-to-eat foods was
taken according to information given on food labels. For fruit
yoghurt, for example, a typical amount of 5% respective
added fruit has been taken for the calculations.
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2.4. Estimation of Dietary Antioxidant Activity and
Polyphenol Intake. Antioxidant activity of food products
was mostly taken from our own databases of ferricreducing antioxidant potential (FRAP) of food [17, 18],
which represent mean values of antioxidant activity for 69
food products. Some missing values were complemented
with other databases [19]. Dietary antioxidant activity per
day as well as daily intakes of polyphenols was determined
by multiplying the daily consumption of individual food
items by antioxidant activity and polyphenol contents in
these food items. The intake of total polyphenols was estimated using our own total polyphenol databases [17, 18] as
well as the online Phenol-Explorer database [20]. For the calculation of dietary polyphenol intake (DPI) and the dietary
total antioxidant capacity (DTAC) by diﬀerent databases,
the same food items and the same culinary techniques were
taken into account.
2.5. Statistical Analyses. Descriptive data for the study population characteristics of women diagnosed with CVD and
of women without history of CVD were calculated as
means and SDs for the continuous variables and as percentages for the categorical variables. For comparison purposes of dietary intakes, Student’s t-test was used. DTAC
and DPI are given unadjusted and adjusted to 1000 kcal
to correct for total energy intake. Additionally, all postmenopausal women were grouped into quartiles based on
DTAC and DPI total values. Percentages of women diagnosed with CVD were calculated across quartiles of DTAC
and DPI. For nonnormally distributed data, such as contributions of food categories to DTAC and DPI, KruskalWallis test was used. Odds ratios (ORs) with the corresponding 95% conﬁdence intervals (CIs) for CVD by
DTAC and DPI, unadjusted and adjusted for age, smoking, alcohol intake, education, physical activity, and menopause hormone therapy, were calculated using logistic
regression. Due to a wide span between the lowest and
the highest value of polyphenol intake, OR for DPI was
calculated by 100 units (100 mg/d). All tests of statistical
signiﬁcance were two-sided. The SAS software version
9.2 (SAS Institute Inc., Cary, NC) was used for all the statistical calculations.

3. Results
Table 2 displays the mean dietary intakes in the studied postmenopausal women, stratiﬁed by the CVD status. It was
found that CVD women had statistically lower energy input
as well as essential nutrient intakes (protein, carbohydrates,
total fat, saturated fat, and cholesterol) compared to the
women without CVD. Energy from food was lower in CVD
women approximately by 8%, protein by 6%, carbohydrate
by 7%, total fat and saturated fat by 11%, and cholesterol by
11.5%. Table 2 also provides the consumption of the most
important groups of food products that contain polyphenols,
which are vegetables, fruit, tea, and coﬀee [11]. There were no
signiﬁcant diﬀerences in the intake of vegetables, fruits, and
tea between the groups of women. However, it was found that
women with CVD consumed signiﬁcantly less coﬀee. DPI
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Table 2: Mean dietary intakes in the postmenopausal women by prevalence of CVD.
Consumption
Energy from food (kcal/d), mean, SD
Protein (g/d), mean, SD
Carbohydrate (g/d), mean, SD
Total fat (g/d), mean, SD
Saturated fat (g/d), mean, SD
Cholesterol (mg/d), mean, SD
Vegetables (g/d)
Fruits (g/d)
Tea (g/d)
Coﬀee (g/d)
DPI (mg/d/1000 kcal)
DTAC (mmol/d/1000 kcal)

Women diagnosed with CVD
N = 916
Mean ± SD
1516.9 ± 579.5
55.6 ± 22.7
209.1 ± 86.2
57.7 ± 28.7
21.7 ± 11.9
207.1 ± 140.0
215.0 ± 156.0
214.0 ± 226.0
360.9 ± 251.7
129.6 ± 165.5
1243.0 ± 654.0
7.7 ± 5.6

and DTAC, standardized for 1000 kcal of energy, were not
signiﬁcantly diﬀerent.
Taking into account the raw data, the variables tested
in this study, such as DPI and DTAC, were associated
with reduced odds of CVD in postmenopausal women
(Table 3). Analysis of this data indicates that the women
with higher DPI (per 100 units = 100 mg/d) and higher
DTAC had 2.3% reduced odds of CVD. Adjustments for
multiple variables such as age, smoking, alcohol intake,
education, physical activity, and menopause hormone therapy, however, reduced the odds ratio of CVD to 1.1% in
the case of DPI, while DTAC was no longer associated
with the reduced odds of CVD.
Table 4 shows the percentages of the women with CVD
in the individual quartiles of DTAC and DPI, unadjusted as
well as adjusted for age, smoking, alcohol intake, education,
physical activity, and menopause hormone therapy. The
mean values for the lowest versus highest quartiles were as
follows: for DPI, it was 948 mg/d versus 2975.8 mg/d and
for DTAC, it was 5.05 mmol/d versus 19.87 mmol/l. In the
case of both DPI and DTAC, the increasing percent of
CVD women within the decreasing DPI and DTAC quartiles
was observed. Given the unadjusted data, the least proportion of the women with CVD (29.54%) was observed in the
highest quartile of DPI (14.28–191.82 mmol/d) and the
largest proportion of the women with CVD (42.06%) was
in the lowest quartile of DTAC (range 0.22–7.18 mmol/d).
In the case of unadjusted data concerning DPI, the largest
percentage of the women with CVD (42.84%) was found in
the lowest quartile of DPI (range 1120–1263 mg/d) and the
least proportion of the women with CVD (28.15%) was
found in the highest quartile of DPI (2303–8793 mg/d). Also
in this case, a signiﬁcant decreasing trend toward the lower
percentage of CVD women within the individual increasing
DPI quartiles was observed, which was still signiﬁcant even
after the adjustment for age, smoking, alcohol intake, education, physical activity, and menopause hormone therapy. The
percentage of CVD women within the individual DTAC

Women without CVD
N = 1683
Mean ± SD
1652.9 ± 628.1
58.9 ± 23.6
224.3 ± 90.1
64.9 ± 31.9
24.4 ± 13.0
234.2 ± 153.7
214.0 ± 155.0
216.0 ± 227.0
348.1 ± 250.6
175.3 ± 171.9
1236.0 ± 528.0
7.7 ± 4.6

p
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.850
0.989
0.180
<0.0001
0.493
0.099

Table 3: Odds ratios (ORs) and 95% conﬁdence intervals (CIs) for
prevalence of CVD by dietary total antioxidant capacity
(continuous) and dietary polyphenol intake (per 100 mg/d).
Variables
DPI (mg/d)
DTAC (mmol/d)

Model 1a
OR (95% CI)
0.977 (0.968; 0.987)
0.977 (0.964; 0.990)

Model 2b
OR (95% CI)
0.989 (0.978; 0.999)
0.992 (0.979; 1.005)

a

Unadjusted. bAdjusted for age, smoking, alcohol intake, education, physical
activity, and menopause hormone therapy.

quartiles was gradually decreasing. This trend was statistically signiﬁcant. However, in a multiple-adjustment model,
this tendency was no longer signiﬁcant for DTAC.
Table 5 shows the contributions of individual food categories to the DPI value in the women with and without
CVD. The total DPIs in the individual groups were
1766.39 mg/d in the CVD women and 1920.57 mg/d in the
women without CVD. These values were statistically signiﬁcant at p < 0 0001. The total DPIs in both study groups were
mostly aﬀected by the consumption of beverages, which contributed to the total DPI in 41.81% in the case of the CVD
women and in 44.19% in the women without CVD. These
diﬀerences were statistically signiﬁcant at p < 0 001. In the
both groups of women, the coﬀee and tea consumption
accounted for about 98% of the beverages’ DPI value. The
remaining food categories contributed less to the total DPI
value. They were listed according to the decreasing impact:
fruits (26.31% in the CVD women and 24.05% in the women
without CVD), cereals (14.10% and 13.34%, resp.), vegetables
(12.12% and 11.88%, resp.), and other food categories (5.66%
and 6.54%, resp.). DPI values from vegetables (p = 0 044) and
other foods (p = 0 0002) were signiﬁcantly lower in the
women diagnosed with CVD. Taking into account the
individual food products, given in a descending order, consumption of tea (21.34%), coﬀee (19.56%), apples (12.79%),
potato (5.51%), and mixed bread (4.87%) had the largest
impact on DPI in CVD women, as measured by the
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Table 4: Percentages of CVD women, odds ratios (ORs), and 95% conﬁdence intervals (CIs) for prevalence of CVD by quartiles of
DTAC and DPI.
Parameters

DPI (mg/d)

DTAC (mmol/d)

Mean ± SD
Range
% CVDa
% CVDb
Mean ± SD
Range
% CVDa
% CVDb

Quartile 1
948.2 ± 236
(1120–1263)
42.84
40.60
5.05 ± 1.50
(0.22–7.18)
42.06
39.72

Quartile 2
1523.2 ± 142
(1264–1759)
36.00
35.04
8.84 ± 0.96
(7.19–10.48)
36.31
34.87

Quartile 3
2016.3 ± 154
(1760–2302)
34.00
34.50
12.20 ± 1.05
(10.49–14.27)
33.08
34.12

Quartile 4
2975.8 ± 724
(2303–8793)
28.15
31.80
19.87 ± 9.74
(14.28–191.82)
29.54
33.17

p

<0.0001
0.011

<0.0001
0.073

a

Unadjusted. bAdjusted for age, smoking, alcohol intake, education, physical activity, and menopause hormone therapy.

Table 5: Contributions of food categories to DPI in the women with and without CVD.
Food categories

Beverages

Cereals

Fruit

Vegetables

Other food
categories

Total
∗

mg/d (mean ± SD)
Contribution to
DTAC (%)
Major sources
(% contribution)∗
mg/d (mean ± SD)
Contribution to
DTAC (%)
Major sources
(% contribution)∗
mg/d (mean ± SD)
Contribution to
DTAC (%)
Major sources
(% contribution)∗
mg/d (mean ± SD)
Contribution to
DTAC (%)
Major sources (%
contribution)∗
mg/d (mean ± SD)
Contribution to
DTAC (%)
Major sources
(% contribution)∗
mg/d (mean ± SD)
Contribution to
DTAC (%)

Women with CVD
N = 916
738.47 ± 471

Women without CVD
N = 1683
848.61 ± 492

p value

41.81

44.19

<0.001

Tea (21.34), coﬀee (19.56)

Coﬀee (24.34), tea (18.94)

249.01 ± 150

256.17 ± 157

14.10

13.34

Mixed bread (4.87), rye bread (3.36), wheat
bread (3.20)
464.72 ± 519

Mixed bread (5.59), pastry (2.83), rye bread
(2.91)
461.86 ± 499

26.31

24.05

Apples (12.79), plums (3.61), strawberries
(2.25)
214.09 ± 147

Apples (12.33), plums (2.75), strawberries
(2.12)
228.23 ± 156

12.12

11.88

Potato (5.51), tomato (1.49), cabbage (1.39)

Potato (5.56), cabbage (1.33), tomato (1.30)

100.10 ± 199

125.70 ± 208

5.66

6.54

Cookies and pastry (2.50), cocoa products
(2.08), nuts and seeds (0.81)
1766.39 ± 865

Cookies and pastry (2.83), cocoa products
(2.53), nuts and seeds (0.86)
1920.57 ± 825

100

100

0.188

0.735

0.044

0.0002

<0.0001

In each food category, individual food products with the strongest impact on the DPI were only listed.

percentage of the DPI value. Similarly, among women without CVD, the most important foods that inﬂuenced DPI were
also (in a descending order) coﬀee (24.34%), tea (18.94%),
apples (12.33%), mixed bread (5.59%), and potato (5.56%).
The total and the partial (for each food category) DTAC
values for CVD women and the women without CVD are given
in Table 6. The total DTAC of 10.84 mmol/d in the women
diagnosed with CVD was signiﬁcantly lower in comparison

to that of 11.85 mmol/d in the women without CVD. Beverages
were the main food category which contributed in more than a
half to the DTAC total value: 53.87% and 57.13% in the women
diagnosed with CVD and in the women without CVD, respectively. These diﬀerences were statistically signiﬁcant at
p < 0 001. Among the beverages, which included alcoholic
and nonalcoholic drinks, the consumption of coﬀee and tea
aﬀected the DTAC in the respective groups of women (with
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Table 6: Contributions of food categories to DTAC in the women with and without CVD and major dietary sources that impact DTAC
within each food category.
Food categories

Women with CVD
N = 916

Women without CVD
N = 1683

p value

mmol/d
5.84 ± 3.84
6.77 ± 4.03
<0.001
(mean ± SD)
Contribution to
53.87
57.13
Beverages
DTAC (%)
Major sources
Coﬀee (26.57), tea (26.11)
Coﬀee (32.83), tea (23.04)
(% contribution)∗
mmol/d (mean
0.38 ± 0.29
0.39 ± 0.27
± SD)
Contribution to
3.51
3.29
0.206
Cereals
DTAC (%)
Major sources
Mixed bread (1.11), rye bread (0.83), wheat
Mixed bread (1.27), rye bread (0.68), wheat
(% contribution)∗
bread (0.74)
bread (0.59)
mmol/d (mean
2.19 ± 3.48
2.11 ± 3.05
± SD)
Contribution to
Fruit
20.20
17.81
0.427
DTAC (%)
Major sources
Apples (5.81), strawberries (3.69), plums (2.03), Apples (5.57), strawberries (3.38), plums (1.6),
(% contribution)∗
grapes (1.94)
grapes (1.43)
mmol/d (mean
1.67 ± 1.58
1.77 ± 1.62
± SD)
Contribution to
15.41
14.94
0.124
Vegetables
DTAC (%)
Major sources
Potato (5.63), beetroot (2.77), cabbage (1.85), Potato (5.65), beetroot (2.70), cabbage (1.94),
(% contribution)∗ tomato (1.11), broccoli and cauliﬂower (0.92) broccoli and cauliﬂower (1.01), tomato (0.93)
mmol/d (mean
0.76 ± 5.82
0.81 ± 3.46
± SD)
Other
Contribution to
7.01
6.83
<0.0001
foods
DTAC (%)
Major sources
Nuts and seeds (3.41), cocoa products (1.85),
Nuts and seeds (2.87), cookies and pastry
(% contribution)∗
cookies and pastry (0.73)
(2.87), cocoa products (1.94)
mmol/d (mean
10.84 ± 8.53
11.85 ± 6.66
± SD)
<0.0001
Total
Contribution to
100
100
DTAC (%)
∗

In each category of food products, only those that had the greatest impact on the DTAC were listed.

CVD and without CVD) in the same extent of 97.8%. The other
food categories ranked in terms of impact on the DTAC in the
women with CVD versus the women without CVD were fruits,
vegetables, other food categories, and cereals. DTAC from the
foods grouped in the category of other foods was signiﬁcantly
lower in the CVD women (p < 0 0001). It was found that
within each of the categories of food, similar foods aﬀected partial DTACs in the both groups of women. For example, apples,
strawberries, plums, and grapes delivered most of the DTAC in
the fruit food category both in the women with CVD and in the
women without CVD. Similar observations were made for
cereals, vegetables, and other food categories. With regard to
individual food products, a consumption of coﬀee (26.57%),
tea (26.11%), apples (5.81%), potato (5.63%), strawberries
(3.69%), and nuts and seeds (3.41%) had the greatest impact
on the DTAC in CVD women. Among the women without
CVD, the food products, which in the largest percentage

inﬂuenced on DTAC, were coﬀee (32.83%), tea (23.04%),
potato (5.65%), apples (5.57%), strawberries (3.38%), and nuts
and seeds (2.87%).

4. Discussion
The results of the present study indicated that polyphenol
intake and the antioxidant activity in postmenopausal CVD
women were signiﬁcantly lower and accounted for
1766.39 mg/d and 10.84 mmol/d, respectively, versus
1920.57 mg/d and 11.85 mmol/d in the women without
CVD. However, lower energy intake among women with
CVD compared to the women without history of CVD led
us to make adjustments for energy. After the adjustment to
1000 kcal, both DPI and DTAC did not diﬀer between the
groups. Interestingly, in contrast to the current research, in
an earlier analysis based on the WOBASZ (2003–2005) study
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concerning CVD women of diﬀerent ages, an increase in dietary antioxidant activity and a greater consumption of polyphenols than those in the healthy women were observed,
which was explained by healthier dietary choices by CVD
women [21]. In contrast, the present study shows dietary
modiﬁcations made by postmenopausal CVD women in
terms of reduced calorie and coﬀee intakes, but the consumption of vegetables and fruits was at a similar level. These modiﬁcations were reﬂected in the DPI and DTAC values. At the
same time, the study indicates (after the adjustment of model
for multiple variables as age, smoking, alcohol intake, education, physical activity, and menopause hormone therapy)
that there was a small reduction observed with regard to
DPI, but no decline in the odds of CVD in the women
according to DTAC. In addition, it was found that coﬀee
and tea were the main sources of DPI and DTAC in the studied postmenopausal women, which is consistent with other
observations in Polish urban population [22].
Senescence is characterized by increased rates of hypertension, diabetes, CVD, and cancer [23]. Several studies
found an inverse relationship between dietary total antioxidant capacity (DTAC) and the risk of chronic diseases in
aging people. A meta-analysis of those data concluded that
DTAC has a great potential for clinical applications and public health [24]. Previously, we found a diminished DTAC
value in an elderly population, and particularly in the elderly
women, compared to that in the young and middle-aged subjects [25]. DTAC, among other things, corresponds with
polyphenol content in the diet. It has not been established,
however, whether the eﬀect of polyphenols on cardiovascular
health is directly related to their antioxidant activity [26].
Several other mechanisms of polyphenol action in humans,
which are not related to direct antioxidant activity, have been
suggested, including microbiota transformation or the
enhancement of internal mechanisms of antioxidant protection [27, 28]. Regardless of the mechanisms of action, beneﬁcial polyphenol eﬀects on the heart health were observed. In
the PREDIMED study, a 46% reduction in the risk of CVD
during 4.3 years of a follow-up period was observed, comparing Q5 with Q1 of total polyphenol intake [29]. Recently, we
found that the existing databases of dietary polyphenols are
partially incomplete and should be further expanded to better reﬂect the dietary polyphenol contents in foods [11].
Therefore, on the basis of our own dietary database [17, 18]
as well as of other available published databases [20] and taking into account the amounts of individual food consumed,
we calculated dietary polyphenol intakes (DPI) for postmenopausal women with CVD and the non-CVD women.
Likewise, dietary total antioxidant capacity (DTAC) was
calculated using our own [17, 18] and other commonly accessible databases [19], which are based on the FRAP (ferricreducing antioxidant potential) assay. At this point, it should
be mentioned that the research methodology of dietary TAC
is varied. The FRAP assay is the most widely used experimental method to assess TAC in foods, although several methods
have been developed for measuring total antioxidant capacity
[27]. Several studies demonstrate that higher TAC from diet
and supplements beneﬁcially alters lipid and glucose proﬁles
[30, 31], improves endothelial function [32], and reduces
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systemic inﬂammation [33]. Recent clinical studies have
shown that higher TAC from diet and supplements can be
associated with a decrease in inﬂammatory markers in overweight/obese postmenopausal women [34]. Supplements in
this study largely contributed to the TAC value. Conversely,
reduced rates of CVD were not observed for a single antioxidant vitamin supplement (beta-carotene, vitamin C, and
vitamin E) users in randomized controlled trials [35, 36]. In
contrast to this research, supplementation in our study was
not calculated, with reference to the purpose of the study,
which was to demonstrate a dietary impact on TAC. In addition to this, in various studies, DTAC has been calculated
with diﬀerent methods. DTAC in our own study was determined by using the experimental FRAP method that measures combined TACs of food samples [27]. It is common
to use the FRAP assay in order to assess the relationship
between the dietary TAC and the occurrence of diseases. In
several studies, a negative association between the dietary
TAC and the occurrence of cancers has been found [37,
38], although not all studies support the existence of such
dependency [39]. Another approach is to determine DTAC
on the basis of theoretical calculations of individual antioxidants (polyphenols, carotenoids, and vitamins C and E) in
food products. In our study, however, TAC value of individual food products results from a complex interaction of many
of the components included in one food sample. We found,
however, that diets with higher TAC, after adjustment for
potential confounders for CVD in postmenopausal women
such as age, smoking, alcohol intake, education, physical
activity, and menopause hormone therapy, in contrast to
DPI, were not associated with the reduced odds of CVD. Possibly, the content of antioxidants in the diet is insuﬃcient to
signiﬁcantly aﬀect the level of antioxidants in the human
body. Generally, despite polyphenol dietary abundance, their
bioavailability is rather low [26]. Therefore, other mechanisms for their actions are suggested, as it was mentioned
before. In addition, bioavailability of some other food ingredients, such as carotenoids, for example, can be negatively
aﬀected by the digestion and absorption process [40].
Quartile analysis provides more information on the
relationship between DTAC and DPI and the prevalence
of CVD. Despite that DTAC in the upper quartile is
almost four times higher than that in the bottom quartile,
the number of women with CVD in the upper quartile is
only about 17% lower in the model of multiple adjustments than that in the bottom quartile, and this trend is
not signiﬁcant. A similar situation applies to DPI, which
in the upper quartile is three times higher than that in
the lower quartile, while the number of women with
CVD in the upper quartile is only ~22% lower than that
in the bottom quartile. However, in the case of DPI, this
trend is statistically signiﬁcant, showing that the total
polyphenol intake may aﬀect the incidence of CVD only
to a small extent, while other factors such as lifestylerelated factors, may be relevant to CVD risk in postmenopausal women. It is also possible that only an in-depth
analysis of individual polyphenols could give the answer
to the argument raised in this paper, but this requires further analysis.
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By comparing the composition of the diets in the both
groups of women, we found that the supply of energy, protein, carbohydrates, and fats was signiﬁcantly lower in the
women with CVD. Lower energy and nutrient intakes might
have resulted somewhat from both an older age of the CVD
women and possibly due to the nutritional restrictions
because of the increased body mass as well as larger prevalence of diabetes in the group of CVD women. CVD women
in this study were characterized by a higher proportion of
obesity cases [44.3%) and diabetes (19.8%) compared to
non-CVD women (32.2% and 13.4%, resp.). The prevalence
of overweight and obesity is common in postmenopausal
women in the Polish population [41], and an excessive body
weight is associated with oxidative stress [42]. We also found
that despite the lower energy and nutrient intakes from the
diet, the supply of vegetables and fruits in the postmenopausal CVD women remained similar to that in the women
without CVD. Vegetables and fruit are together a group of
food that was consumed in the highest amounts (together,
they represent the amount of 430 g/d). They were one of
the main sources of antioxidants and polyphenols in the both
groups of women. Also, the structure of food consumed by
the participants was similar in the respective groups of
women. The main beverages in either case were coﬀee and
tea. The tea intake did not diﬀer signiﬁcantly between the
two groups of women, while the consumption of coﬀee was
signiﬁcantly lower among CVD women. Some alcoholic beverages, such as wine and beer, which normally are polyphenolic supplies for the general population, had no impact on
the DPI and DTAC values in the studied group of postmenopausal women.
The results concerning the intake of coﬀee and the risk of
CVD are conﬂicting. One of the most important risk factors
of CVD is high blood pressure. In hypertensive elderly populations, a habitual coﬀee drinking may lead to uncontrolled
blood pressure (BP) [43]. However, several cohort studies
and a meta-analysis do not conﬁrm an association between
longer-term coﬀee consumption and increased BP and also
between habitual coﬀee consumption and the increased risk
of CVD in hypertensive subjects [44]. In other study in
Poland, it was indicated that the risk of hypertension was
lower in persons consuming moderate amount of coﬀee (34 cups/day) and higher intake of coﬀee was not protective
[45]. A literature search shows that moderate intake of coﬀee
appears to be protective against CVD [46–49] and coﬀee consumption can confer beneﬁts, particularly for postmenopausal women, by reducing inﬂammation and the risk of
CVD [50]. Recent studies demonstrate that drinking 1-2 cups
of coﬀee per day in women reduces the risk of mortality due
to CVD, and this eﬀect was observed in nonsmokers only
[46]. Interestingly, DPI and DTAC from the remaining food
categories did not diﬀer in principle, with the exception of
the category of other foods (for DPI and DTAC) and
vegetables (for DPI). But overall, the beverages had a
determining inﬂuence on the total values of the DPI and
DTAC. In addition, the analysis of the structure of the
DTAC and DPI in various food categories indicates similar selection of food products in the both groups of
women (with CVD and without CVD).
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This study has its strengths and limitations. The advantage of this population-based study is a large group of postmenopausal women; however, the participation rate in the
WOBASZ II study was rather low. Also, this study provides
data regarding the relationship between DTAC and the prevalence of CVD in postmenopausal women, which was not so
far studied. Among the limitations, ﬁrst is the cross-sectional
nature of the study which does not allow to present time
sequence between the disease and exposure. The results
may be biased by the reverse causality; persons after the diagnosis of CVD could have been advised to change the diet and
to decrease the consumption of coﬀee. Next, a single 24-hour
recall does not reﬂect the long-term consumption. Therefore,
small dietary variations of the examined women might have
aﬀected the results obtained. However, there is no satisfactory tool to evaluate food consumption, and each of these
methods has its strengths and weaknesses [51]. The single
24-hour recall method was used in WOBASZ and WOBASZ
II studies, because in contrast to other methods, it is simple,
inexpensive, and relatively brief, with less potential to interfere with respondent’s dietary behavior and usually with a
better response rate which translates into increased representativeness of the population. For these reasons, it is often used
in epidemiological studies. Possibly, the use of multiday
recalls would be more beneﬁcial, because they give better estimates of the population’s dietary intake [51], but there is
more burden on the respondents. Another alternative for
the 24-hour recall is a food frequency questionnaire. This latter, however, does not measure many details of dietary
intake, which is essential for the good interpretation of dietary intake of polyphenols, which are present in a variety of
foods. For the above reasons, a single 24-hour recall method
was selected.

5. Conclusion
In this study, higher dietary polyphenol intake, but not the
dietary total antioxidant capacity, was found to be inversely
associated with CVD in postmenopausal women, which
points to the health beneﬁts of increased polyphenol intake
from food sources for these women.
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The aim of this work was to study the vascular eﬀects of dietary supplementation of a nonalcoholic red wine polyphenol extract,
Provinols, in Zucker fatty (ZF) obese rats. ZF or lean rats received diet supplemented or not with Provinols for 8 weeks.
Vasoconstriction in response to phenylephrine (Phe) was then assessed in small mesenteric arteries (SMA) and the aorta with
emphasis on the contribution of cyclooxygenases (COX). Although no diﬀerence in vasoconstriction was observed between ZF
and lean rats both in SMA and the aorta, Provinols aﬀected the contribution of COX-derived vasoconstrictor agents. The
nonselective COX inhibitor, indomethacin, reduced vasoconstriction in vessels from both groups; however, lower eﬃcacy was
observed in Provinols-treated rats. This was associated with a reduction in thromboxane-A2 and 8-isoprostane release. The
selective COX-2 inhibitor, NS398, reduced to the same extent vasoconstriction in aortas from ZF and Provinols-treated ZF rats.
However, NS398 reduced response to Phe only in SMA from ZF rats. This was associated with a reduction in 8-isoprostane and
prostaglandin-E release. Paradoxically, Provinols decreased COX-2 expression in the aorta, while it increased its expression in
SMA. We provide here evidence of a subtle and paradoxical regulation of COX pathway by Provinols vessels from obese rats to
maintain vascular tone within a physiological range.

1. Introduction
The incidence of obesity has increased signiﬁcantly worldwide in the past decade, reaching epidemic proportions.
Obesity is commonly associated with comorbidities (such
as hypertension, dyslipidaemia, and diabetes) and with
an increased risk of premature death [1]. Obesity, in particular abdominal obesity, was shown to be a primary contributor to acquired insulin resistance, as increasing adiposity is
correlated with impaired insulin action [2, 3]. Obesity is also

associated with a broad inﬂammatory response, particularly,
but not exclusively, in vessels [4, 5].
There are several inﬂammatory mediators that impact
the vascular function in diﬀerent animal models of obesity
and metabolic syndrome, such as cyclooxygenase- (COX-)
derived prostanoid derivatives [4–6]. Arachidonic acid is
released by membrane phospholipids through phospholipase
A2 cleavage; it can be metabolized by COX pathway into
prostaglandins and thromboxane A2 (TXA2) [7]. COX exists
in two major isoforms (COX-1 and COX-2) and one variant
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(COX-3) [8]. COX-1 is found in all tissues, while COX-2 is
known as an inducible enzyme that produces, in most cases,
large amounts of prostaglandins. COX-2 is constitutively
expressed in only a few sites, such as parts of the kidney
and central nervous system, but is highly upregulated and
active at the sites of inﬂammation including vascular
smooth muscle cells and adipose tissue. It is known that
many prostanoid derivatives have speciﬁc vasoactive properties, thereby contributing to the local regulation of vascular
function [9].
Polyphenols constitute one of the most numerous and
ubiquitously distributed group of plant secondary metabolites, present in all plants that are commonly consumed in
the Mediterranean diet, including grains, legumes, fruits,
vegetables, extra virgin olive oil, and red wine [10, 11]. Epidemiological studies report an inverse association between
dietary polyphenol consumption and mortality from cardiovascular diseases [12, 13]. Furthermore, red wine-derived
polyphenols have been reported to improve cardiovascular
function in various animal models of cardiovascular diseases
and metabolic disturbances. For instance, red wine polyphenols were reported to improve endothelial function and
normalise blood pressure in NO-deﬁcient hypertensive rats
[14], in spontaneously hypertensive rats [15] and deoxycorticosterone acetate- (DOCA-) salt-induced hypertensive rats
[16]. In addition, red wine polyphenols were found to protect
against cardiac ischemia [17], stroke [18], and improved
cardiac function and endothelial function in obese rats [19].
Dietary polyphenols have also been found to inhibit cellular
enzymes, such as phospholipase A2 and COX, in order to
reduce arachidonic acid and prostaglandin production,
thus exerting an important anti-inﬂammatory action. Polyphenolic compounds extracted from red wine were able to
modulate COX-2 activity and gene expression in diﬀerent
cell types [20–22].
We have previously reported that dietary red wine polyphenol extract, Provinols, improves endothelial function in
the obese Zucker fatty (ZF) rat, a common animal model
of obesity and metabolic syndrome, by reducing oxidative
stress and enhancing nitric oxide (NO) bioavailability
[19]. However, the eﬀects of Provinols on vascular inﬂammation and vasoreactivity have not yet been studied. The
aim of the present work was therefore to investigate the
vascular eﬀects of a dietary supplementation of Provinols in
ZF rats, with respect to the COX pathway regulation.

2. Materials and Methods
2.1. Animals and Experimental Protocol. All animal studies
were carried out using approved institutional protocols and
conform the Guide for the Care and Use of Laboratory animals published by US National Institutes of Health (NIH
Publication number 85-23, revised 1996). The study involved
12 Zucker fatty (ZF) rats and 12 of their lean nonobese rats
(Charles River, L’Arbresle, France); all of which received,
for eight weeks, either a control diet or a diet containing a
dose of 20 mg/kg/day of Provinols (Société Française de Distilleries; Vallon Pont d’Arc, France), a nonalcoholic red wine
polyphenol extract. The dose of Provinols given to animals
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was described to be able to induce several cardiovascular
protective eﬀects, such as the improvement of endothelial
function [23], the prevention of the increase in blood
pressure in NO-deﬁcient hypertensive rats [14], and the
protection against cardiac ischemia [17], stroke [18], and
improved cardiac function and endothelial function in obese
rats [19]. The eight-week treatment has been reported to
protect against the deleterious eﬀects of hypertension [24]
and chronic stress exposure [25] and obesity [19].
2.2. Vascular Reactivity. Aortic and small mesenteric arteries
(SMA) were obtained from ZF or lean rats having or having
not received Provinols, which were then cleaned from
connective tissue and cut into rings of 1.5–2 mm long. Vessel
rings were then mounted on a wire myograph (Danish
MyoTechnology, Aarhus, Denmark) ﬁlled with physiological
salt solution (PSS) as described previously [19, 26, 27].
The concentration-response curves were constructed by
cumulative application of phenylephrine (Phe, 1 nmol/L to
10 μmol/L; Sigma-Aldrich, St. Quentin, Fallavier, France) to
vessels with functional endothelium in the presence or
absence of a given inhibitor: the NO synthase inhibitor
Nω-nitro-L-arginine methyl ester (L-NAME, 100 μmol/L;
Sigma-Aldrich), the selective COX-2 inhibitor N-(2cyclohexyloxy-4-nitrophenyl) methanesulfonamide (NS398,
10 μmol/L; Sigma-Aldrich), or indomethacin, the nonselective COX inhibitor (INDO, 100 μmol/L). All inhibitors were
used at their maximal active concentrations at which they
inhibit the release of either NO from all isoforms of NO
synthases (L-NAME), metabolites from COX-2 isoforms
(NS398), or metabolites from COX (INDO) in blood vessels,
as reported in our previous studies [26].
2.3. Determination of Prostanoid Production. Vessels with
endothelium were treated with Phe (10 μmol/L, 30 minutes,
37°C). The medium was next collected. Then, TXA2, prostaglandin E metabolites, prostacyclin, and total 8-isoprostane
were measured by enzyme immunoassays kits (Cayman
Chemicals, Ann Arbor, Michigan). The concentration of
prostanoids was expressed as pg/mL/mg of dry weight (dw)
tissue [28].
2.4. Western Blotting. Aortas and SMA vessels were dissected,
homogenized, and lysed. Proteins (80 μg) were separated on
10% SDS-PAGE. Blots were probed with anticyclooxygenase(COX-) 1 (Santa Cruz Biotechnology, Santa Cruz, CA), antiCOX-2 (BD Biosciences, San Jose, CA), and anti-NF-κB p65
(Abcam, Paris, France) antibodies. A monoclonal mouse βactin antibody (Sigma-Aldrich) was used at 1/5000 dilution
for visualization of protein gel loading. The membranes were
then washed at least three times in Tris buﬀer solution containing 0.05% Tween and incubated for 1 hour per wash at
room temperature, with the appropriate horseradish peroxidase- (HRP-) conjugated secondary antibody (Amersham).
The protein antibody complexes were detected by ECL plus
(Amersham) according to the protocol of the manufacturer
as previously done [29, 30].
2.5. Staining and Imaging by Confocal Microscopy. Vessels
with endothelium were frozen and cut into 7 μm sections.
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Fixed sections were incubated (2 hours) in blocking buﬀer
(5% nonfat dry milk in phosphate-buﬀered saline). After
three washes, tissue sections were incubated overnight with
a polyclonal NF-κB p65 antibody (1 : 100). After three
washes, sections were incubated (1 hour) with murine Alexa
ﬂuor-488-labeled antibody (1 : 100). After washes, vessel sections were mounted on glass slides and a Solamere confocal
equipment with a DLS-300 laser mounted on a Nikon Eclipse
TE 2000-S inverted microscope was used for the optical
sectioning of the tissue. Digital image recording was performed using the QED in vivo software.
2.6. Carotid Tissue Dual Phase Metabolite Extraction
2.6.1. Extraction Protocol. Frozen sections of carotids
(n = 10, 25 ± 8 mg) were powdered in liquid N2 with a mortar
and pestle and, then, immediately extracted using a dual phase
extraction method [31]. Brieﬂy, frozen tissue fragments were
homogenized for 20 seconds in ice-cold solvents (purexanalytical-grade) methanol and chloroform in a ratio of
2 : 1 (1.5 mL) by using an Ultra-Turrax homogenizer. After
5 minutes in contact with the ﬁrst solvents at 4°C, 0.5 mL
chloroform and 0.5 mL distilled water were added and
homogenized. The samples were then centrifuged at 2000
g for 30 minutes. The organic fraction was collected. Vials
were sealed under a ﬂow of Ar and maintained at −20°C.
Prior analysis, lipid extracts were dried oﬀ and dissolved
in 400 μL of chloroform.
2.6.2. Phospholipid Analysis. The lipid extract (200 μL from the
total 400 μL) was dried and dissolved in 50 μL of chloroform/
methanol (1 : 1, v/v); 20 μL was analysed by HPLC on a Summit
DIONEX system using an Uptisphere 6OH (5 μmol/L)
250 × 2 mm column. The ﬂow rate was 0.25 mL/minute,
and the column temperature was kept at 25°C during all
runs. A light-scattering detector was used for the detection
(Polymer Laboratories PL-ELS2100, Church Stretton,
United Kingdom). The evaporator and nebulisator temperature was kept, respectively, at 50 and 80°C, and the nitrogen
ﬂow was 1.8 mL/minute. A binary solvent system was used
with (A): hexane/isopropanol (82 : 18, v/v) and (B): isopropanol/water (85 : 15, v/v) in the presence of triethylamine
(0.014%, v/v) and acetic acid (0.5%, v/v). The gradient proﬁle was started at 5% B for 5 minutes, moved to 35% B in
25 minutes, and then to 85% B in 8 minutes. Finally,
the gradient was returned to the starting conditions in
10 minutes. The column was equilibrated for 10 minutes
before the next run.
2.6.3. Fatty Acid Analysis. Glyceryl triheptadecanoate (2 μg)
as internal standard and hexane (1 mL) was added to the lipid
extract (80 μL from the total 400 μL). Transmethylation was
performed for 1 hour in boron triﬂuoride methanol solution
14% (1 mL, Sigma-Aldrich) at 55°C. After the addition of
water (1 mL) to the crude, fatty acid methyl esters (FAME)
were extracted with hexane (3 mL), dried by evaporation,
and dissolved in ethyl acetate (20 μL). FAME (1 μL) were
analysed by gas-liquid chromatography [32] on a 5890
Hewlett Packard system using a Famewax RESTEK-fused
silica capillary columns (30 m × 0.32 mm i.d., 0.25 mm ﬁlm
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thickness). Oven temperature was programmed from 110°C
to 220°C at a rate of 2°C per min, and the carrier gas was
hydrogen (0.5 bar). The injector and the ﬂame ionization
detector were at 225°C and 245°C, respectively.
2.6.4. Neutral Lipid Molecular Analysis. Internal standards
were added to the lipid extract (100 μL from the total
400 μL): 3 mg of stigmasterol, 1 mg of 1,3-dimyristine, 1 mg
of cholesteryl heptadecanoate, and 5 mg of glyceryl triheptadecanoate. Neutral lipids were separated using a SPE column
(Strata SI-1 Silica 55 μm, 70 Å, 100 mg), washed with 2 mL
of chloroform, crudely dissolved in 20 μL of chloroform,
applied on the cartridge, and eluted with 2 mL of chloroform. The organic phases were evaporated until dry and
dissolved in 20 μL of ethyl acetate. One μL of the lipid extract
was analysed by gas-liquid chromatography on a FOCUS
Thermo Electron system using a Zebron-1 Phenomenexfused silica capillary column (5 m × 0.32 mm i.d., 0.50 mm
ﬁlm thickness). Oven temperature was programmed from
200°C to 350°C at a rate of 5°C per min, and the carrier gas
was hydrogen (0.5 bar). Proﬁles of neutral lipid molecular
species were determined according to total acyl carbon number [32]. The injector and the ﬂame ionization detector were
operating at 315°C and 345°C, respectively.
2.7. Data Analysis. Data are expressed as mean ± SEM, and
n represents the number of experiences. Statistical analyses
were performed using a one-way analysis of variance
(ANOVA) and Mann–Whitney U tests or ANOVA for
repeated measures and subsequent Bonferroni’s post hoc
test. P < 0 05 was considered as statistically signiﬁcant.

3. Results
3.1. Provinols Did Not Aﬀect Contractile Response to Phe in
both Aortas and SMA from ZF Rats. The contractile response
to a vasoconstrictor agonist (Phe) was investigated in both
conductance (aorta) and resistance (SMA) arteries from ZF
and lean rats with or without Provinols treatment. As shown
in Figure 1, there was no signiﬁcant diﬀerence in the contractile response to Phe between all the groups in both the aorta
and SMA. Due to the absence of diﬀerences in overall contraction between lean and ZF rats, the rest of the experiments
were carried out on ZF rats only.
3.2. Eﬀect of NO Inhibition on Vascular Reactivity in Aortas
and SMA from ZF Rats. To assess the contribution of NO
levels in vasoconstriction of vessels from ZF and Provinolstreated ZF rats, NO synthases (NOS) were inhibited using
L-NAME and then contraction in response to Phe was
assessed in both the aorta and SMA. While the nonselective
blockade of NOS did not modify contraction in response to
Phe in SMA from both groups of rats (Figures 2(a), 2(b),
and 2(c)), it potentiated to the same extent the contractile
response to Phe in aortas from both ZF and Provinolstreated ZF rats (Figures 2(d), 2(e), and 2(f)).
3.3. Provinols Reduced the Involvement of COX-Derived
Vasoconstrictor Metabolites in SMA from Obese Rats. To
ﬁgure out the relative contribution of vasoactive prostanoid
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Figure 1: Provinols did not aﬀect contractile response to Phe in aortas and SMA from obese ZF rats. Shown are concentration-response
curves to phenylephrine (Phe) cumulative concentrations (M) of small mesenteric arteries (SMA, (a)) and rat aortic rings (b) from lean
and ZF rats treated or not with Provinols. Values are expressed as mean ± SEM of millinewtons (mN) per mm of vessel length. N = 6 in
each group.

derivatives in the contractile response to Phe in SMA,
COX isoforms were blocked using selective and nonselective inhibitors. In ZF rats, both COX-2 (NS398)
(Figure 3(a)) and nonselective COX (INDO) (Figure 3(b))
inhibitors reduced to the same extent the contractile
response to Phe in SMA, suggesting the involvement of
COX-2-derived vasoconstrictor metabolites in this contractile response. In Provinols-treated ZF rats, NS398
(Figure 3(c)) failed to aﬀect the contractile response to
Phe; however, indomethacin (Figure 3(d)) reduced contraction in SMA, suggesting the implication of non-COX2-derived vasoconstrictor metabolites in this contractile
response. Interestingly, when we compared the contractile
response in the presence of inhibitors between the two
groups, we observed that contraction was greater in vessels
from Provinols-treated ZF rats in the presence of COX-2
inhibitor (Figures 3(e) and 3(f)), indicating a smaller contribution of COX-2-derived vasoconstrictor metabolites in the contractile response to Phe in SMA obtained from ZF rats which
received Provinols compared to ZF rats.
3.4. Provinols Reduced the Involvement of COX-Derived
Vasoconstrictor Metabolites in Aortas from Obese ZF Rats.
The relative contribution of vasoactive prostanoid derivatives
in the contractile response to Phe was assessed in aortas by
inhibiting COX isoforms. Both the nonselective inhibition
of COX and the selective blockade of COX-2 reduced the
contractile response to Phe in aortas from ZF rats; however,
the reduction in contractile response was higher with INDO
(Figures 4(a) and 4(b)), suggesting the participation of both
COX-2- and non-COX-2-derived vasoconstrictor metabolites in the contractile response to Phe in ZF rats. Aortas from
ZF rats which received Provinols exhibited a reduction in the
contractile response to Phe in the presence of NS398 or
INDO; however, the reduction was slightly higher in the
presence of INDO, suggesting the involvement of mainly
COX-2-derived metabolites in the aortas from the polyphenol group (Figures 4(c) and 4(d)).

The comparison of vascular contraction between aortas
from both experimental groups in the presence of inhibitors showed no major diﬀerences in the presence of
NS398, although vessels from the polyphenol group had
a trend for a higher contractile response (Figure 4(e));
however, in the presence of INDO, the contraction in vessels from the polyphenol group was signiﬁcantly greater
(Figure 4(f)), suggesting a reduced involvement of nonCOX-2-derived vasoconstrictor metabolites in aortas from
Provinols-treated ZF rats.
3.5. Provinols Reduced COX-Derived Vasoconstrictor
Metabolite Release in Aortas and SMA from Obese ZF Rats.
The functional studies suggest a reduced participation of
COX-derived vasoconstrictor metabolites in both conductance and resistance arteries from Provinols-treated ZF rats.
Indeed, in the aorta, the measurement of COX-derived
metabolite production in vessels showed that the Provinols
reduced the release of 8-isoprostane and TXA2, both vasoconstrictor metabolites, without aﬀecting that of prostacyclin
and prostaglandin E metabolites (Figures 5(a)–5(d)). In
SMA, the Provinols reduced the production of vasoconstrictor metabolites 8-isoprostane and prostaglandin E, without
modifying the release of prostacyclin and TXA2 metabolites
(Figures 5(e)–5(h)).
Altogether, these data indicate that the Provinols reduced
the participation of COX-derived vasoconstrictor agents in
the contractile response to Phe in both aortas and SMA.
3.6. Provinols Modulated the Expression of COX Isoforms
and NF-κB in Vessels from Obese ZF Rats. Since Provinols
could modulate the contribution of COX-derived agents in
the contractile response of vessels from obese rats, the
expression of COX-1 and COX-2 was therefore assessed.
Results showed that Provinols did not aﬀect the expression
of COX-1, neither in the aorta nor in SMA (Figures 6(a)
and 6(b)); however, it paradoxically aﬀected the expression
of COX-2 in aortas and SMA. While Provinols reduced
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Figure 2: Eﬀect of NO inhibition on vasoreactivity in aortas and SMA from obese ZF rats. Shown are concentration-response curves to
phenylephrine (Phe) cumulative concentrations (M) in the presence of NO-synthase nonselective inhibitor (L-NAME) of small mesenteric
arteries (SMA) (a–c) and rat aortic rings (d–f) from ZF rats treated or not with Provinols. Values are expressed as mean ± SEM of
millinewtons (mN) per mm of vessel length. ∗∗∗ P < 0 001 versus ZF rats.

COX-2 expression in the aorta, it enhanced its expression
in SMA, (Figures 6(c) and 6(d)).
The transcription factor NF-κB controls the transcription
of proinﬂammatory enzymes such as COX-2; hence, its
expression was assessed. The expression of NF-κB was significantly reduced by Provinols within the aorta (Figures 6(e)
and 6(f)); however, its expression did not change in SMA
(Figure 6(g)).
3.7. Provinols Altered Phospholipid Proﬁle in Carotids from
Obese ZF Rats. An alteration in the activity of phospholipase A2, primarily responsible of prostanoid derivatives
generation, may lead to an alteration of the lipid composition in vessels from ZF obese rats. Hence, the eﬀects
of Provinols on the distribution of membrane neutral lipids
and fatty acids were analysed in carotid artery from ZF rats.

As shown in Table 1, the neutral lipid composition
and fatty acid composition of total lipids from carotid
tissues remained similar in Provinols-treated and control
groups. Neither concentrations nor percent distribution
of neutral lipid molecular species of triacylglycerides
(TAG), diacylglycerides D (AG), nor cholesteryl esters
were modiﬁed by Provinols (Table 1). Moreover, Provinols
did not modify neither the concentration nor the distribution of fatty acid molecular species of saturated fatty acids
(SAFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) (Table 2). However, even
though phospholipid contents were similar in the two
groups, Provinols led to an alteration of the phospholipid’s
proﬁle. As shown in Table 3, Provinols signiﬁcantly increased
the contribution of phosphatidylethanolamine (PE) to total
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Figure 3: Provinols reduced the involvement of COX-derived vasoconstrictor metabolites in SMA from obese ZF rats. Concentrationresponse curves to phenylephrine (Phe) cumulative concentrations (M) in the presence of COX-2 inhibitor (NS398) or the
nonselective COX inhibitor (indomethacin, INDO) of small mesenteric arteries (SMA) from ZF rats which received or not Provinols.
N = 6 in each group. Values are expressed as mean ± SEM of millinewtons (mN) per mm of vessel length. ∗ P < 0 05; ∗∗ P < 0 01;
∗∗∗
P < 0 001 versus ZF rats.

phospholipids (41.6 ± 6.4 nmol/mg and 50 ± 2.7 nmol/mg
from nontreated and Provinols-treated ZF rats, respectively).

4. Discussion
Our ﬁndings reported in this study indicated that red wine
polyphenols modulated the relative contribution of COXderived metabolites in vasoreactivity in both conductance
and resistance arteries from ZF rats, although without
aﬀecting the global contractile response of vessels. Indeed,
Provinols could reduce the release of COX-derived vasoconstrictor agents from both types of arteries by aﬀecting the
expression and/or activity of COX enzymes as well as NFκB transcription factor. In addition, Provinols treatment
altered the phospholipid molecular species distribution in
carotid arteries from ZF rats. These data underscore the

beneﬁcial role of red wine polyphenols in modulating
the contribution of inﬂammatory agents in the control of
vascular tone in obese rats.
In a previous study, we showed that ZF rats had an
impaired endothelium-dependent relaxation to acetylcholine
compared to their lean controls [19]; however, the present
study demonstrated that there was no diﬀerence in the
contractile response to Phe between control and obese rats.
In a study by Mingorance et al. [5], authors found that aortas
and SMA from ZF rats had a lower response to Phe than lean
animals, whereas ZF rats showed a diminished response to
acetylcholine only in the aorta. The discrepancy between
our ﬁndings and those from Mingorance et al. may be
due to the age of animals used, 15 weeks in our study
and 31 weeks of age in the other one. In addition, an
exaggerated adrenergically mediated vascular reactivity
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Figure 4: Provinols reduced the involvement of COX-derived vasoconstrictor metabolites in the aorta from obese ZF rats. Concentrationresponse curves to phenylephrine (Phe) cumulative concentrations (M) in the presence of COX-2 inhibitor (NS398) or the nonselective COX
inhibitor (indomethacin, INDO) of aorta rings from ZF rats which received or not Provinols. Values are expressed as mean ± SEM of
millinewtons (mN) per mm of vessel length. N = 6 in each group. ∗∗∗ P < 0 001 versus ZF rats.

has been also documented in aortic and SMA rings from
obese rats [33, 34].
Although no diﬀerence was observed in the contractile
response to Phe, we observed that Provinols treatment significantly modulated the relative contribution of COX-derived
metabolites in vasoreactivity in both the aorta and SMA. Of
note, SMA from ZF rats had more contribution from COX2-derived vasoconstrictor metabolites in the contractile
response to Phe compared to vessels from ZF rats fed a diet
containing Provinols. Aortas from ZF rats had, however,
more contribution from non-COX-2-derived vasoconstrictor
agents in the contractile response to Phe in comparison to
aortas from the polyphenol group. Consistent with these
ﬁndings, the evaluation of prostanoid derivative release
revealed that vasoconstrictor COX-derived agents were
reduced in the Provinols group (8-isoprostane/TXA2 in the
aorta and 8-isoprostane/prostanglandin E in SMA). Interestingly, previous studies showed an increased participation of
COX-derived vasoconstrictor agents (i.e., TXA2) in vessels
from ZF rats compared to lean controls [4, 5]. Both the aorta

and SMA from the Provinols group had reduced levels
of 8-isoprostane production, indicating a reduction of oxidative stress. Indeed, in contrast to classic prostaglandins,
isoprostanes are formed by free radical-catalysed lipid peroxidation of arachidonic acid and cell membrane phospholipids
and constitute thus a good marker for oxidative stress level.
These observations are in line with our previous results
which indicated that Provinols reduced superoxide anion
release in aortas and SMA from ZF rats [19].
Findings from our study support previous reports
demonstrating that polyphenols can regulate COX-2 expression and secretion [35, 36]. In this study, we observed that
Provinols did not aﬀect the expression of the constitutive
COX-1 isoform in both the aorta and SMA; paradoxically,
however, Provinols reduced COX-2 expression in the aorta
and enhanced its protein expression in SMA. These results
are not in apparent line with our functional ﬁndings or those
of biochemical analysis of COX-derived metabolites release.
The reduction in COX-2 expression in aortas may explain
the reduction of the release of COX-derived metabolites. This
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SMA

ZF

ZF + Provinols

Aorta

ZF

ZF + Provinols

1.25
1.00
0.75
0.50
0.25
0.00

SMA
⁎⁎

ZF

A.U.

2.5
2.0
1.5
1.0
0.5
0.0

A.U.

ZF + Provinols

2.5
2.0
1.5
1.0
0.5
0.0

ZF

COX-1

COX-2

COX-2

훽-actin

훽-actin

훽-actin

훽-actin

(a)

(b)

(c)

ZF

ZF + Provinols

SMA
1.25

1.25

NF-휅B

1.00

1.00
A.U.

NF-휅B

⁎⁎

0.75
0.50
0.00

0.75
0.50
0.25

0.25

(e)

(d)

Aorta

Aorta
Negative control

⁎⁎⁎

ZF + Provinols

COX-1

A.U.

1.0
0.8
0.6
0.4
0.2
0.0

A.U.

A.U.

Aorta

0.00
ZF

ZF + Provinols

ZF

ZF + Provinols

NF-휅B p65

NF-휅B p65

훽-actin

훽-actin

(f)

(g)

Figure 6: Provinols modulated the expression of COX isoforms and NF-κB in vessels from obese ZF rats. Western blots showing the
expression of cyclooxygenase- (COX-) 1 (a, b) and COX-2 (c, d) in the aorta and SMA from ZF rats treated or not with Provinols.
NF-κB expression in the rat aorta was assessed by confocal imaging (e) and western blot analysis (f). In (c) is shown NF-κB expression in
SMA by western blot analysis. Quantiﬁcation of immunoblots’ signal was done by densitometric analysis; β-actin loading control
was included. Data are representative of four separate blots, and the densitometry values are expressed in arbitrary units (A.U.) as
mean ± SEM. ∗∗ P < 0 01; ∗∗∗ P < 0 001 versus ZF rats.

Oxidative Medicine and Cellular Longevity

9

Table 1: Comparison between neutral lipid molecular species from
carotids in control and Provinols-treated rats.

Table 2: Comparison between fatty acid (FA) molecular species
from carotids in control and Provinols-treated rats.

Neutral lipids
ZF
Percent distribution of TAG
TAG C49
4.7 ± 0.3
TAG C51
13.5 ± 0.8
TAG C53
32 ± 0.9
TAG C55
34.6 ± 1
TAG C57
13.3 ± 0.7
TAG C59
1.8 ± 0.4
Total TAG (nmol/mg)
4.68 ± 1.72
Percent distribution of DAG
DAG 14–16
16.9 ± 11.6
DAG 16-16
19.6 ± 6.7
DAG 16–18
34 ± 9.2
DAG 18-18
17 ± 14.7
DAG18–20
12 ± 2.5
DAG18–22
Nd
Total DAG (nmol/mg)
0.10 ± 0.03
Percent distribution of cholesteryl esters
C14 cholesteryl ester
Nd
C16 cholesteryl ester
15.1 ± 1.7
C18 cholesteryl ester
17.9 ± 6
C20:4 cholesteryl ester
67 ± 6.1
C22 cholesteryl ester
Nd
Total cholesteryl esters (nmol/mg)
1.8 ± 0.6
Cholesterol (nmol/mg)
0.12 ± 0.04

FA
ZF
Total FA (nmol/mg)
14.59 ± 4.58
Percent distribution of FA
SAFA
41.5 ± 2.4
MUFA
38.1 ± 4.9
PUFA
20.4 ± 2.6
Percent distribution of SAFA
14 : 0
3.3 ± 0.7
16 : 0
72.6 ± 5.9
18 : 0
22 ± 4.4
20 : 0
1.1 ± 0.5
24 : 0
1.1 ± 0.8
Percent distribution of MUFA
16 : 1 n-7
17.8 ± 0.8
18 : 1 n-9
78.5 ± 4.3
20 : 1 n-9
0.4 ± 0.1
22 : 1 n-9
Nd
24 : 1 n-9
3.3 ± 4.5
Percent distribution of PUFA
18 : 2 n-6
53.1 ± 11.7
18 : 3 n-6
Nd
18 : 3 n-6
2.1 ± 0.8
20 : 2 n-6
1.3 ± 0.3
20 : 3 n-6
Nd
20 : 3 n-6
1.7 ± 0.4
20 : 4 n-6
38.5 ± 12
20 : 5 n-3
Nd
22 : 5 n-3
Nd
22 : 2 n-6
Nd
22 : 6 n-3
3.3 ± 1

ZF + Provinols
3.8 ± 0.6
12.1 ± 1.3
31.4 ± 1
35.77 ± 1.2
14.6 ± 1.2
2.4 ± 0.6
4.36 ± 1.35
12 ± 2.5
14.4 ± 4.4
43 ± 5.3
19 ± 11.2
14 ± 0.3
Nd
0.08 ± 0.03
Nd
17.3 ± 3.8
17.6 ± 5.1
65.1 ± 8.3
Nd
0.13 ± 0.03
1.6 ± 0.3

Data are means ± SEM. Nd: not detected. Concentrations are expressed as
nanomoles per mg of tissue wet weight (nmol/mg). Triacylglycerides
(TAG) and diacylglycerides (DAG) families were deﬁned according to
their total number of carbon atoms (as described in Materials and Methods).

is further corroborated by the reduction of NF-κB transcription factor expression in aortas from the polyphenol group.
The activation of NF-κB is upstream of the synthesis of
acute phase inﬂammatory mediators. Among the genes
known to be positively regulated by NF-κB is COX-2 [37].
In the present work, we found that Provinols reduced NFκB in the aorta, but not in SMA, accounting potentially
for reducing COX-2 expression. Previously, it has been
shown that tea polyphenols inactivated phosphorylated
forms of nuclear NF-κB and reduced COX-2 expression in
rat mammary tumours [38]. Furthermore, procyanidin
extracts, a mixture of polyphenols, inhibited NF-κB
(p65) translocation in lipopolysaccharide-stimulated macrophages [39].
In SMA from rats treated with polyphenols, we observed
an increase in COX-2 expression even though functional data
and biochemical analysis indicated that these vessels have
less contribution of COX-2-derived metabolites towards the
contractile response to Phe. This paradoxical eﬀect could be
explained by a subtle eﬀect of Provinols on the activity of
COX enzymes and/or phospholipase A2 activity, which
would contribute to the reduced release of COX-derived

ZF + Provinols
19.74 ± 6.43
40.9 ± 1.3
39.7 ± 1.4
19.4 ± 2.1
3.4 ± 1.3
72.5 ± 2.7
22.9 ± 3.6
0.6 ± 0.2
0.6 ± 0.2
17 ± 2.4
82 ± 2
0.4 ± 0.2
Nd
0.6 ± 0.3
57.9 ± 9.3
Nd
2.3 ± 0.6
1.4 ± 0.4
Nd
1.6 ± 0.4
33.2 ± 9.2
Nd
Nd
Nd
3.4 ± 1

Data are means ± SEM. Total fatty acids (FA) are expressed as nanomoles
per mg of tissue wet weight. SAFA: saturated fatty acids; MUFA:
monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; Nd:
not detected.

Table 3: Comparison between phospholipids (PL) from carotids in
control and Provinols-treated rats.
Percent distribution of PL
PE
PC
SM
PS
PI
PG
Total PL (nmol/mg)

ZF
41.6 ± 6.4
38 ± 5.7
13 ± 4.4
4.8 ± 1.2
2.6 ± 1.6
Nd
3.8 ± 1.3

ZF + Provinols
50 ± 2.7∗
33.9 ± 1.9
9.4 ± 1
4.3 ± 0.6
2.5 ± 0.4
Nd
3.6 ± 0.9

Data are means ± SEM. Total phospholipids (PL) are expressed as
nanomoles per mg of tissue wet weight. ∗ Diﬀerence between groups at
P < 0 05 (n = 5). PE: phosphatidylethanolamine; PC: phosphatidylcholine;
SM: sphigomyeline; PS: phosphatidylserine; PI: phosphatidylinositol, PG:
phosphatidylglycerol; Nd: not detected.
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metabolites. The increase in COX-2 protein expression may
therefore be a compensatory mechanism to the decrease
in the enzyme’s activity. Although the reduction in
COX-derived metabolites caused by Provinols may suggest
a reduction in COX activity, further studies are warranted
to ascertain the eﬀects of Provinols on COX enzymes’
activity. Consistent with our ﬁndings, a previous study
from Kane et al. [40] showed that red wine polyphenols
reduced angiotensin II-induced COX-2 overexpression in
rat vessels. Previous publications have also reported an
inhibitory eﬀect of red wine extract and tea polyphenols
on COX-2 activity [20, 38]. However, a recent study evaluated the eﬀect of several food polyphenols, including
resveratrol, a component of red wine polyphenols, on
the activity of COX-2 and reported that although these
compounds could elicit the inhibition of COX–2, their
potency was 100- to 1000-fold lower compared to known
pharmacological inhibitors of COX-2 such as celecoxib
and indomethacin [41].
Finally, we have shown that one focal eﬀect of Provinols
treatment was an alteration of phospholipid molecular
species in carotid arteries from ZF rats. The increase in the
PE contribution to total phospholipids suggested that Provinols treatment had a speciﬁc eﬀect on phospholipid turnover
because neutral lipids and fatty acid molecular species
remain unchanged. Indeed, a reduction in PE degradation
has been previously observed in platelets and liver microsomes due to inhibition of the secretory phospholipase A2
[42]. This result is suggestive of a reduction in the activity
of phospholipase A2 in vessels from Provinols-treated rats
especially when taken together with the reduction in the
secretion of bioactive prostanoids.
In conclusion, we showed in this study that the global
response to vasoconstrictor agonists was not altered in ZF
compared to lean rats; however, red wine polyphenols could
modulate COX expression and/or activity via a mechanism
involving NF-κB pathway. The present study provided evidence of a subtle regulation of vasocontractility both in conductance and resistance arteries by Provinols to maintain
vascular tone within a physiological range. Such eﬀect is
linked to a paradoxical eﬀect of Provinols on COX pathway. These data highlight further the beneﬁcial role of
red wine polyphenols in correcting cardiovascular disturbances associated with obesity and metabolic syndrome.
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