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Preface to ”Benefits of Resveratrol Supplementation”

Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a phytoalexin that belongs to the group of

stilbenes. Some plants produce resveratrol in response to infection, stress, injury, or ultraviolet

radiation. Resveratrol is also found in grapes, wine, grape juice, peanuts, and some berries,

such as blueberries, bilberries, and cranberries. Moreover, the glucosides of resveratrol are also

widely reported to be beneficial to human health.Several of these positive effects have been

compiled in this monograph, based on a Special Issue of Nutrients which contains 16 papers (4

reviews and 12 original publications). We, as Guest Editors, want to acknowledge the effort of

the authors and to give the reader an overview of the current topics of research regarding the

effects of resveratrol supplementation. Included are studies providing insights into the effects of

resveratrol, some derivatives (ε-viniferin), or their metabolites, in promoting overall health and

preventing or treating diseases such as inflammation, obesity, cardiovascular diseases, diabetes, and

cancer.Interestingly, the final outcome of resveratrol supplementation depends on its bioavailability

and pharmacokinetics. Several factors affect these two parameters: resveratrol formulation, ingested

dose, food matrix, host gut microbiota, and circadian variation, amongst others. For example, the

solid dispersion of resveratrol on magnesium dihydroxide increases its solubility and bioavailability

and, therefore, this approach could enhance the biological properties of resveratrol.Inflammation or

oxidative stress have been described as hallmarks of major diseases. Resveratrol, in combination with

other polyphenols present in a red wine extract, has been involved in anti-inflammatory responses

which are mediated by a strong decrease in IL-1 secretion and gene expression in macrophages

which, in turn, occur through modulation of the expression of key proteins involved in the

inflammasome complex. In addition, resveratrol improves kidney function, exerting protective effects

on aging kidneys by mitigating oxidative stress and inflammation. The mechanisms underlying

these effects are suppression of angiotensin II, involved in increased oxidative stress, and activation

of the angiotensin 1-7/Mas receptor axis that counteracts the effects of angiotensin II.Regarding

obesity, several mechanisms have been explored concerning the resveratrol-induced reduction of

body fat accumulation. Thus, it has been demonstrated that resveratrol supplementation reverses

the leptin resistance—caused by diet-induced obesity—in peripheral organs using tissue-specific

mechanisms and in a dose-dependent manner. Resveratrol is also able to increase thermogenicity

in interscapular brown adipose tissue (IBAT), and the oxidative capacities of both IBAT and

skeletal muscle, contributing to the aforementioned anti-obesity action of the phenolic compound.

However, a combination of resveratrol with energy restriction did not increase these effects.In

addition, resveratrol has been reported to show positive effects on cardiovascular diseases. Thus,

it has been proposed as a promising drug for slowing down atherosclerosis as part of the

treatment of cardiovascular conditions, due to the resveratrol-mediated moderation of free radical

generation and proinflammatory response diminishment. In addition, clinical studies have shown an

association between resveratrol and vascular protection. Sirtuin-1 plays an important role in vascular

biology and regulates some aspects of age-dependent atherosclerosis. Sirtuin-1 promotes vascular

vasodilation, endothelium regeneration, and cardiomyocyte protection under stress conditions,

including cellular toxicity as a result of reactive oxygen species activity. Resveratrol supplementation

has been demonstrated to induce increased serum concentrations of Sirtuin-1, mirroring the effects

of caloric restriction.Cardiovascular complications are the prime cause of morbidity and mortality

in type 2 diabetic patients, particularly in women. Most antidiabetic treatments fail to decrease
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cardiovascular risk. Consequently, dietary supplements, in combination with antidiabetic medication,

could potentially improve cardiovascular outcomes in diabetic patients, and resveratrol shows

great promise for protecting the heart of type 2 diabetic women against myocardial infarction.

Other complications linked to diabetes mellitus are oxidative stress and cataract formation. Long-term

hyperglycemia leads to the overproduction of reactive oxygen species (ROS) in mitochondria which,

in turn, causes an imbalance between ROS and endogenous defense mechanisms, leading to increased

protein oxidation in the lens and, consequently, accumulation of insoluble aggregates and lens

opacity. Resveratrol has demonstrated antioxidative activity in the lens of diabetic rats, reducing

oxidative stress and possibly providing indirect benefits against cataract formation. Metabolic

syndrome is a constellation of metabolic alterations such as insulin resistance, hypertension, and

dyslipidemia. This Special Issue covers some of the interesting approaches used to study the effects

of resveratrol on metabolic syndrome and its associated conditions, either through resveratrol itself or

through the changes mediated in gut microbiota which, in turn, promote the changes associated with

a healthy phenotype either directly or through the action of byproducts. Polyphenols constitute an

important group of phytochemicals that have been gaining increased research attention since it was

discovered that they could possess both cancer preventive and anticancer activities. Pharmacological

approaches are a key tool in cancer treatment. Cisplatin is an anticancer drug used in the treatment

of various types of cancer, including human breast cancer. However, resistance to cisplatin is a

major cause of treatment failure. Resveratrol has been proposed as a chemosensitizer agent based

on in vitro studies and, therefore, may help to improve the treatment of human breast cancer.

A grape seed extract rich in stilbenes also demonstrated anticancer effects in prostate cancer cell

lines.Finally, resveratrol has been postulated to aid in exercise performance. Indeed, in a preclinical

study, resveratrol supplementation alone, or in combination with resistance exercise, effectively

induced synergistic increases not only in terms of anaerobic performance and endurance but also

in exercise-induced lactate production for better physiological adaption, muscular hypertrophy, and

glycogen content.When translating all these positive preclinical effects of resveratrol supplementation

to humans, several discrepancies have been observed, probably due to human metabolism and

biotransformation of resveratrol, as reviewed in this Special Issue. Therefore, more studies are needed

to further investigate the effects of resveratrol, and its metabolites, on human health.

Marı́a P. Portillo, Alfredo Fernández-Quintela

Special Issue Editors
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Gene Expression of Sirtuin-1 and Endogenous
Secretory Receptor for Advanced Glycation End
Products in Healthy and Slightly Overweight
Subjects after Caloric Restriction and
Resveratrol Administration
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Abstract: Sirtuin-1 (Sirt-1) and an endogenous secretory receptor for an advanced glycation end
product (esRAGE) are associated with vascular protection. The purpose of this study was to examine
the effects of resveratrol (RSV) and caloric restriction (CR) on gene expression of Sirt-1 and esRAGE
on serum levels of Sirt1 and esRAGE in healthy and slightly overweight subjects. The study
included 48 healthy subjects randomized to 30 days of RSV (500 mg/day) or CR (1000 cal/day).
Waist circumference (p = 0.011), TC (p = 0.007), HDL (p = 0.031), non-HDL (p = 0.025), ApoA1
(p = 0.011), and ApoB (p = 0.037) decreased in the CR group. However, TC (p = 0.030), non-HDL
(p = 0.010), ApoB (p = 0.034), and HOMA-IR (p = 0.038) increased in the RSV group. RSV and
CR increased serum levels of Sirt-1, respectively, from 1.06 ± 0.71 ng/mL to 5.75 ± 2.98 ng/mL
(p < 0.0001) and from 1.65 ± 1.81 ng/mL to 5.80 ± 2.23 ng/mL (p < 0.0001). esRAGE serum levels
were similar in RSV (p = NS) and CR (p = NS) groups. Significant positive correlation was observed
between gene expression changes of Sirt-1 and esRAGE in RSV (r = 0.86; p < 0.0001) and in CR
(r = 0.71; p < 0.0001) groups, but not for the changes in serum concentrations. CR promoted increases
in the gene expression of esRAGE (post/pre). Future long-term studies are needed to evaluate the
impact of these outcomes on vascular health.

Keywords: resveratrol; caloric restriction; esRAGE; Sirt-1

1. Introduction

Sirtuin-1 (Sirt-1) and an endogenous secretory receptor for an advanced glycation end product
(esRAGE) are associated with vascular protection. Sirt1 plays an important role in vascular biology and
regulates aspects of age-dependent atherosclerosis. In mammals, there are seven sirtuin isoforms from
Sirt-1 to Sirt7. Sirt1 is found predominantly in the cell nucleus and has a number of modulators
such as polyphenolic activators (resveratrol). Animal models confer cardio-protection, reduce
neurodegeneration, promote increased fatty acid oxidation and gluconeogenesis in the liver, reduce
lipogenesis in the white adipose tissue, and increase insulin secretion in the pancreas and insulin
sensitivity in the muscle [1]. Sirt1 through stimulation of nitric oxide synthase promotes vascular
vasodilation, endothelium regeneration, and cardiomyocyte protection under stressful conditions
and cellular toxicity to reactive oxygen species [2,3]. Caloric restriction (CR) and resveratrol (RSV)

Nutrients 2018, 10, 937; doi:10.3390/nu10070937 www.mdpi.com/journal/nutrients1
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are two interventions associated with higher gene expression and serum concentrations of Sirt-1 in
animal studies [4,5] and in humans [6,7]. Studies have shown that increased concentrations of Sirt-1 are
associated with better vascular homeostasis and metabolic profile and protection against endothelial
senescence [8,9]. The receptor for advanced glycation end-products (RAGE) is a multi-ligand receptor
for the final products of non-enzymatic glycation termed advanced glycation end products (AGEs)
and expressed in alveolar epithelial cells of the lung and in endothelial and smooth muscle vascular
cells [10]. Overconsumption of dietary AGEs causes chronic high-oxidative stress and inflammation
and induces diabetic vasculopathy [11]. Bacon, processed beef, chicken, oils (olive and peanut),
and cheeses (parmesan, American, and feta) are primary dietary source of AGEs [12]. Overexpression
of RAGE has been associated with atherosclerosis and diabetic vascular diseases [13]. In prediabetic
patients, AGEs were associated with the down-regulation of Sirt-1 expression and enzyme activity [14].
RAGE undergoes extensive alternative splicing to produce a variety of transcripts from a single gene.
Alternative splicing produces different RAGE protein isoforms with diverse functions. Two major
splicing variants have been characterized. Membrane bound RAGE is also known as a full-length
RAGE (flRAGE) and esRAGE is a circulating truncated variant of the RAGE isoform [15]. esRAGE
acts as a soluble antagonist that competes with cell surface RAGE as a receptor scavenger for
circulating AGEs and reducing their availability for RAGE receptors located in the cell membrane.
This decreases the harmful effects on cells. Studies have shown that low plasma concentrations of
esRAGE is associated with the risk of diabetes, coronary artery disease, and all-cause mortality [16,17].
The purpose of this study was to examine the effect of RSV consumption, CR on Sirt-1, RAGE
expression, and serum concentration in healthy and slightly overweight subjects.

2. Materials and Methods

The trial design has been described elsewhere [7]. The trial was a prospective randomized
trial conducted in 48 healthy subjects from 55 to 65 years of age. The subjects were sedentary
or on light physical activity. The subjects were recruited consecutively based on their normal
clinical history, physical examination, and normal resting electrocardiogram. After a period of
washout of 15 days without the use of any medications or supplements, 24 men and 24 women
after menopause (01 year of natural amenorrhea) were randomized to CR or RSV groups. Twenty-four
subjects (12 women and 12 men) were prescribed a low-calorie diet (1000 calories/day) and the
remaining 24 subjects (12 women and 12 men) received 500 mg of resveratrol (trial registration:
http://www.ClinicalTrials.gov; identifier:NCT01668836). Exclusion criteria were BMI ≥ 30 kg/m2,
smokers, hypertension (using antihypertensive medication or diastolic blood pressure ≥ 90 mmHg),
dyslipidemia (use of lipid-lowering medication or serum triglyceride levels ≥ 150 mg/dL or total
cholesterol ≥ 240 mg/dL), fasting glucose ≥ 110 mg/dL or using hypoglycemic medication, hormone
replacement therapy, premenopausal women, and any other self-reported history or treatment for
chronic renal failure (serum creatinine ≥ 2.0 mg/dL), liver failure, or metabolic clinically significant
endocrine, hematologic, and respiratory factors. Clinical characteristics and laboratory tests were
obtained before the interventions and 30 days after the interventions. The main clinical features
analyzed were age, sex, BMI, waist circumference, blood pressure, and heart rate. All participants
provided written informed consent for study participation. The Ethics Committee of the University of
São Paulo Medical School approved the study (CAAE:00788012.8.0000.0068).

2.1. Interventions

The CR dietary intervention was a standard diet of 1000 calories from our Department of Nutrition,
which corresponded to a reduction of around 50% of the daily caloric intake of the study subjects.
A food nutritional control diary was also used to analyze adherence to the proposed diet. Subjects were
instructed to write down all ingested food on a day-by-day basis. A daily food record was not used
in the RSV group. RSV was administered 500 mg/day (250 mg twice a day) to the RSV study group.
The capsules were obtained from a manipulation pharmacy (Buenos Ayres Pharmacy, São Paulo, Brazil).
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The purity of the product supplied was analyzed by capillary electrophoresis using the Proteome Lab
PA800 from Beckman Coulter (Fullerton, CA, USA) in the Laboratory of Capillary Chromatography
and Electrophoresis at the Chemistry Institute of the University of São Paulo. The samples of the
manipulated capsules and the standards of RSV were performed in triplicate. The areas under the
peak were compared. The purity obtained was 87 ± 1.1% on average (coefficient of variation 1.2%).

2.2. Laboratory Tests

Laboratory tests were performed with biological samples collected after a 12 h fast. Venous blood
samples were collected to obtain serum samples for biochemical analysis and whole blood for RNA
extraction. Total cholesterol, triglycerides, HDL-cholesterol, and glucose were obtained by commercial
colorimetric-enzymatic methods. LDL cholesterol was calculated using the Friedewald equation.
The measurements were performed using the automated equipment Dimension RxL from Siemens
Healthcare Diagnostics Inc. (Newark, DE, USA) with dedicated reagents. Insulin was analyzed by
a chemi-luminescence assay using automated equipment Immulite 2000 from Siemens Healthcare.
HOMA-IR was calculated using insulin and glucose levels. Sirt-1 serum concentration was determined
with the ELISA kit from Uscn Life Science, Inc. (Wuhan, Hubei, China). Sirt-1 samples before and
after interventions were analyzed in duplicate and in the same ELISA plate (coefficient of variation of
12% according to the manufacturer). esRAGE concentration was determined using the ELISA kit from
the B-Bridge International (Santa Clara, CA, USA) using the Multiscan FC plate reader (Thermo Fischer
Scientific, Vantaa, Finland). All tests were performed according to the manufacturers’ instructions.

2.3. Sirt-1 and RAGE Expression

Gene expression of Sirt-1 (Hs01009005_m1, Applied Biosystems; Foster City, CA, USA), flRAGE
(00542592_G1), and esRAGE (HS00542584_G1, Applied Biosystems) [18] were evaluated pre-inclusion
and postinclusion, according to the protocol. Total RNA was obtained using the TRIZOL reagent
(Life Technologies, Waltham, MA, USA) from whole blood collected into an EDTA tube. cDNA
synthesis was made with the Superscript II kit (Life Technologies) using 1ug from total RNA in a
final volume of 20-μL reaction, according to the manufacturer’s instructions. The housekeeping gene
was glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Hs02758991_g1). The reaction mix was
prepared using 5 μL of the Universal Master Mix (Life Technologies), 0.5 μL of primers and probes mix
(20×), and 2.5 μL of cDNA diluted samples (1:5). The PCR reaction was performed according to the
following protocol: enzymatic activation for 2 min at 50 ◦C, initial denaturation for 10 min at 95 ◦C
followed by 40 cycles of denaturation for 15 s at 95 ◦C, and annealing for 20 s at 60 ◦C. The reactions
were run in triplicate and relative expression levels were calculated by normalizing the targets to
the endogenously expressed housekeeping GAPDH gene. The results included the ratio between
pre-intervention and postintervention values expressed in arbitrary units (AU).

2.4. Statistical Analysis

The sample size of 48 patients with 24 subjects per treatment arm was determined to yield a power
of 80% with a 5% significance level to detect a 30% difference in Sirt1 plasma concentrations. Eligible
female and male subjects were randomly assigned in a 1:1 ratio with the use of computer-generated
random numbers to receive either RSV or CR. Pre-intervention and post-intervention variables
were summarized with the use of descriptive statistics. All variables were analyzed descriptively.
For the continuous variables, data are expressed as mean ± standard deviation (SD). Student t tests
for comparisons between pre-interventions and post-interventions were performed for variables
with normal distribution, which was verified by the analysis of the equality of variances (Folded
F). Depending on the result of this analysis, the Pooled method (variances with p ≥ 0.05) or the
Satterthwaite method (variances with p < 0.05) was used. The Spearman rank correlation method was
used for correlations between variables. The level of significance was set at p < 0.05. The statistical
software used was SAS version 9.3 (SAS Institute, Cary, NC, USA).
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3. Results

Clinical features and laboratory data of participants before and after 30 days of intervention
(CR and RSV groups) are shown in Table 1. For the RSV group, we observed increased serum
concentrations of total cholesterol and non-HDL and HOMA-IR score. The other variables analyzed
did not show any statistically significant differences after resveratrol administration. No side effects
were reported. For the CR group, we observed that the average caloric intake for the 24 participants
was 922.21 ± 27.37 kcal/day. Decreases occurred in weight, abdominal circumference, total cholesterol,
HDL, non-HDL, and LDL. Serum concentration of Sirt1 was increased after both interventions,
but showed no difference between study groups. The serum levels of esRAGE remained unaltered
after interventions and no differences between groups were observed. Gene expression of Sirt1 was
increased in both interventions without a difference between RSV and CR groups (p = 0.64). The relative
expression of RAGE isoforms (post/pre) showed that esRAGE was increased after interventions,
and flRAGE remained unchanged after interventions (Figure 1). esRAGE expression was about
57% higher than flRAGE in both groups but was statistically significant only in CR (p = 0.02). Positive
correlations were observed between Sirt1, esRAGE, and flRAGE gene expressions in both groups.
Sirt1 expression correlated with esRAGE expression (r = 0.86, p < 0.0001) and with flRAGE expression
(r = 0.57, p < 0.0001) in the RSV group. In the CR group, Sirt-1 expression correlated with esRAGE
expression (r = 0.71, p < 0.0001) and with flRAGE expression (r = 0.57; p = 0.0001). In the CR group,
serum concentrations of esRAGE were correlated with esRAGE gene expression (r = 0.33, p = 0.04) and
with Sirt1 gene expression (r = 0.32, p = 0.05). In the RSV group, serum concentrations of Sirt1 were
negatively correlated with flRAGE expression (r = −0.30, p = 0.04).

Figure 1. Real-time RT-PCR of Sirt-1 (A), esRAGE and flRAGE relation (B) after 30 days of caloric
restriction or resveratrol intervention. Relative expressions (fold change) of mRNA transcripts were
obtained by normalizing GAPDH gene. RSV: resveratrol, CR: caloric restriction. * p < 0.05.
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Table 1. Clinical and laboratory characteristics of study participants before and after 30 days of
resveratrol administration and caloric restriction.

Resveratrol Caloric Restriction

Baseline
n = 24

30 days
n = 24

p Baseline
n = 24

30 days
n = 24

p

Age, years 58.46 ± 3.44 58.63 ± 3.65
Weight, kg 83.01 ± 21.88 91.14 ± 17.77 0.328 69.13 ± 7.99 64.60 ± 7.30 0.002

Body mass index, kg/m2 27.61 ± 4.24 27.79 ± 4.38 0.370 25.84 ± 3.22 25.50 ± 3.21 0.083
Waist circumference, cm 96.82 ± 12.08 96.90 ± 11.36 0.457 94.27 ± 7.50 91.82 ± 7.12 0.011

Heart rate, bpm 64.61 ± 8.46 65.65 ± 8.22 0.269 62.50 ± 9.60 62.32 ± 10.51 0.902
Systolic BP, mmHg 131.46 ± 15.48 128.95 ± 15.44 0.660 129.73 ± 15.65 124.23 ± 12.81 0.109
Diastolic BP, mmHg 81.21 ± 10.81 81.95 ± 9.22 0.612 82.86 ± 10.96 79.36 ± 9.92 0.070

Total cholesterol, mmol/L 5.38 ± 0.85 5.64 ± 1.14 0.030 5.60 ± 1.12 5.25 ± 1.01 0.007
HDL-cholesterol, mmol/L 1.27 ± 0.35 1,25 ± 0.35 0.260 1.43 ± 0.47 1.35 ± 0.42 0.008
LDL-cholesterol, mmol/L 3.43 ± 0.68 3.61 ± 1.03 0.089 3.59 ± 0.93 3.37 ± 0.85 0.031

Non-HDL cholesterol mmol/L 4.11 ± 0.77 4.39 ± 1.07 0.010 4.17 ± 1.04 3.90 ± 0.98 0.025
Triglycerides, mmol/L 1.40 ± 0.73 1.68 ± 1.03 0.075 1.26 ± 0.70 1.15 ± 0.67 0.234

Glucose, mmol/L 5.26 ± 0.74 5.41 ± 0.79 0.165 5.20 ± 0.58 5.03 ± 0.32 0.118
Insulin, μUI/mL 7.85 ± 5.57 8.52 ± 5.67 0.066 6.71 ± 4.37 6.13 ± 3.16 0.428

HOMA-IR 1.66 ± 1.55 1.87 ± 1.70 0.038 1.49 ± 1.27 1.25 ± 0.74 0.275
Sirtuin1, ng/mL 1.06 ± 0.71 5.75 ± 2.98 <0.001 1.65 ± 1.81 5.80 ± 2.23 <0.001
esRAGE, pg/mL 255.78 ± 128.87 246.96 ± 115.32 0.800 246.67 ± 111.62 253.33 ± 116.81 0.857

BP: blood pressure, hsCRP: high-sensitivity C-reactive protein, HOMA: homeostatic model assessment, RAGE:
endogenous soluble receptor for advanced glycation end products, AU: arbitrary unity.

4. Discussion

In this study, we compared the 30-day effects of RSV supplementation and CR in healthy slightly
overweight individuals on Sirt-1 and RAGE isoform expression and serum levels. The important
finding of the present study is that both RSV supplementation and CR stimulated Sirt-1 serum
concentrations and CR elevated esRAGE mRNA production.

The molecular mechanisms by which CR confers metabolic benefits are not entirely clear, but have
been at least partly attributable to the regulation of energy homeostasis by Sirt-1 activation. Sirt-1 is an
evolutionary conserved family of deacetylases and ADP-ribosyltransferases that directly regulates
glucose and/or fat utilization in metabolically active tissues [19]. Howitz et al. [20] identified RSV
as an activator of Sirt-1 and it has been suggested as a CR mimetic in the improvement of metabolic
health [21]. Our results show that both interventions could directly induce increases in Sirt-1 expression
at transcriptional and translational levels.

A transcriptional increase was also observed for esRAGE isoform after both interventions.
RAGE is a multi-ligand receptor member of an immunoglobulin superfamily of cell-surface molecules.
RAGE activation may be important for initializing and maintaining the pathological process that results
in various diseases [22,23]. esRAGE has been the object of intense clinical research. The generation of
soluble receptor isoforms represents an important mechanism to regulate aberrant receptor signaling
in biological systems [24]. Soluble forms of RAGE seem to prevent ligands to interact with RAGE
or other cell surface receptors [25]. esRAGE has an activity that neutralizes the AGE action and
protects vascular cells against the activation of the cell-surface receptors and the AGE harmful positive
loop of regulation [23,26]. Kierdorf et al. [27] have proposed that soluble RAGE does not act as
a simple competitor but attenuates the activation of flRAGE by disturbing the preassembly of the
receptor on the cell surface. Interactions between both RAGE molecules occur via the V and C1
domain, which enables the soluble RAGE to interact with membrane-bound flRAGE. The resulting
hetero-multimers does not have competent signaling [27]. Decreased levels of esRAGE and/or
increases in flRAGE are thought to enhance RAGE-mediated inflammation [18]. Prediabetic and
diabetic patients exhibit lower esRAGE plasma levels and gene expression, which are inversely
related to markers of inflammation and atherosclerotic risk [28]. Low levels of esRAGE have also
been related to diastolic dysfunction [29]. Therefore, esRAGE could be a potential protective factor
against the occurrence of cardiovascular disease. Our results show that esRAGE expression was
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approximately 57% higher than flRAGE expression after interventions. The relationship between CR
or RSV and RAGE was previously demonstrated in experimental studies in which both significantly
reduced RAGE mRNA transcripts [30,31]. However, little is known about CR and RSV interactions
with esRAGE. In addition, the regulatory mechanism of the alternative splicing of esRAGE remains
unknown. Alternative splicing is a regulated process that is mainly influenced by the activities
of splicing regulators such as serine/arginine-rich proteins (SR proteins) or heterogeneous nuclear
ribonucleoproteins (hnRNPs) [32]. Liu et al. [33] demonstrated the existence of hnRNP A1 in the
splicing complex of RAGE and showed its involvement in the regulation of RAGE splicing. Splicing
factor expression is known to be deregulated in senescent cells of multiple lineages and is a direct cause
of multiple aspects of both aging and age-related disease in mammals [34]. Dietary restriction slows
the accumulation of senescent cells [35]. Markus et al. [36] demonstrated that RSV could influence the
splicing machinery. RSV had a selective effect on the levels of splicing factors inclusive of hnRNPA1.
The increases in esRAGE expression may suggest a role for CR and RSV in the control of deleterious
effects of the RAGE cascade. This increase of esRAGE stimulated by interventions may be supported
by the positive correlation between esRAGE serum concentrations and Sirt-1 mRNA expression in CR
and negative correlation of Sirt-1 serum levels and flRAGE gene expression in the RSV group. Serum
levels of esRAGE remained unchanged, which may be due to the short follow-up time of 30 days.
Despite the increase in gene expression, the steady-state protein levels in cells depend on the balance
between their production and degradation. Protein ubiquitination is the central cellular process that
directs protein degradation. Evankovich et al. identified that ubiquitin E3 ligase subunit F-box protein
O10 (FBOX10), which mediates RAGE ubiquitination and degradation [37]. Possibly longer exposure
to interventions could reverse the potential effect of ubiquitination on esRAGE proteins and increase
serum levels of esRAGE.

Drugs like statins [38], methotrexate [39], metformin [40], and thiazolidinedione [41] were shown
to increase soluble forms of RAGE. However, little is known about esRAGE alternative splicing
induction by drugs and also about the increase of esRAGE in normal subjects. The elucidation of
regulatory mechanisms of esRAGE is important from a clinical viewpoint and would provide a
molecular basis for the development of drugs that can induce esRAGE and suppress cytotoxic effects
of flRAGE.

The current study has some limitations, which include the small number of participants and the
short follow-up period. However, in the literature, the studies citing esRAGE were obtained in patients
with chronic degenerative disease.

This study was the first one in healthy or slightly overweight subjects that showed an
increase in esRAGE expression after CR and RSV interventions. Long-term randomized trials are
needed to evaluate the possible clinical benefits of increased esRAGE expression in cardiovascular
disease prevention.

In conclusion, this study shows that CR and RSV could effectively stimulate the increase in
esRAGE expression in healthy subjects.
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Abstract: Resistance to cisplatin (CDDP) is a major cause of cancer treatment failure, including human
breast cancer. The tumor suppressor protein p53 is a key factor in the induction of cell cycle arrest,
DNA repair, and apoptosis in response to cellular stimuli. This protein is phosphorylated in serine 15
and serine 20 during DNA damage repair or in serine 46 to induce apoptosis. Resveratrol (Resv) is
a natural compound representing a promising chemosensitizer for cancer treatment that has been
shown to sensitize tumor cells through upregulation and phosphorylation of p53 and inhibition of
RAD51. We developed a CDDP-resistant MCF-7 cell line variant (MCF-7R) to investigate the effect
of Resv in vitro in combination with CDDP over the role of p53 in overcoming CDDP resistance
in MCF-7R cells. We have shown that Resv induces sensitivity to CDDP in MCF-7 and MCF-7R

cells and that the downregulation of p53 protein expression and inhibition of p53 protein activity
enhances resistance to CDDP in both cell lines. On the other hand, we found that Resv induces
serine 20 (S20) phosphorylation in chemoresistant cells to activate p53 target genes such as PUMA
and BAX, restoring apoptosis. It also changed the ratio between BCL-2 and BAX, where BCL-2
protein expression was decreased and at the same time BAX protein was increased. Interestingly,
Resv attenuates CDDP-induced p53 phosphorylation in serine 15 (S15) and serine 46 (S46) probably
through dephosphorylation and deactivation of ATM. It also activates different kinases, such as CK1,
CHK2, and AMPK to induce phosphorylation of p53 in S20, suggesting a novel mechanism of p53
activation and chemosensitization to CDDP.

Keywords: breast cancer; cisplatin; p53; phosphorylation; resistance; resveratrol

1. Introduction

Cisplatin (CDDP) is an anticancer drug for the treatment of various types of cancer including
human breast cancer. CDDP mediates its anticancer effect by inhibition of DNA synthesis or by
saturation of the cellular capacity to repair platinum adducts of DNA. However, resistance to CDDP is
a major cause of treatment failure, and the molecular mechanisms are poorly understood [1].

Due to this phenomenon, it is necessary to continue the search for effective chemosensitizers
for cancer treatment. One promising possibility is the use of natural compounds like resveratrol

Nutrients 2018, 10, 1148; doi:10.3390/nu10091148 www.mdpi.com/journal/nutrients10
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(Resv), which is a phytoalexin present in extracts of more than 70 plant species with a broad
spectrum of beneficial health effects including anticancer functions. The reported anticancer activities
of Resv are mediated through the modulation of several cell signaling molecules that regulate cell
cycle progression, proliferation, apoptosis, invasion, metastasis, and angiogenesis of tumor cells.
Although not fully understood, most of the activities of Resv are due to the presence of a phenol
and m-hydroquinone moieties, especially the 4-hydroxyl group of the phenol ring which has been
attributed with scavenging of free radicals, inhibition of proliferation, and genotoxic activity [2–5].
Resv can sensitize resistant cells to chemotherapeutic agents, including CDDP, by overcoming one
or more mechanisms of chemoresistance [6,7]. Evidence suggests that the downregulation of the
wild-type p53 tumor suppressor protein enhanced tumor cell survival, conferring a mechanism of
chemoresistance [8]. However, in a few cases, Resv has been shown to sensitize tumor cells to
chemotherapeutic agents through p53 dependent [9,10] or p53 independent pathways [11,12].

p53 is a key transcriptional factor in the induction of cycle arrest, DNA repair, and apoptosis
in response to cellular stimuli. Promoter preference of target genes is determined by modification
status of the p53 protein since it has two critical roles in the decision of cell fate, stopping the cell
cycle to repair damaged DNA or the causing induction of apoptotic cell death [13]. Once cells are
exposed to genotoxic agents, p53 is phosphorylated at the N-terminal transactivation domain by
several kinases, resulting in an increment of expression. Serine 15 (S15) is phosphorylated by ATM
at an earlier inductive phase (<24 h), followed by ATR at a later steady-state phase (>24 h) [14,15],
and serine 20 (S20) is phosphorylated by CHK1/2. Both phosphorylations enable p53 to escape
from MDM2-mediated ubiquitination and degradation. Stabilized p53 transactivates its target genes
promoting cell cycle arrest (e.g., P21) followed by DNA repair. Under severe DNA damage (>24 h),
serine 46 (S46) is also sequentially phosphorylated to maintain the level of S46 phosphorylation by
ATM [15], and other kinases such as HIPK2 in response to UV irradiation [16], and DYRK2 in response
to adriamycin and UV irradiation [13]. The phosphorylation of S46 is necessary to induce p53-mediated
apoptosis-related genes such as PUMA, NOXA, BAX, and PIG3 [17–19] and transcriptional repression
of genes such as BCL-2 [8].

It has been described that MCF-7 breast cancer cells have a surface integrin (αVβ3) that works
as a receptor for Resv. This receptor is linked to induction of ERK1/2 and phosphorylation of p53 in
S15 and S20 by Resv leading to apoptosis [20,21]. Moreover, we previously reported that treatment
of MCF-7 cells with Resv induces the downregulation of several genes related to mismatch repair,
DNA replication, and homologous recombination, decreasing protein levels of the MRN complex
(MRE11-NBS1-RAD50) which is part of the homologous recombination DNA repair pathway [22].
Indeed, we found that downregulation of RAD51 sensitizes MCF-7 cells to CDDP treatment [23].
However, it is of maximal importance to understand the molecular mechanisms by which Resv
overcome chemoresistance in cancer cells, alone or in combination with chemotherapeutic agents
(e.g., CDDP), to enhance treatment efficacy and reduce toxicity.

Considering the previously reported anticancer function of Resv and its chemosensitizer capacity
as well as phosphorylation of p53 induced by Resv, in this work we developed a CDDP-resistant
MCF-7 cell line variant (MCF-7R) and investigated the effect of Resv in vitro in combination with
CDDP in MCF-7 and MCF-7R cells, the role of p53 in CDDP resistance, the involvement of Resv in p53
phosphorylation, and the role of the p53 pathway for overcoming resistance in MCF-7R cells.

2. Materials and Methods

2.1. Reagents and Antibodies

Cisplatin (CDDP), resveratrol (Resv), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), pifithrin-α, VP-16 and monoclonal anti-β-actin-HRP were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The AMPK inhibitor Compound C (or dorsomorphin),
the CK1 inhibitor D4476, the Chk2 inhibitor, anti-rabbit and anti-mouse secondary antibodies,
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mouse monoclonal anti-phospho-ATM (S1981), rabbit polyclonal anti-ATM, monoclonal anti-p53-HRP
(DO-1), and monoclonal anti-BCL-2 were purchased from Santa Cruz Biotechnology (San Diego,
CA, USA). Rabbit monoclonal anti-BAX-HRP was purchased from Abcam (Cambridge, UK).
Rabbit polyclonal anti-phospho-p53 (S15, S20 and S46) were from Cell Signaling Technology
(Beverly, CA, USA).

2.2. Cell Lines and Cell Culture

The MCF-7 human breast cancer cells (ATCC) and MCF-7R cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum,
penicillin (100 U/mL), streptomycin (100 μg/mL), and amphotericin B (0.25 μ/mL) in a 5% CO2

incubator at 37 ◦C. Additionally, MCF-7R cells were continuously cultured with 5.5 μM of CDDP. Resv
and CDDP stock solutions were prepared at a concentration of 80 mM in absolute ethanol and DMSO,
respectively. Both compounds were diluted in culture medium at the final concentration indicated in
each experiment.

2.3. Generation of the CDDP-Resistant MCF-7 Cell Line Variant (MCF-7R)

The MCF-7 human breast cancer cells were cultured with an initial treatment of 2 μM of CDDP
and maintained at this concentration for 45 days until the monolayer density of the surviving cells
was ~85%. Cells were harvested and plated 24 h before the second treatment with 4 μM of CDDP.
After 33 days under treatment the surviving cells’ monolayer density reached ~85%. Finally, cells were
harvested and plated 24 h before the third treatment with 6 μM of CDDP. After 13 days under treatment
the surviving cells monolayer density was ~85%. At concentrations >6.5 μM of CDDP the cells died
or formed clusters that prevented the formation of a cell monolayer. To create a MCF-7R cell bank,
cells were seeded at a density of 2 × 105 cells/dish in p100 cell culture dishes and were continuously
cultured with 5.5 μM of CDDP until the cell monolayer density was ~85%. Cells were frozen at a
density of 2 × 106 cells/cryovial and stored in liquid nitrogen. At the same time, the parental cell line
was grown, so that the passages necessary to create the resistant cell line variant were equal for both
cell lines.

2.4. Silencing of p53 Expression in MCF-7 and MCF-7R Cells by shRNA

The SureSilencing shRNA Plasmid Kit (SABiosciences Qiagen, Frederick, MD, USA) was used to
create stable MCF-7 and MCF-7R cell lines with a down-regulated expression of p53 (MCF-7 p53-shRNA
and MCF-7R p53-shRNA). Control cells received a non-effective scrambled sequence (MCF-7 Ctrl-shRNA
and MCF-7R Ctrl-shRNA). Lipofectamine 2000 (Invitrogen, Gaithersburg, MD, USA) was used for
transfections according to the manufacturer’s protocol. Additionally, for obtaining stable clones, cells
were selected post transfection using Geneticin (G418, Thermo Fisher Scientific, Somerset, NJ, USA).
Cell clones were expanded, and p53 contents were tested by Western blot.

2.5. Cell Viability Assay

Cells were plated at a density of 2 × 105 cells/dish in p60 cell culture dishes 24 h before the
assay. Cells were treated with different concentrations of CDDP (5, 10, 20, 30, 40 and 50 μM) with
or without Resv (100 μM) for 48h. At the end of the treatment period, the cells were incubated
with MTT (0.5 mg/mL) for 30 min. The medium was removed and the synthesized formazan dye
crystals were solubilized with 500 μL of acid isopropanol, and absorbance was measured at a 570-nm
wavelength (Tecan’s Sunrise absorbance microplate reader, Tecan Group Ltd., Männedorf, Switzerland).
The growth percentage was calculated using the number of control cells with vehicle as 100% at 48 h.
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2.6. Western Blot

Cells were seeded at a density of 2 × 105 cells/dish in p60 cell culture dishes 24 h before the
treatment. After the corresponding treatment, cells were lysed with RIPA lysis buffer (150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.4), 1 × Complete Mini Protease
Inhibitor Cocktail (Roche Diagnostics, Branchburg, NJ, USA) and 1 × Phosphatase Inhibitor Cocktail C
(Santa Cruz Biotechnology, Dallas, TX, USA). The cell suspension was sonicated and the supernatants
were collected by centrifugation. Briefly, equal amount protein was resolved on a SDS-10% (w/v)
polyacrylamide gel (for ATM and BCL-2 proteins values were 6% and 16% w/v, respectively).
Proteins were transferred to a nitrocellulose membrane (GE Healthcare, Madison, WI, USA).
Membranes were blocked (room temperature, 1 h) with Tween 20 (0.05%, v/v; TBS-Tween 20)
containing bovine serum albumin (5%; w/v), then incubated overnight at 4 ◦C with the corresponding
primary antibodies, followed by 1 h incubation with secondary antibodies conjugated to horse radish
peroxidase (HRP). Protein was detected by Super Signal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific, Somerset, NJ, USA). Signal intensity was determined densitometrically
using Image Lab software, version 5.1 from Bio-Rad Laboratories (Hercules, CA, USA). All quantified
Western blot data were corrected for loading using the anti-α-actin blots. Western blot figures are
representative of at least three independent experiments.

2.7. Real-Time RT-PCR

Cells were plated at a density of 2 × 105 cells/dish in p60 cell culture dishes 24 h before
the treatment. After the corresponding treatment, total RNA was isolated using TRIzol reagent
(Invitrogen Life Technologies) as described elsewhere. Integrity of RNA was determined by agarose
gel analysis and quantified using a NanoDrop instrument (Thermo Scientific NanoDrop One/One,
Waltham, MA, USA). Reverse transcription of total RNA was performed using the First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Somerset, NJ, USA). Real-time RT-PCR was performed using
SYBR Green master mix (Thermo Fisher Scientific, Somerset, NJ, USA) in a 7300 Real Time PCR System
instrument (Applied Biosystems, Foster City, CA, USA). The specificity of each PCR was examined
by the melting temperature profiles of the final products. Reactions were conducted in triplicate,
and relative amounts of gene were normalized to Beta-2 microglobulin (B2M). The relative gene
expression data were analyzed by the comparative CT method (2−ΔΔCT method). Primers: P21, PUMA,
NOXA, BAX, PIG3, and B2M were purchased from Integrated DNA Technologies (IDT, Skokie, IL, USA)
and forward and reverse sequences are presented in Table S1.

2.8. Apoptosis Analysis

Cells were plated at a density of 2 × 105 cells/dish in p60 cell culture dishes 24 h
before the treatment. After treatment, apoptosis analysis was performed using the Alexa Fluor
488 AnnexinV/Dead Cell Apoptosis Kit (Invitrogen V13245). Briefly, the cells were harvested,
washed with cold PBS, and resuspended in 100 μL of Annexin binding buffer (ABB). Cells then
were centrifuged and resuspended again in ABB supplemented with Alexa Fluor 488 Annexin V and
1 μg/mL of propidium iodide (PI). Cells then were incubated at room temperature for 15 min and
finally, resuspended in 400 μL of ABB. Cells were analyzed by flow cytometry at 530 nm and 575 nm in
a FACSCalibur instrument. Data analysis was performed on 20,000 events with the Summit Software
Version 4.3. (Beckman Coulter Inc., Fullerton, CA, USA).

2.9. Statistical Analysis

Results are expressed as the mean ± SD of at least three independent experiments. The IC50

values for CDDP were calculated by nonlinear regression (curve fit) by log[CDDP] vs. normalized
response–variable slope. Statistical analysis was carried out by one-way ANOVA followed by
Dunnett’s Multiple Comparison test (compare the mean of each column with the mean of a control
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column) or Turkey’s Multiple Comparison test (compare the mean of each column with the mean
of every other column). All statistical analysis was carried out using PRISM Software (Version 6.0;
GraphPad, San Diego, CA, USA). p values p < 0.05, 0.01 and 0.001 were considered to be significant.

3. Results

3.1. Resv Induces Sensitivity to CDDP in MCF-7R Cells

To determine the effect of Resv in inducing chemosensitivity to MCF-7 and the CDDP-resistant
cell line variant (MCF-7R); both cells were treated with different CDDP concentrations (5, 10, 20, 30,
40, 50 μM) with or without Resv (100 μM) for 48 h. As shown in Figure 1, we found that the IC50

of CDDP was decreased by Resv in both cell lines; in MCF-7 cells the IC50 for CDDP was reduced
by ~38-fold, from 4.95 μM to 0.13 μM. On the other hand, in MCF-7R cells the IC50 of CDDP was
decreased by ~53-fold, from 9.57 μM to 0.18 μM. These results suggest that Resv significantly reduced
the concentration necessary of CDDP to reach the IC50 in both MCF-7 and MCF-7R cells and increases
the sensibility to CDDP.

 

Figure 1. Resveratrol (Resv) induces sensitivity to cisplatin (CDDP) in MCF-7R cells. MCF-7 and MCF-7R

cells were treated with different concentrations of CDDP (5, 10, 20, 30, 40, and 50 μM) with or without
Resv (100 μM) for 48 h. Cell viability was tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Each data point is the mean of four independent experiments ± SD. The IC50

values for CDDP were calculated and shown in the box.

3.2. Down-Regulation of p53 Expression and Inhibition of the p53 Protein Activity Enhances Resistance to
CDDP and Resv in MCF-7 and MCF-7R Cells

To evaluate the role of p53 in CDDP resistance, MCF-7 and MCF-7R cells were transfected with
shRNA targeting p53 (p53-shRNA) or control (Ctrl-shRNA). Stably transfected cells were treated with
CDDP (6 μM; 48 h) to stimulate p53 expression. In the presence of p53-shRNA, p53 induction in CDDP
treated MCF-7R cells decreased to 40.5% ± 2.3%, when compared to control transfected MCF-7R cells
(Supplementary Figure S1A,B, lane 3, *** p < 0.001), and the inhibition of p53 induction was higher for
MCF-7 p53-shRNA cells (19.7% ± 1.18%), compared to control transfected MCF-7 cells (Supplementary
Figure S1A,B lane 5, *** p < 0.001).

To analyze the effect of p53 down-regulation on CDDP and CDDP + Resv treatments, MCF-7 and
MCF-7R cells containing p53-shRNA were treated for 48 h with different CDDP concentrations (5, 10,
20, 30, 40, 50 μM) with or without Resv (100 μM). We found an increase in the IC50 of CDDP in both
treatments and in both cell lines. For MCF-7 p53-shRNA the IC50 = 13.45 μM (CDDP) increased ~3-fold;
and IC50 = 0.92 μM (CDDP + Resv) increased ~7-fold, compared with non-transfected MCF-7 cells

14



Nutrients 2018, 10, 1148

(Figure 2A,C). On the other hand, in MCF-7R p53-shRNA the IC50 = 12.38 μM (CDDP) increased
~1.3-fold; while IC50 = 5.58 μM (CDDP + Resv) increased ~31-fold, compared with non-transfected
MCF-7R cells (Figure 2A,C). Interestingly, the increase of IC50 for both cell lines was more significant
when the CDDP + Resv treatment was used, suggesting that p53 expression plays a more important
role in this treatment. Unexpectedly, we found a decrease in the IC50 for CDDP of the MCF-7
Ctrl-shRNA and MCF-7R Ctrl-shRNA cells in both treatments (Supplementary Figure S2), compared
with non-transfected cells (Figure 1).

To examine the role of p53 transactivation activity in CDDP resistance, MCF-7 and MCF-7R

cells were cultured in the presence of pifithrin-α (Pifi-α), an inhibitor of the p53 gene transcription
activity. The cells were pretreated for 24 h with 10 μM of Pifi-α and then treated with different
CDDP concentrations (5, 10, 20, 30, 40, 50 μM) with or without Resv (100 μM) for 48 h. As shown in
Figure 2B,C, a significant increase in the IC50 of CDDP was observed in both treatments and in both cell
lines. In MCF-7 cells the IC50 of CDDP was 19.20 μM (~4-fold increased), and 4.34 μM (CDDP + Resv,
~33-fold increased) compared with MCF-7 cells without pifithrin-α (Figure 2B,C). On the other hand,
in MCF-7R cells the IC50 of CDDP was 18.60 μM (~2-fold increased), and 9.43 μM (CDDP + Resv,
~52-fold increased), compared with MCF-7R cells without pifithrin-α (Figure 2B,C). Indeed, pifithrin-α
enhanced CDDP and CDDP + Resv resistance, probably because inhibition of p53 transactivation
activity was more efficient than completely down-regulating p53 expression. Taken together, these
results demonstrate that down-regulation of p53 expression or inhibition of p53-dependent gene
transcription enhanced chemoresistance to CDDP in MCF-7 and MCF-7R cells under both treatments,
suggesting a key role of p53 in overcoming the chemoresistance of MCF-7R cells.

Figure 2. Down-regulation of p53 expression and inhibition of the p53 protein activity enhances
resistance to CDDP and Resv in MCF-7 and MCF-7R cells. (A) p53-shRNA transfected cells and (B)
MCF-7 and MCF-7R cells were pretreated with 10 μM of pifithrin-α (Pifi-α) for 24 h; both were treated
for 48 h with indicated CDDP concentrations with or without Resv (100 μM). Cell viability was tested
by MTT assay. Each data point is the mean of three independent experiments ± SD. (C) A summary of
the IC50 values for CDDP that were calculated by nonlinear regression (curve fit) by log[CDDP] vs.
normalized response–variable slope.

3.3. Resv Induces S20 Phosphorylation and Attenuates Phosphorylation of p53 in S15 and S46 in
CDDP-Treated MCF-7R Cells

We next evaluate the hypothesis that phosphorylation of p53, which is required for p53-mediated
apoptosis, is reduced in response to CDDP [24] in chemoresistant cells, and that Resv activates
p53-mediated apoptosis through restoring phosphorylation of p53 in S15 (p53–pS15), S20 (p53–pS20)
and S46 (p53–pS46) to chemosensitize MCF-7R cells. We treated MCF-7 and MCF-7R cells with CDDP
(6 μM) with or without Resv (100 μM) or Resv alone (100 μM) for 6, 12, and 24 h to analyze p53
phosphorylation status in S15, S20, and S46. In Figure 3A,B, we found that in MCF-7 cells, p53–pS15
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phosphorylation after CDDP had its highest peak at 6 h and then gradually diminished (but not
completely) at 12 and 24 h; however, for Resv and CDDP + Resv, p53–pS15 phosphorylation was
maintained at 6 to 12 h and has highest peak at 24 h. p53–pS20 phosphorylation in CDDP started at 6 h
although the highest point was at 12 h. Resv induced S20 phosphorylation at 6 h and diminished at 12 h,
with a little increase at 24 h. CDDP + Resv induced a similar behavior than Resv with a moderate
rise at 24 h. p53–pS46 phosphorylation was very similar for the three treatments being induced at 6 h
and having its highest peak at 24 h. However, in MCF-7R cells, contrary to what we hypothesized,
CDDP showed activation of S15 and S46, although it was delayed until 12 h and 24 h, respectively.
On the other hand, phosphorylated p53–pS20 was not increased by CDDP treatment as compared with
the control (without treatment). Interestingly, CDDP + Resv and Resv treatments showed a converse
pattern of p53 phosphorylation by CDDP, phosphorylating S20 at 6 h and 12 h and inhibiting S15
and S46 phosphorylation, suggesting that phosphorylation at S20 is an important event for CDDP
resistance and Resv restoration of sensibility. We used VP-16 treatment as positive phosphorylation
control for MCF-7-sensitive cells. Interestingly, when used VP-16 treatment in MCF-7R cells we found
the same effect as in the treatment with Resv, suggesting the possibility that both have a similar
signaling pathway to induce p53 phosphorylation at S20.

Figure 3. Resv induces serine 20 (S20) phosphorylation and attenuates phosphorylation of p53 in serine
15 (S15) and serine 46 (S46) in CDDP-treated MCF-7R cells. (A) MCF-7 and MCF-7R cells were treated
with DMSO-ethanol vehicle as control or CDDP (6 μM) with or without Resv (100 μM) for 6, 12, and 24 h.
Total and phospho-p53 contents were assessed by Western blot using antibodies directed against total
p53 (DO-1) or against specific phosphorylated residues on p53, as indicated. VP-16 (10 μM) treated
cells was used as positive control of p53 phosphorylation. (B) Densitometric analysis of phospho-p53
after β-actin normalization. One-way ANOVA followed by Dunnett’s Multiple Comparison test were
used to compare untreated MCF-7 cells (used as control group) with all the other groups of data at
each time point. Results are presented as mean of three independent experiments ± SD. * p < 0.05;
** p < 0.01; *** p < 0.001.

16



Nutrients 2018, 10, 1148

3.4. Early Phosphorylation of p53 in S20 Induced by Resv Is Sufficient to Activate p53-Dependent Gene
Transcription in MCF-7R Cells

Stabilized p53 transactivates its target genes promoting cell cycle arrest (e.g., P21), DNA repair [9],
and apoptosis under severe DNA damage (PUMA, NOXA, BAX and PIG3) [17–19]. We observed that
the only phosphorylation of p53 in MCF-7R induced by Resv was at S20, so we treated MCF-7 and
MCF-7R cells with CDDP (6 μM) with or without Resv (100 μM) or Resv alone (100 μM) for 6 and 12 h
to evaluate whether this phosphorylation is sufficient to activate p53-dependent gene transcription in
MCF-7R cells. RT-qPCR was used to determine the mRNA level of the mentioned genes. As shown in
Figure 4, expression of all genes was triggered at 6 h. P21 and PUMA genes were highly up-regulated
by all conditions of treatment (CDDP with or without Resv or Resv alone). NOXA was elevated by
CDDP and CDDP + Resv, although activation by the combination was lower and the maximum peak
was at 12 h. Perhaps in combination Resv hinders CDDP activation, since Resv alone does not induce
NOXA. On the other hand, PIG3 barely responded to Resv alone (nearly 4-fold after Resv treatment in
MCF-7R cells) suggesting null participation of this gene. Unexpectedly, there does not seem to be a
synergy between the treatments, since activation of all genes in the combination treatment always was
lower than in CDDP or Resv alone, suggesting that just one of them is responsible for the activation of
a particular gene. Interestingly, BAX, one of the main apoptotic effectors, is only activated by Resv,
indicating this could be a key event for the induction of apoptosis in MCF-7R cells.

Taken together, these data suggest that early phosphorylation of p53 in S20 induced by Resv in
MCF-7R cells is sufficient to activate p53-dependent gene transcription of selected genes and does not
require phosphorylation of p53 in S15 and S46.

Figure 4. Early phosphorylation of p53 in S20 induced by Resv is sufficient to activate p53-dependent
gene transcription in MCF-7R cells. Total RNA extracted from cells treated with DMSO-ethanol vehicle
as control or CDDP (6 μM) with or without Resv (100 μM) for 6 and 12 h was assessed for expression
levels of P21, BAX, NOXA, PUMA and PIG3 by RT-PCR. The mRNA level of genes was normalized
to the B2M housekeeping gene. One-way ANOVA followed by Dunnett’s Multiple Comparison test
were used to compare untreated MCF-7 cells (used as control group) with all the other groups of data
at each time point. Results are presented as mean of three independent experiments ± SD. * p < 0.05;
** p < 0.01; *** p < 0.001.
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3.5. Resv Overcome CDDP-Resistance and Induces Apoptosis in MCF-7R Cells

We evaluated the induction of apoptosis triggered by Resv by flow cytometry using Annexin
V/PI in MCF-7 and MCF-7R cells treated with CDDP (6 μM) with or without Resv (100 μM) for 48 h.
Figure 5A shows the percentage of total apoptosis (early and late apoptosis) for MCF-7 cells (left panel)
with CDDP treatment was 82.02% ± 1.79%, for CDDP + Resv it was 76.55% ± 11.16%, and for Resv
alone it was 60.52% ± 5.57% (Figure 5B, p < 0.001, left graph). As expected, MCF-7R cells (right panel)
treated with CDDP did not show apoptosis; however, with CDDP + Resv treatment showed 77.89%
± 13.80% and Resv alone 59.61% ± 10.16% total apoptotic cells, similar to their chemosensitive
counterpart (Figure 5B, p < 0.001, right graph). These data suggest that Resv with or without CDDP
induces apoptosis in chemoresistant MCF-7R cells.

 

Figure 5. Resv overcome CDDP-resistance and induces apoptosis in MCF-7R cells. (A) MCF-7 and
MCF-7R cells were treated with a DMSO–ethanol vehicle as control or CDDP (6 μM) with or without
Resv (100 μM) for 48 h and were double-stained with Annexin V and propidium iodide (PI) followed
by flow cytometry analysis to determine apoptotic cells. The viable cells are located in the lower left
quadrant (double negative with Annexin V–/PI–). Apoptotic cells (Annexin V+/PI–) appear in the
lower right (early apoptosis) and upper right (late apoptosis) quadrant of data plots. Data are presented
as percentage of the cell population. (B) The combined results of three independent cytometry analyses
depicting the mean levels of total apoptotic cells are shown. Results are presented as the means ± SD.
*** p < 0.001 by one-way ANOVA followed by Dunnett’s Multiple Comparison test.

3.6. Early Phosphorylation of p53 in S20 Induced by Resv Is Necessary for p53-Stability in MCF-7R Cells

It has been reported that CK1, CHK2, and AMPK can induce p53-pS20 phosphorylation in
response to various types of stress such as CK1 in virus infection (DNA virus HHV-6B) [25],
ionizing radiation for CHK2 [26], and metabolic stress for AMPK [27]. To elucidate which activation
signal is induced by Resv to phosphorylate S20, we treated MCF-7R cells with CDDP (6 μM) with
or without Resv (100 μM) in the presence of specific p53–pS20 kinase inhibitors: CK1 inhibitor
D4476 (60 μM), CHK2 inhibitor (25 μM), or AMPK inhibitor compound C (40 μM) during 6 h.
As shown in Figure 6A, inhibition of S20 phosphorylation by CK1 and CHK2 inhibitors only take
place in Resv treatment; while inhibition of AMPK impeded S20 phosphorylation in both CDDP
and Resv treatments. We found that in CDDP treated cells only the AMPK inhibitor blocks S20
phosphorylation but unexpectedly all three inhibitors block p53-pS20 phosphorylation in Resv-treated
cells. Furthermore, in the CDDP treatment with AMPK inhibitor the p53 stability was unaffected given
that in MCF-7R cells treated with CDDP, p53 was also phosphorylated on S15 and S46 (see Figures
3A and 6A). However, Resv treatment inhibits p53–pS15 and p53–pS46 phosphorylation in MCF-7R

cells (see Figure 3A), consequently loss of S20 phosphorylation by AMPK and CK1 inhibitors resulted
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in a complete impairment of p53 stability (Figure 6A). On the other hand, with the CHK2 inhibitor,
p53 stability was not affected, suggesting that in the presence of Resv another post-translational
modification in p53 is involved in an attenuation of the effect of p53–pS20 loss.

In order to compare the effect of the inhibitors with their chemosensitive counterpart, we also treated
MCF-7 cells with Resv (100 μM) and with specific p53–pS20 site kinase inhibitors for 6 h. As shown in
Figure 6B, CK1, CHK2 and AMPK inhibitors suppress p53–pS20 phosphorylation without degradation
of p53 since p53–pS15 and p53–S46 phosphorylations are induced by Resv (see Figures 3A and 6A).
All together these data suggest that in MCF-7R cells the early phosphorylation of p53 in S20 induced by
Resv is sufficient for p53 stabilization and their transactivation function and that its inhibition induces p53
degradation compared with their chemosensitive counterpart where p53 is still stable after the inhibition
of p53–pS20, probably because it contains phosphorylation in S15 and S46 induced by Resv.

To investigate the effect that the inhibitors had in p53-induced apoptosis, we treated MCF-7R

cells with CDDP (6 μM) + Resv (100 μM) and with specific p53–pS20 kinase inhibitors for 48 h and
evaluated the induction of apoptosis with Annexin V/PI and flow cytometry. As shown in Figure 6C,
the MCF-7R cells treated with CK1 and AMPK inhibitors (degraded p53) had 59.25% ± 4.27 and
70.91% ± 3.43% total apoptotic cells, respectively, suggesting a p53-independent apoptosis. On the
other hand, the MCF-7R cells in the presence of CHK2 inhibitor (low p53 level) showed a significant
reduction of apoptotic cells with 20.95% ± 1.43% vs. 68.44% ± 8.94% of apoptotic cells without
inhibitor (Figure 6D, *** p < 0.001), suggesting that the presence of a non-functional p53 form in
MCF-7R cells (without phosphorylation in S15, S20 and S46) can hamper the induction of apoptosis.

 

Figure 6. Early phosphorylation of p53 in S20 induced by Resv is necessary for p53-stability in MCF-7R

cells. (A) MCF-7R cells were treated with CDDP (6 μM) with or without Resv (100 μM) and (B)
MCF-7 cells were treated with Resv (100 μM); both cell cultures were treated for 6 h with specific
p53-pS20 site kinase inhibitors: CK1 (60 μM), CHK2 (25 μM) or AMPK (40 μM). Total and phospho-p53
contents are assessed by Western blot using antibodies directed against total p53 (DO-1) or against
the specific phosphorylated residue on S20, as indicated. (C) MCF-7 and MCF-7R cells were treated
with a DMSO–ethanol vehicle as control or CDDP (6 μM) with resveratrol (100 μM) and cultured
in combination with CK1 (60 μM), CHK2 (25 μM) or AMPK (40 μM) inhibitors for 48 h and were
double-stained with Annexin V and propidium iodide (PI) followed by flow cytometry analysis to
determine apoptotic cells. The viable cells are located in the lower left quadrant (double negative
with Annexin V–/PI–). Apoptotic cells (Annexin V+/PI–) appear in the lower right (early apoptosis)
and upper right (late apoptosis) quadrant of data plots. Data are presented as a percentage of the cell
population. (D) The combined results of three independent cytometry analyses depicting the mean
levels of total apoptotic cells are shown. Results are presented as the means ± SD. *** p < 0.001 by
one-way ANOVA followed by Turkey’s Multiple Comparison test.
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3.7. Resv Promotes Early Dephosphorylation of ATM, Inhibition of BCL-2, and Upregulation of BAX

It has been reported that S15 of p53 is phosphorylated by activated ATM (S1981-phosphorylated
ATM) at an earlier inductive phase after DNA damage [14,15]. S46 is also sequentially phosphorylated
by ATM [15]; supporting these observations, we found that the treatment of MCF-7R cells with Resv
with or without CDDP for 6 h promotes early deactivation of ATM by dephosphorylation in S1981
regardless of the total ATM level (Figure 7A), so it is possible that the decrease in p53 phosphorylation
in S15 and S46 MCF-7R cells (see Figure 3A) could be due to dephosphorylation of ATM by Resv. On the
other hand, to investigate the blockade of apoptosis in MCF-7R cells treated with CDDP, we analyzed
the ratio of anti-apoptotic BCL-2 and proapoptotic BAX proteins, finding that BCL-2 was elevated
while BAX was decreased after 6 h treatment with CDDP. On the other hand, in cells treated with
CDDP + Resv or only Resv, BCL-2 protein expression was decreased while at the same time BAX was
increased (Figure 7B–E). This result suggests that elevated BCL-2 in CDDP treatment blocked apoptosis
and that Resv partly induces apoptosis by changing the ratio between BCL-2 and BAX proteins.

 
Figure 7. Resv promotes early dephosphorylation of ATM, inhibition of BCL-2, and upregulation of
BAX. MCF-7R cells were treated with CDDP (6 μM) with or without Resv (100 μM) for 6 h. (A) Total
and phospho-ATM and (B) BCL-2 and BAX proteins were assessed by Western blot using antibodies
directed against total ATM, a specific phosphorylated residue on S1981 of ATM, BCL-2, or BAX. MCF-7
cells with CDPP were used as positive control of ATM phosphorylation. (C) Densitometric analysis of
BCL-2 and (D) BAX after β-actin normalization. (E) Ratio between BCL-2/BAX by t test. All results
are presented as mean of three independent experiments ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001 by
one-way ANOVA followed by Turkey’s or Dunnett’s Multiple Comparison test.

4. Discussion and Conclusions

CDDP is one of the most widely used anticancer drugs in the treatment of various types of cancer,
including human breast cancer [28], but its use commonly results in adverse effects and toxicities
affecting healthy systems, with resistance a major cause of treatment failure [1,29]. Therefore, it is
of interest to continue searching for effective chemosensitizers. Resv is known to be an anticancer
and protective agent which has the potential for preventing CDDP-related toxicity; it can sensitize
chemoresistant cells by overcoming mechanisms of chemoresistance, including the upregulation
of p53 [7,9,10]. Considering the chemosensitizer capacity of Resv, we developed a CDDP-resistant
MCF-7R cell line variant employing only 6 μM of CDDP because at higher concentrations (>6.5 μM) the
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cells died or formed clusters into the medium that prevented the formation of cell monolayers; a similar
effect was previously described in other CDDP-resistant cancer cells [30,31]. Our results showed that
Resv induces CDDP sensitivity, decreasing the IC50 of CDDP in MCF-7 and our MCF-7R cells.

The contribution of p53 to chemosensitivity and chemoresistance remains partly unclear. It has
been reported that acquisition of resistance to chemotherapeutic drugs including CDDP also occurs
in cancer cells expressing p53 wt. One mechanism proposed to explain this phenomenon is that this
p53 protein becomes inactive. p53 could be activated by phosphorylation in response to various cell
stress signals, protecting p53 from MDM2-mediated ubiquitination and proteasomal degradation.
Phosphorylation of p53 in S15 and S20 is required to perform DNA repair [14,15], and under severe
DNA damage, S46 is also sequentially phosphorylated for p53-induced apoptosis [13,16]. We think
that resistance of MCF-7 cells to CDDP could be related to the lack of phosphorylation in these
specific sites of the p53 protein as was described previously in CDDP-resistant ovarian cancer cells [24].
We treated MCF-7 and MCF-7R cells with 6 μM of CDDP (maximal concentration for the survival
of chemoresistant cells) to compare the effect in both cell lines. Our data showed that the inhibition
of p53 expression (p53 shRNA) or its transactivation activity (pifithrin-α) enhances the resistance
of both cell lines to CDDP and CDDP + Resv, suggesting the active participation of p53 after drug
treatment. This effect was also observed in other reports that show that the downregulation of p53
enhances CDDP resistance [32,33] and importantly, Resv also has been reported to induce apoptosis
through a p53-dependent pathway [9,10]. CDDP treatment induced p53 phosphorylation of S15, S20,
and S46 in MCF-7 cells; in MCF-7R cells S15 and S46, also appeared to be constitutively phosphorylated
even without treatment, but these cells survive. Interestingly, S20 phosphorylation was inhibited
in CDDP-treated MCF-7R cells while at the same time was strongly enhanced in CDDP + Resv and
Resv treatments, suggesting that S20 phosphorylation could be key for p53 to activate target genes,
specifically BAX, to overcome CDDP resistance in MCF-7R cells. Furthermore, the importance of
this site is highlighted by the fact that the treatment with CDDP in combination with Resv or Resv
alone attenuated p53 phosphorylation at S15 and S46 but promoted apoptosis. However, we do not
discard the possible phosphorylation of p53 in other sites that collaborate with S20 to induce apoptosis.
Interestingly, we found the same effect observed for Resv in chemoresistant cells treated with VP-16,
suggesting that both compounds have a similar signaling pathway to induce p53 phosphorylation in
S20. Regarding the inhibition of phosphorylation in S15 and S46 in MCF-7R cells, it is most probably
related to the loss of ATM activation in CDDP + Resv and Resv treatments, consistent with our
results (Figure 7) and reports that describe that S15 of p53 is phosphorylated by activated ATM at
an early phase after DNA damage [14,15], and then S46 is sequentially phosphorylated by ATM [20].
Furthermore, since ATM activity is a key regulator of DNA damage response that is related to genotoxic
resistance, the inhibition of ATM activity [34,35] could also contribute to the chemosensitivity of
MCF-7R cells. Previously, it was reported that Resv induced phosphorylation of p53 in S15 and S20
in MCF-7 cells [20,21], but to our knowledge this is the first time that it has been shown that Resv
also induces phosphorylation in S46. Our results are consistent with reports in MCF-7 cells and in
several chemosensitive and chemoresistant cancers indicating that Resv increases p53-dependent
transcriptional activity including increase of mRNA levels of BAX, BAK, and PUMA [36,37].

In order to elucidate which kinase pathway is responsible for p53–pS20 activation in MCF-7R

cells, we used three known specific inhibitors of kinases that phosphorylate p53 in S20 which include
the DNA damage pathway (CHK2 inhibitor), oncogene activation (CK1 inhibitor), and metabolic
stress (AMPK inhibitor). We observed that the low continuous phosphorylation of S20 in CDDP
treated MCF-7R cells is induced by AMPK since it was sensitive to the AMPK inhibitor. Activation
of AMPK by CDDP has been previously reported, and it was related to apoptosis inhibition and
acquired resistance [38,39]. It is very interesting that the kinase responsible for S20 phosphorylation
by CDDP is the same that could be responsible for apoptosis inhibition. Surprisingly, when we
used the three inhibitors in CDDP + Resv and Resv treated MCF-7R cells, all of them blocked S20
phosphorylation, suggesting that Resv activates the three kinases to phosphorylate p53. At this point
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we cannot explain the codependence of the three kinases to phosphorylate S20 but it is possible that
Resv activates the three kinases to assure or maintain phosphorylation for a longer time. Under this
scenario, we think that there could be a fluid dynamic between the three enzymes for the interaction in
the docking site for S20 and the hampering of any of the enzymes could block the site for the other
two. There is also the possibility of an unknown cross-talk between them or that the interaction of
the three kinases in the docking sites of Box-V domain of p53 was also important for allowing S20
phosphorylation. Nevertheless, this interesting result should be analyzed further in future works.
Additionally, the inhibition of S20 phosphorylation by CK1 and AMPK kinase inhibitors in MCF-7R

results in loss of p53 stability, while the inhibition of CHK2 conserves some of the p53 total protein
expression in the presence of Resv, suggesting that other phosphorylation sites for CHK2 along the
p53 protein could be essential to maintain p53 stability. Although the three kinases were necessary
in phosphorylating p53–pS20, we performed apoptosis assays in the presence of each of the three
inhibitors to elucidate if one of the kinases is key or more important for the activation of apoptosis.
Unfortunately, complete loss of p53 stability with CK1 and AMPK inhibitors produced an elevated
induction of apoptosis, masking the object of the experiment. Although the result was unsought, there
have been some works describing the same phenomenon in MCF-7 cells. For example, in a study
in MCF-7 cells, disruption of p53 with a plasmid expressing the E6 oncoprotein sensitizes them to
CDDP [40]. In the same manner, Mendez and Lupu silenced p53 to elucidate if the apoptosis induced
in MCF-7 cells by the inhibition of FASN was through the p53 pathway; unexpectedly, they found
an elevation of 300% in apoptosis [41]. Also, specific down-regulation of p53 showed an increase in
apoptosis via SMAD4 [42]. Finally, using a RNAi for p53 also sensitized MCF-7 cells to apoptosis
induced by ceramide [43]. These observations could partially explain our results since the treatments
we used were CDDP and Resv, which are known to induce apoptosis also by ceramide induction.
However, another interesting observation was that with the CHK2 inhibitor some of the total but
probably inactive p53 protein was conserved; the induction of apoptosis was strongly diminished,
suggesting that inactive p53 protein not only diminished the induction of apoptosis but also blocked
it. Finally, we also observed another important difference in BCL2–BAX balance between CDDP
and CDDP + Resv treated MCF-7R cells. First, RT-qPCR results show that pro-apoptotic BAX gene
expression was highly elevated in CDDP + Resv and Resv treatments, while in the CDDP treatment
it was slightly decreased. On the other hand, anti-apoptotic BCL-2 protein was elevated in CDDP
treatment, while in CDDP + Resv and Resv treatments the BCL-2 protein expression was diminished.
As previously reported, the balance between BCL-2 and BAX is a key regulatory element [44] and could
be an additional mechanism explaining the induction of apoptosis in MCF-7R cells in the presence of
Resv or CDDP + Resv. Our results suggest a new model of chemosensitization by Resv in MCF-7R

cells, involving phosphorylation in p53–pS20. This model is in accord with our previous observation
of Resv sensitizing MCF-7 cells by downregulation of RAD51 since p53 could repress RAD51 mRNA
and protein expression [23,45].

Our results show that Resv reduces the IC50 of CDDP necessary to induce apoptosis in
chemosensitive and in CDDP-resistant MCF-7 cell line variant, increasing the capability to arrest,
delay or reverse carcinogenesis in an adjuvant CDDP therapy. This study provides evidence on
the role of p53 for a potential CDDP acquired resistance model and the molecular mechanism
of Resv to chemosensitize resistant breast cancer cells to CDDP. We demonstrated for a resistant
cell line variant that down-regulation of p53 and inhibition of p53-dependent gene transcription
enhanced chemoresistance to CDDP in chemosensitive and chemoresistant cells, suggesting that the
chemosensitization to CDDP by Resv is mainly p53-dependent. Moreover, in chemoresistant cells Resv
induces early phosphorylation of p53 in S20 and attenuates CDDP-induced p53 phosphorylation in S15
and S46 residues, probably through dephosphorylation and deactivation of ATM. This phosphorylation
in p53–pS20 is sufficient to activate p53-dependent gene transcription including PUMA and BAX
genes restoring apoptosis in MCF-7R cells. Resv activates different kinases, such as CK1, CHK2, and
AMPK to induce phosphorylation of p53 in S20, suggesting a novel mechanism of p53 activation and
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chemosensitization to CDDP. At the same time, Resv downregulates BCL-2 expression, a key player in
apoptosis inhibition. On the other hand, CDDP induces p53 phosphorylation in chemoresistant cells
but the apoptosis is probably blocked downstream at least in part by the up-regulation of BCL-2 protein
despite the up-regulation of PUMA and NOXA (see model in Figure 8). A more thorough understanding
of the molecular mechanism underlying this particular chemoresistance and the chemosensitization
by Resv in this resistant cell variant may ultimately help for improvement in the treatment of human
breast cancer.

 

Figure 8. In the MCF-7 resistant cell variant (MCF-7R), Resv attenuates phosphorylation in S15
and S46 of p53 by dephosphorylation and deactivation of ATM. However, it activates kinases CK1,
CHK2, and AMPK to induce phosphorylation of p53 in S20 (which is required to activate p53 in
order to upregulate BAX and PUMA genes) and modifies the ratio between BCL-2/BAX expression.
The BAX protein was increased while BCL-2 protein was decreased, restoring apoptosis and overcoming
chemoresistance. On the other hand, the overexpression of BCL-2 in MCF-7R cells after CDDP treatment
maintains the chemoresistance and blocks apoptosis despite the phosphorylation of p53 in S15 and S46
and the upregulation of NOXA and PUMA.
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Abstract: The comprehensive studies done on resveratrol (RES) support that this polyphenol has
multiple bioactivities and is widely accepted for dietary supplementation. Furthermore, regular
exercise is known to have benefits on health and is considered as a form of preventive medicine.
Although the vast majority of prior studies emphasize the efficacy of aerobic exercise in promoting
physiological adaptions, other types of exercise, such as resistance exercise and high-intensity interval
training (HIIT), may achieve similar or different physiological outcomes. Few studies have looked into
the effectiveness of a combinational, synergistic approach to exercise using a weight-loading ladder
climbing animal platform. In this study, ICR mice were allocated randomly to the RES and training
groups using a two-way ANOVA (RES × Training) design. Exercise capacities, including grip strength,
aerobic performance, and anaerobic performance, were assessed and the physiological adaptions were
evaluated using fatigue-associated indexes that were implemented immediately after the exercise
intervention. In addition, glycogen levels, muscular characteristics, and safety issues, including body
composition, histopathology, and biochemistry, were further elucidated. Synergistic effects were
observed on grip strength, anaerobic capacities, and exercise lactate, with significant interaction
effects. Moreover, the training or RES may have contributed significantly to elevating aerobic
capacity, tissue glycogen, and muscle hypertrophy. Toxic and other deleterious effects were also
considered to evaluate the safety of the intervention. Resistance exercise in combination with
resveratrol supplementation may be applied in the general population to achieve better physiological
benefits, promote overall health, and promote participation in regular physical activities.

Keywords: resveratrol; resistance exercise; hypertrophy; physiological adaption; performance

1. Introduction

Resveratrol (trans-3,4′,5-trihydroxystilbene, RES), a stilbenoid, is a natural polyphenol that has
be widely investigated for its bioactivity and potential therapeutic applications. RES occurs naturally
in a wide variety of plant species, including grapes, blueberries, raspberries, and mulberries [1].
Moreover, RES is a phytoalexin, which is a class of compounds produced by many plants in response
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to infection by pathogens or to physical injury due to, for example, cutting, crushing, or ultraviolet
radiation [2]. Both cis- and trans-resveratrol are fat-soluble and bound to a glucose molecule, also
called piceid [3]. One theory to explain the “French Paradox”, a term used to describe the phenomenon
of the French people having a relatively low incidence of coronary heart disease (CHD) despite their
relatively high consumption of high-fat foods, focuses on the positive impact of dietary behaviors
such as a high consumption of red wine and food diversity [4]. Since the confirmation of its presence
in red wine in the early 1990s, the effects of resveratrol on health-related issues have been widely
studied by the scientific community. Previous studies have reported on the positive effects of RES in
the realms of cancer prevention [5], cardiovascular disease prevention [6], glucose homeostasis [7],
neurodegenerative diseases [8], and longevity due to its anti-oxidation, anti-inflammation, and calorie
restriction mimetic qualities [9]. Resistance exercise (weight training) is a form of exercise that improves
muscular strength/endurance by using the practitioner’s bodyweight, weighted barbells, dumbbells
and elastic bands as resistance for muscles.

Resistance exercise contributes many factors, including mechanical tension, muscle
damage, and metabolic stress to mediate the hypertrophic process in exercise-induced muscle
growth/hypertrophy [10]. Age-related muscle loss is an important health issue. Individuals lose
an average of 3% to 8% of their muscle mass per decade, and this rate increases significantly after
70 years of age [11,12]. However, although the literature has emphasized the beneficial effects of
aerobic activity, little encouragement has been offered for resistance training. Recently, resistance
exercise has been shown to have positive effects on functional improvements and disease prevention,
including muscle growth, resting metabolism recharging, body compositions, elderly physical function,
chronic metabolic disease, and mental health [13,14]. Athletes in different activity areas were asked
to incorporate resistance exercise into their regular training regimens and the before-after effects on
performance and injury incidence were evaluated [15]. A position statement on resistance training
in a youth population addressing technical skill and competency was developed that promoted the
performance of a variety of resistance training exercises at appropriate intensities and volumes while
providing youth an opportunity to participate in programs that are safe and effective [16].

A previous study by the present authors elucidated the beneficial effects of RES on
aerobic-exercise-induced peripheral fatigue through improving physiological adaption and energy
content [17]. Another report also demonstrated that RES, in combination with aerobic exercise,
significantly elevated not only muscle hypertrophy but also muscle torque and power in an elderly
population [18]. However, the dual effect of RES antioxidant supplementation in human studies
is a well-known issue. Free radical production during exercise might be a necessary trigger for
adaptations to exercise stimuli leading to the well-known improvements in exercise performance
or exercise-induced positive effects on the metabolism. Correspondingly, reducing the increase in
production of exercise-induced oxidative stress by using antioxidant supplements is now being discussed
as being counterproductive and even preventing health-promoting effects of exercise [19]. Based on the
above, RES is a widely accepted dietary supplement and resistance exercise is an increasingly accepted
form of exercise with health-promotion and functional benefits. However, few studies have addressed the
effects of RES supplementation in combination with anaerobic exercise and resistance training. Thus, the
purpose of this study was to determine the effects of a 4-week resistance exercise program combined with
RES on functional performance, physiological adaption, muscular hypertrophy, and safety.

2. Materials and Methods

2.1. Materials

The nutraceutical ingredient trans-resveratrol (>98%) used in this study was purchased from
Vitacost (Boca Raton, FL, USA), shown in Figure 1A, and the resistance exercise program used was
adapted from a program used in a previous study [20]. The exercise equipment was about 100 cm
in height with variable angles (30–85 degrees) to adjust the intensity of protocol. The ladder was
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modified to use a 1 cm2 stainless net in order to avoid climbing arrest if a load became stuck into the
ladder gaps, shown in Figure 1B, and a screw washer was used to increase the load according to the
bodyweight of each animal for appropriate adjustment of intensity.

 

Figure 1. The structure of resveratrol (A) and the climbing device (B) for resistance training.

2.2. Animals and Experiment Design

Male ICR mice (6 weeks old, SPF grade) from BioLASCO Taiwan (Yi-Lan, Taiwan) were used
in this animal study. These mice were familiarized with the ladder equipment and acclimatized to
the environment and dietary differences during the 1-week period immediately prior to the training
protocol. All animals were given a standard laboratory diet #5001 (PMI Nutrition International, MO,
USA) and distilled water ad libitum, and maintained in stable photoperiod, temperature, and humidity
conditions (12-h light/12-h dark cycle, 24 ± 2 ◦C, and 55–65%, respectively) during the experiment.
The Institutional Animal Care and Use Committee (IACUC) of National Taiwan Sport University
inspected all of the animal experiments in this study and the study conformed to the IACUC-10604
protocol guidelines approved by the IACUC ethics committee.

The recommended resveratrol dosage of 25 mg/kg bodyweight, which was applied to our
previous exercise fatigue study [17], was administrated by oral gavage for 4 consecutive weeks.
The two-way experiment (Training × Resveratrol) was designed for 4 groups (n = 10/group) to
figure out the main effects and interactions on physiological assessments. The detailed experimental
procedure is illustrated in Figure 2A. The weight, dietary, and social behaviors were monitored
during the supplementation period and the daily training and interventions began at a regular time.
Physical fitness was assessed using direct forelimb grip strength, aerobic endurance, and anaerobic
performance, including assessments of ladder-climbing time and time taken to reach exhaustion for
strength and endurance parameters, respectively. The exercise-related biochemistries were immediately
assessed after a fixed exercise time/intensity for physiological adaption.

Figure 2. The experimental procedure to evaluate the effects of progressive resistance exercise
and resveratrol on aerobic capacity, anaerobic capacity, physiological adaption, and safety (A).
The incremental loading intensity applied to current training protocol (B).
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2.3. Anaerobic Exercise Training and Capacity Test

The resistance training protocol was performed 3 days/week for 4 weeks and the indicated
intensity load was adjusted by individual animal weight using the protocol, as seen in Figure 2B.
In resistance training, the climbing procedures used 4 repetitions/set and 3 sets/day, with 2 min
of rest provided between sets. The equipment was set into water of 5 cm in depth to provide
negative stimulation in order to increase climbing motivation. Performance was evaluated as the
climbing time, and the number of climbs until exhaustion was reached was used to evaluate the
anaerobic performance.

2.4. Aerobic Exercise Endurance Performance Test

A motor-driven treadmill that was designed for rodents (model MK-680, Muromachi Kikai, Tokyo,
Japan) was used to evaluate aerobic endurance and the electric shock grid was used to increase test
motivation with veterinarian surveillance. All of the mice were initially acclimated to running on a
motorized treadmill at 10 m/min, 5% grade, for 5 min/day during the week prior to the exhaustive
exercise. The mice were run on the treadmill at an initial speed of 15 m/min and grade 15% for
2 min, and then every subsequent 2 min the speed was increased by 3 m/min until exhaustion [21].
Exhaustion was defined as the point at which mice maintained continuous contact with the shock grid
for 5 s. Aerobic endurance capacity was expressed as time-to-exhaustion (min).

2.5. Forelimb Grip Strength

A low-force testing system (Model-RX-5, Aikoh Engineering, Nagoya, Japan) was applied to
measure grip strength, as described previously [22].

2.6. Fatigue-Associated Biochemical Variables

The effect on fatigue-associated biochemical indexes, based on our previous reports [23], were
slightly modified to accurately reflect the actual physiological status. The blood was sampled by
submandibular blood collection immediately after 15 min of acute exercise with constant intensity,
and was tested to measure glucose, lactate, blood urine nitrogen (BUN), creatine kinase (CK),
and ammonia levels. The blood samples were centrifuged at 1000× g and 4 ◦C for 15 min after
complete clotting for serum separation and analyzed using an autoanalyzer (Hitachi 7060, Hitachi,
Tokyo, Japan).

2.7. Clinical Biochemical Profiles

All of the mice were euthanatized by 95% CO2 asphyxiation one hour after the last treatment and
their blood was immediately sampled via cardiac puncture. Serum was separated using centrifugation,
with clinical biochemical variables, including aspartate aminotransferase (AST), alanine transaminase
(ALT), creatine kinase (CK), glucose (GLU), lactate dehydrogenase (LDH), blood urea nitrogen (BUN),
creatinine (CREA), uric acid (UA), albumin (ALB), triglycerides (TG), and total protein (TP), measured
using an autoanalyzer (Hitachi 7060).

2.8. Body Composition and Glycogen Content Analysis

The important visceral organs, including liver, kidney, heart, lung, muscle (gastrocnemius),
MT (thigh muscle), EPF (epididymal fat pad) and BAT (brown adipocyte tissue) were accurately
excised and weighed after sacrifice. Then, the organs were preserved in 10% formalin for further
histopathology and immunohistochemistry procedures. Part of the muscle samples were kept in liquid
nitrogen for glycogen content analysis, as described previously [24].
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2.9. Immunohistochemical Staining

The muscle tissues (gastrocnemius) embedded in paraffin were further analyzed to study the
effects of training and resveratrol supplementation on type I and type II fibers. The primary antibodies
of myosin-heavy chain fast (WB-MHCf) and myosin-heavy chain slow (WB-MHCs) were purchased
from Novocastra (Leica Biosystem, Wetzlar, Germany) and applied in order to distinguish the fiber
types. The epitope of MHCf and MHCs was retrieved using ER2 retrieval solution (AR9640, Leica
Biosystem, Wetzlar, Germany), followed by primary incubation. The detection kits (Bond Polymer
Refine Detection & Bond Polymer Refine Red Detection) used an automated BondMax double staining
system. Finally, the results were examined by a veterinary pathologist under a light microscope that
was equipped with a CCD camera (BX-51, Olympus, Tokyo, Japan).

2.10. Histopathology

The visceral organs preserved in 10% formalin were trimmed to provide tissue sections of
4 μm thickness, which were then embedded in paraffin. Tissue sections were further stained with
hematoxylin and eosin (H&E) and examined by a veterinary pathologist under the abovementioned
CCD-camera-enabled light microscope (BX-51, Olympus, Tokyo, Japan).

2.11. Statistical Analysis

The data were represented as mean ± standard error of mean (SEM). Two-way analysis of variance
(resistance training × resveratrol supplementation) was used to analyze the statistical differences
among the groups in terms of physical activity, biochemistry, body composition, diet, and glycogen
content to verify the main and interaction effects by SPSS v19.0 analysis. Eta-square (η2) is an effect
size measurement for the analysis of variance (ANOVA). It measures the strength of the effect on a
continuous field. Data were considered statistically significant when the probability of a type I error
was <0.05.

3. Results

3.1. The Effects of Climb Training and Resveratrol on Grip Strength

In terms of forelimb absolute grip strength, as seen in Figure 3A, the climb training (Trained) +
vehicle (Veh) and Trained + Res groups increased grip strength, as compared to the untrained groups,
(Sedentary, Sed) + Veh and Sed + RES, with the main effect of climb training (F (1,36) = 41.96, P < 0.0001,
eta = 0.538) and the effect of climb training on grip strength significantly increasing the grip strength
of training groups as compared to sedentary groups. In addition, RES supplementation significantly
increased the grip strength (F (1,36) = 25.2, P < 0.0001, eta = 0.412). Therefore, the Trained + RES group
had significantly higher grip strength than the Sed + RES group, with a significant interaction effect
(F (1,36) = 25.2, P = 0.048, eta = 0.150). A previous study found grip strength to correlate positively
with anthropometric factors such as age, weight, and body mass index [25]. The similar analytic trends
found in this study may further validate the results of grip strength adjusted to individual bodyweight,
as seen in Figure 3B.
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Figure 3. climb training (Trained) and/or resveratrol (RES) supplementation on absolute forelimb grip
strength (A) and forelimb grip strength (%) relative to bodyweight (B). Data are mean ± SEM for
n = 10 mice per group. Columns with different superscript letters (a, b, c) are significantly different at
p < 0.05. The abbreviations Veh and RES represented the vehicle and resveratrol supplement, respectively.

3.2. The Effects of Climb Training and Resveratrol on Anaerobic Exercise Performance

Speed and anaerobic endurance performance were used to assess the indexes of anaerobic
exercise performance. In terms of speed performance, as seen in Figure 4A, the climb training and RES
supplementation significantly improved the time performance (climb training: F (1,36) = 6.39, P = 0.016,
eta = 0.151; RES supplementation: F (1,36) = 24.85, P < 0.0001, eta = 0.408). However, the interaction
effect did not show a significant difference (F (1,36) = 3.61, P = 0.065, eta = 0.091) even though the
time performance of the Trained + RES group was significantly better than Sed + RES group (P < 0.05).
In terms of anaerobic endurance capacity, the exhaustion times for repetitive climbing were also
evaluated as shown in Figure 4B. The main effects of climb training and RES demonstrated significant
differences (climb training: F (1,36) = 6.19, P = 0.018, eta = 0.147; RES supplementation: F (1,36) = 15.1,
P = 0.0004, eta = 0.296). The Trained + RES group was significantly higher than the Sed + RES group,
with a significant interaction effect (F (1,36) = 17.21, P = 0.0002, eta = 0.323).

Figure 4. Effect of climb training (Trained) and/or resveratrol (RES) supplementation on anaerobic
endurance performance, including time for each climbing (A) and exhaustion times for climbing (B).
Data are mean ± SEM for n = 10 mice per group and the columns with different superscript letters (a,
b, c) are significantly different at P < 0.05. The abbreviations Veh and RES represented the vehicle and
resveratrol supplement, respectively.

3.3. The Effects of Climb Training and Resveratrol on Aerobic Exercise Performance

The treadmill test has been applied widely to assess cardiorespiratory ability (VO2 max) and
aerobic endurance capacity. In the exhaustive running test, shown in Figure 5, a significant difference
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was observed for the main effects of both training and RES (F (1,36) = 74.03, P < 0.0001, eta = 0.673 and
F (1,36) = 21.73, P < 0.0001, eta = 0.376, respectively). The Sed + RES group and Trained + RES group
were significantly higher than the Sed + Veh group and Trained + Veh group, respectively, although
the training combined with RES treatment (Trained + RES group) did not show synergistic effects due
to the lack of a significant interaction effect (F (1,36) = 1.78, P = 0.19, eta = 0.047).

Figure 5. Effect of climb training (Trained) and/or resveratrol (RES) supplementation on aerobic
endurance performance. Data are mean ± SEM for n = 10 mice per group and the columns with
different superscript letters (a, b, c, d) are significantly different at P < 0.05. The abbreviations Veh and
RES represented the vehicle and resveratrol supplement, respectively.

3.4. The Effects of Climb Training and Resveratrol on Fatigue-Associated Biochemistries

Table 1 shows the results of the assessment of the fatigue-associated indexes, including GLU,
Lactate, BUN, CK and NH3, that was conducted immediately after 15 min of acute exercise.
No significant differences in GLU, BUN, or CK were observed among the 4 indicated groups
discounting the main and interaction effects. In terms of lactate levels, the exercise training groups
had significantly lower levels than the sedentary groups, with the main effect of exercise training
(P = 0.0035) and RES supplement identified as the significant main effect (P < 0.0001). The interaction
effect for training and supplementation was significant after the 4-week resistance training program.
In addition, ammonia levels exhibited a significant difference in the supplement’s main effect
(P = 0.0075) but not in the main effect of training or interaction effect (P = 0.69 and 0.14, respectively).

Table 1. Effects of climb training (Trained) and/or resveratrol (RES) on fatigue-related biochemical
assessments of serum after acute exercise.

F Values for Two-Way ANOVA

Parameter Sed + Vehicle Sed + RES Train + Vehicle Train + RES
Main Effect

of RES
Main Effect

of Climb
Interaction (RES

× Climb)

GLU (mg/dL) 103 ± 5 116 ± 11 124 ± 9 123 ± 11 0.45 2.16 0.5
LACT (mmol/L) 4.9 ± 0.2 b 4.5 ± 0.2 b 4.7 ± 0.2 b 3.5 ± 0.2 a 19.84 * 9.79 * 4.77 *

BUN (mg/dL) 25.8 ± 0.8 23.9 ± 0.6 23.7 ± 1 23.9 ± 1 0.95 1.44 1.5
CK (U/L) 395 ± 65 349 ± 62 459 ± 73 364 ± 52 1.03 0.47 0.1

NH3 (umol/L) 97 ± 46 a,b 90 ± 78 a 106 ± 28 b 85 ± 59 a 8.02 * 0.16 2.24

Values are the mean ± SEM for n = 10 mice in each group. Values in the same line with different superscripts letters
(a, b) differ significantly; *: P < 0.05 by two-way analysis of variance (ANOVA). GLU: glucose; LACT: lactate; BUN:
blood urine nitrogen; CK: creatine kinase; NH3: ammonia.

3.5. The Effects of Climb Training and Resveratrol on Clinical Biochemistries

The serum was further analyzed at the end of the experiment for related clinical biochemistries,
as seen in Table 2. No significant differences in main and interaction effects were identified on AST,
TG, CK, LDH, BUN, Creatinine, ALB, TP, and GLU indexes and the indicated groups did not differ
significantly. The ALT index showed significant differences in RES main effect (P = 0.008), with this
effect significantly higher in the Sed + RES and Trained + RES groups than the Sed + Veh and Trained
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+ Veh groups. However, the main effects and interaction effects of training were not significantly
different. Besides, the UA index differed significantly not only in terms of the main effect of training
but also in terms of the main effect of RES, with significantly higher effects in the Sed + RES and
Trained + RES groups than the Sed + Veh and Trained + Veh groups but no significant differences in
terms of the interaction effect (P = 0.726).

Table 2. Effects of climb training (Trained) and/or resveratrol (RES) on biochemical assessments of
serum at the end of the experiment.

F Values for Two-Way ANOVA

Parameter Sed + Vehicle Sed + RES
Trained +
Vehicle

Trained +
RES

Main Effect
of RES

Main Effect
of Climb

Interaction (RES
× Climb)

AST (U/L) 129 ± 12 149 ± 22 116 ± 8 174 ± 37 3 0.07 0.68
ALT (U/L) 44 ± 3 a 78 ± 12 b 50 ± 5 a,b 77 ± 17 b 7.9 * 0.06 0.1

TG (mg/dL) 114 ± 5 118 ± 9 124 ± 12 125 ± 9 0.06 0.81 0.02
CK (U/L) 400 ± 48 384 ± 83 360 ± 36 349 ± 61 0.05 0.4 0

LDH (U/L) 565 ± 46 672 ± 78 547 ± 28 634 ± 59 3.07 0.26 0.03
BUN (mg/dL) 24.5 ± 0.6 25.4 ± 1.1 25.8 ± 0.6 26.5 ± 1.3 0.64 1.5 0.01

CREA (mg/dL) 0.4 ± 0.01 0.4 ± 0.01 0.4 ± 0.01 0.4 ± 0.01 0 0 2
UA (mg/dL) 1.83 ± 0.14 a 2.91 ± 0.31 b 3.05 ± 0.39 b,c 3.90 ± 0.40 c 8.79 * 11.53 * 0.12
ALB (g/dL) 2.7 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 2.8 ± 0.1 0.66 0.27 0.14
TP (g/dL) 5.4 ± 0.1 5.4 ± 0.1 5.5 ± 0.1 5.4 ± 0.1 0.67 0.05 0.12

GLU 148 ± 8 142 ± 10 157 ± 10 143 ± 6 1.34 0.28 0.25

Values are the mean ± SEM for n = 10 mice in each group. Values in the same line with different superscripts letters
(a, b, c) differ significantly; *: P < 0.05 by two-way analysis of variance (ANOVA). Sed and Trained refer to the
sedentary and climbing intervention, respectively. AST, aspartate aminotransferase; ALT, alanine aminotransferase;
ALB, albumin; LDH, lactate dehydrogenase; TP, total protein; BUN, blood urea nitrogen; CREA, creatine; UA, uric
acid; TG, triacylglycerol; GLU, glucose.

3.6. The Effects of Climb Training and Resveratrol on Tissue Glycogen Contents

Glycogen is primarily stored in the liver and muscle tissues for the purpose of energy homeostasis
and demands. In terms of liver glycogen content, as seen in Figure 6A, the climb training regimen
increased the liver glycogen content in the trained groups to a level significantly higher than that
in the untrained groups (F (1,36) = 19.05, P < 0.0001, eta = 0.346). In terms of RES effects, the main
effect of RES supplementation was not significant (F (1,36) = 3.39, P = 0.074, eta = 0.086). Furthermore,
the synergistic effects of training and RES supplementation was not significant due to the lack of
a significant interaction effect (F (1,36) = 0.54, P = 0.47). In terms of muscular glycogen content,
shown in Figure 6B, while a significant main effect was not supported for RES supplementation
(F (1,36) = 0.58, P = 0.45, eta = 0.016), it was supported for the training (F (1,36) = 5.16, P = 0.029,
eta = 0.125). In addition, the synergistic effects of training and RES supplement were not significant
due to the lack of a significant interaction effect (F (1,36) = 0.4, P = 0.53).

Figure 6. Effect of climb training (Trained) and/or resveratrol (RES) supplementation on hepatic (A)
and muscle (B) glycogen level. Data are mean ± SEM for n = 10 mice per group. Bars with different
superscript letters (a, b, c) are significantly different at P < 0.05. The abbreviations Veh and RES
represented the vehicle and resveratrol supplement, respectively.
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3.7. The Effects of Climb Training and Resveratrol on Growth and Body Composition

The growth curve over the duration of climb training did not significantly differ between the
groups without main and interaction effects, as seen in Table 3. In terms of dietary data, the significant
main and interaction effects of training were found in food and water consumption, with the Trained +
Veh and Sed + RES groups significantly higher than the Sed + Veh group in this category (P < 0.05).
Body composition variables, including liver, muscle, heart, lung, kidney, epididymal fat pad (EFP),
and BAT, did not differ significantly between the groups without significant main and interaction
effects. Remarkably, the thigh muscle (MT) showed a significant training main effect (P = 0.035), with
the training groups earning significantly higher scores than the sedentary group. The percentage of
organ and tissue weight, adjusted by individual weight, also exhibited the same analytic results (data
not shown).

Table 3. General characteristics of the experimental groups.

F Values for Two-Way ANOVA

Characteristic Sed + Vehicle Sed + RES
Trained +
Vehicle

Trained +
RES

Main Effect
of RES

Main Effect
of Climb

Interaction (RES
× Climb)

Initial BW (g) 31.0 ± 0.3 30.4 ± 0.3 30.3 ± 0.2 30.7 ± 0.4 — — —
Final BW (g) 38.5 ± 0.4 37.7 ± 0.6 38.4 ± 0.6 38.5 ± 0.6 0.16 0.21 0.31

Food intake (g/day) 7.28 ± 0.2 a 7.84 ± 0.2 c 7.6 ± 0.2 b 7.2 ± 0.2 a 0.46 5.6* 44.69 *
Water intake (mL/day) 9.5 ± 0.3 a 10.14 ± 0.2 b 10.73 ± 0.2 c 10.64 ± 0.2 c 7.9 * 77.81 * 14.27 *

Liver (g) 2.04 ± 0.17 2.04 ± 0.16 2.15 ± 0.12 2.10 ± 0.16 0.1 1.31 0.17
Muscle (g) 0.38 ± 0.05 0.36 ± 0.06 0.38 ± 0.05 0.39 ± 0.07 1.25 0.77 0.52

MT (g) 0.46 ± 0.02 a 0.48 ± 0.02 a,b 0.51 ± 0.02 b,c 0.53 ± 0.02 c 0.822 10.1 * 0.01
Heart (g) 0.17 ± 0.04 0.18 ± 0.04 0.18 ± 0.05 0.18 ± 0.04 0.56 0.2 0.2
Lung (g) 0.26 ± 0.07 0.23 ± 0.07 0.24 ± 0.05 0.23 ± 0.06 1.25 0.77 0.52

Kidney (g) 0.68 ± 0.06 0.67 ± 0.07 0.68 ± 0.07 0.68 ± 0.08 0.46 0.03 0.03
EFP (g) 0.39 ± 0.11 0.35 ± 0.14 0.39 ± 0.12 0.34 ± 0.12 0.98 0 0.01
BAT (g) 0.11 ± 0.04 0.10 ± 0.06 0.10 ± 0.04 0.16 ± 0.13 0.48 1 1.22

Values in the same line with different superscripts letters (a, b, c) differ significantly; *: P < 0.05 by two-way analysis
of variance (ANOVA). Sed and Trained refer to the sedentary and climbing intervention, respectively. Muscle:
gastrocnemius and soleus muscles; MT: muscle of thigh; EFP: epididymal fat pad; BAT: brown adipocyte tissue;
RES: resveratrol.

3.8. The Effects of Climb Training and Resveratrol on Histological Observation

Figure 7 shows the results of the inspections of different tissues (liver, muscle, heart, kidney, and
fat pad) for potential pathological changes with programmed training and resveratrol supplementation.
The arrangement of sinusoid and hepatic cords in the liver showed no changes after the indicated
treatments. In addition, Zenker’s degeneration and hyperplasia were not observed in the skeletal
muscles or cardiomyocytes, and the structure of the renal tubules and glomeruli did not differ between
the treatment groups. The white adipose tissue (WAT) was composed of adipocytes, which are very
large cells that have small, uniform nuclei and are usually located near the plasma membrane. Most of
the cytoplasm in mice is occupied by a large lipid drop, which was found to be empty in most of the
histological slides because fat was removed during the histological process. The cellular size of brown
adipocytes (BAT) is usually smaller than that of white adipocytes. These morphologic differences may
be because the cytoplasm is distributed with small, fatty droplets. Moreover, the nucleus is circular
and located at the center of the cell.
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Figure 7. Effect of climb training (Trained) and/or resveratrol (RES) supplementation on the
morphology of (A) liver; (B) skeletal muscle; (C) heart; (D) kidney; and (E) lung (F) white adipose tissue
(WAT) (G) brown adipocytes (BAT) in mice. Specimens were photographed using light microscopy.
(Hematoxylin and eosin stain, magnification: 200×; scale bar, 40 or 80 μm).

3.9. The Effects of Climb Training and Resveratrol on Muscle Types and Morphology

Figure 8A shows the results of further analysis of the type I and type II fiber proportions and cross
section area (CSA) of the thigh muscle that was conducted to verify the effect of resistance exercise and
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RES supplementation. Type I and type IIa were reddish in color, while type II was brownish in color.
The proportions of muscular fiber in the different groups did not differ significantly after resistance
training and/or RES treatment and the cross-section area of the indicated groups showed a significant
training effect, as seen in Figure 8B,C. The CSA of the Trained + RES group was significantly higher
than that of other groups.

Figure 8. Effect of climb training (Trained) and/or resveratrol (RES) supplementation on the muscle of
thigh with IHC staining (A), muscular type proportions (B), and cross section area (CSA) (C). Specimens
were photographed under a light microscope. (Hematoxylin and eosin stain, magnification: 200×;
scale bar, 40 μm). Bars with different superscript letters (a, b, c) are significantly different at P < 0.05.
The abbreviations Veh and RES represented the vehicle and resveratrol supplement, respectively.

4. Discussion

In this study, RES and programmed resistance exercise elevated the aerobic endurance effectively
over the 4-week intervention, possibly due to the modulation of lactate metabolite and glycogen
content, which is a finding consistent with previous studies [17,26]. The resistance training was
shown to improve strength and muscular hypertrophy, while the RES, in combination with the 4-week
resistance training program, demonstrated a significantly synergistic increase not only in terms of
anaerobic performance and endurance but also of the exercise-induced lactate production for better
physiological adaption. The treatments of RES, programmed resistance training, and combination also
elucidated the safety with growth curve, biochemistries, and histopathology.

Although aerobic capacity may be improved using traditional, low-intensity endurance training,
or high-intensity resistance, circuit-based training also demonstrated a significantly positive effect
on aerobic performance [27]. The data collected for this study, shown in Figure 5, demonstrated that
a combination of RES supplementation and resistance training could significantly improve aerobic
performance with respective main effects via a treadmill platform. This finding is consistent with
previous studies regarding the effects of resistance exercise on cardiopulmonary fitness and the RES
anti-fatigue effect [17], but no interaction effect was observed in the present result. In addition,
the climb training with incremental load has been widely applied to animal studies as the resistance
exercise model [28]. As shown in Figure 1B, the forelimb and pelvic limb are required to climb firmly
and fight against the resistance generated by the screw washer. The elevation of grip strength was
highly associated with both the resistance exercise [29] and the RES-improved ultrastructure of the
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myofibrils via the activating AMPK/sirt1 pathway [30]. However, this study found that RES in
combination with resistance exercise demonstrated a significantly synergistic effect with the interaction
effect in terms of both absolute and relative grip strength, as seen in Figure 3A,B.

Power (explosiveness) and speed endurance are important factors in the success of athletes
in various sports. Resistance training has the potential to improve both strength and power as a
result of hypertrophy and neural adaptations in beginner athletes, but not in advanced athletes [31].
Therefore, increasing strength increases power performance, while power training may assist in the
development of endurance performance [32]. Thus, the time duration of each climb in the indicated
groups permitted an assessment of muscular power capacity in a short time period due to rodent
aquaphobia. In Figure 4A, RES and resistance also showed their respective main effects, while their
combined effects demonstrated the significant interaction effect of the higher synergistic effect on power
performance. The model of resistance exercise in this study models the concept of higher-intensity
interval training for the improvement of cardiopulmonary and muscular endurance performance with
similar aerobic and anaerobic adaptations [33]. Therefore, the aerobic performance, shown in Figure 5,
and anaerobic endurance, shown in Figure 4B, may be explained as the main effect of training and
possible interaction effect, respectively, in this study.

Different muscle groups may be involved in specific physical movements, as resistance exercise
is known to induce muscle hypertrophy. The muscle groups that were involved in the exercise
regimen in this study included the quadriceps, biceps femoris, gluteus maximus, and gastrocnemius
muscles for functional movement, like climbing stairs or squats. The ladder-climbing animal model
simulates the muscle hypertrophy in leg muscle groups caused by resistance exercise, especially
with programmed weight loads. In previous studies, progressive resistance exercise was shown to
induce muscle hypertrophy in the cross-section area [28] and tissue weight [34] in the rodent animal
model. The results of this study found a significant difference in terms of the main effect of training,
which means that resistance training contributed to hypertrophy in the muscle of thigh, as shown in
Table 3. Moreover, analysis of the immunohistochemical staining and cross section area (CSA) on the
muscle of thigh showed a significant increase in the CSA with the main effect of training but without
an interaction effect, as shown in Figure 8. This result may directly explain the possible functional
increase on grip strength and anaerobic performance.

The effects of the interventions were evaluated using the exercise-associated metabolites and
energy content to infer physiological adaption. Lactate, which relates positively to exercise duration
and intensity, releases hydrogen ions, which have potentially deleterious effects on metabolism and
on the release of calcium during muscular contractions [35], eventually contributing to the sensation
of fatigue. Previous reports have found that HIIT training improves insulin sensitivity and glycogen
content [36]. In addition, resveratrol is known to improve insulin sensitivity and to mimic the effects
of calorie restriction in terms of reducing blood glucose levels, insulin levels, and insulin like growth
factor-1 (IGF-1) via the activation of the longevity gene SirT1 [37]. Furthermore, the resveratrol affects
upregulated mitochondrial function and aerobic capacity through the activation of muscle SirT1 and
PGC alpha [38]. Therefore, the aerobic capacity during the treadmill test may be elucidated by the
possible effects of resveratrol and training. On the other hand, although the administrative dose of RES
25 mg/kg did not elevate the glycogen content, which was consistent with our previous report [17],
the glycogen content of training combined with RES was significantly higher than in the other groups
with the main effects of training in this study, as seen in Figure 6. The content and availability of
glycogen have a critical effect on the anaerobic capacity of type II muscle fiber, as shown in the climbing
test in Figure 4. However, while the proportions of muscular type were not significantly altered in the
current intervention, the training combined with RES supplement was significantly higher than other
indicated groups with the main effects of training as shown in Figure 8B,C.

This study presumed that the synergistic effects of resistance exercise combined with resveratrol
supplement could not be observed in terms of aerobic performance, muscular fiber compositions,
and muscular hypertrophy. Thus the two issues of resveratrol bioavailability and resistance
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exercise protocol should be examined further in order to understand their combinational benefits
and mechanisms. The oral bioavailability of resveratrol in humans is quite limited, but may be
increased significantly without any treatment-related adverse effects through the use of a liquid
micellar formulation [39]. The dose in current animal studies could be further converted to human dose
according to the conversion factor of 12.3-fold by body surface area difference, suggested by US Food
and Drug Administration [40]. Before the clinical trial, we will test the resveratrol pharmacokinetics
for bioavailability with different formulation. The preferred subject would be a non-athlete to avoid
the training effects, and the programmed resistance training would be intervened with optimized
resveratrol formulation supplement. In addition, the body composition, muscular strength, power,
aerobic, and anaerobic capacities would be assessed for functional and physiological validation.

5. Conclusions

Exercise duration and loading intensity may be elevated further for better physiological adaptions.
Therefore, there may be value in further studying the potential molecular mechanisms that underlie
these combinational effects. In terms of practical applications, people have limited time for exercise.
Therefore, effective and efficient methods of exercise are particularly appropriate for promoting public
fitness and health. This study supports the hypothesis that resistance exercise in combination with
resveratrol supplementation effectively induces muscular hypertrophy, physiological adaption, aerobic,
and anaerobic performance.
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Abstract: Resveratrol is found in grapes, apples, blueberries, mulberries, peanuts, pistachios, plums
and red wine. Resveratrol has been shown to possess antioxidative activity and a variety of
preventive effects in models of many diseases. The aim of the study was to investigate if this
substance may counteract the oxidative stress and polyol pathway in the lens of diabetic rats.
The study was conducted on the rats with streptozotocin-induced type 1 diabetes. After the
administration of resveratrol (10 and 20 mg/kg po for 4 weeks), the oxidative stress markers in
the lens were evaluated: activity of superoxide dismutase, catalase and glutathione peroxidase,
as well as levels of total and soluble protein, level of glutathione, vitamin C, calcium, sulfhydryl
group, advanced oxidation protein products, malonyldialdehyde, Total Oxidant Status and Total
Antioxidant Reactivity. The obtained results indicate that the administration of resveratrol to the
diabetic rats shows antioxidative properties. It is not a result of antiglycaemic activity but resveratrol
probably directly affects the antioxidative system. Resveratrol did not affect the polyol pathway in
the lens of diabetic rats. Our results may indirectly indicate benefits of consumption of foods as well
as dietary supplements containing resveratrol in diminishing oxidative stress in lenses of individuals
suffering from diabetes mellitus.

Keywords: diabetes; oxidative stress; polyol pathway; rats; resveratrol; streptozotocin; lens

1. Introduction

Resveratrol (3,4′,5-trihydroxy-stilbene) is a polyphenolic compound discovered in 1939. The first
part of its name ‘res’ means that this compound is a derivative of resorcinol (benzene-1,3-diol)
and the ‘veratrol’ part indicates the white hellebore—Veratrum grandiflorum (Maxim. ex Miq.)
O.Loes.—the plant in which roots resveratrol was found for the first time. Resveratrol occurs in
many plants such as apples, blueberries, mulberries, peanuts, pistachios, plums, raspberries and
soy. The highest concentrations of this stilbene were found in the dried roots and rhizomes of
Japanese knotweed—Reynoutria japonica Houtt. synonyms Fallopia japonica (Houtt.) Ronse Decr.,
Polygonum cuspidatum Siebold & Zucc.—which are used in a form of tea in Traditional Chinese
Medicine. In Europe, its main sources are dark varieties of grapes (Vitis vinifera L.) and red wines,
containing roughly 3- to 10-fold more resveratrol than white grape varieties or white wines. Resveratrol
can be synthesized in larger amounts by plants in response to pathogens and abiotic stress [1].
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It has been shown, in both experimental and clinical studies, that resveratrol reveals many
beneficial effects. It may prevent cardiovascular diseases, neurological disorders, diabetes, obesity,
non-alcoholic fatty liver disease, lung dysfunction in asthma, aging and cancer. Moreover, it also
has a favourable effect on bone homeostasis and skeletal muscle atrophy [1,2]. There are also reports
describing the potential role of resveratrol in prevention or treatment of some ocular impairments such
as age-related macular degeneration, cataract, glaucoma, diabetic retinopathy, thyroid eye disease
or retinopathy of prematurity. It may also inhibit the growth of uveal melanoma or retinoblastoma.
The positive effect of this stilbene on the eye structures is connected mostly with its anti-oxidative,
anti-apoptotic, anti-inflammatory, anti-angiogenic and vasodilatative activities [3–12].

The scientific literature indicates that there is a link between diabetes mellitus, oxidative stress
and cataract formation. Long-term hyperglycaemia leads to overproduction of reactive oxygen
species (ROS) in mitochondria and in results in the imbalance between ROS and endogenous defence
mechanisms. Protein oxidation in the lens leads to an accumulation of insoluble aggregates and light
scattering by lens opacity [13–15]. In diabetic patients, there is a higher risk of cataract development
than in healthy people of the same age. What is more, cataract is more likely to develop earlier in
diabetic patients than in healthy people [15]. There is also a higher complication rate in diabetic
patients undergoing cataract surgery [16].

Resveratrol is proven to be a potent antioxidant. Its antiradical and antioxidative activity results
from its structure. Antioxidative properties of polyphenols depend mainly on the redox properties
of the hydroxyl groups in phenolic moieties and the potential for electron delocalization across their
chemical structure. In resveratrol’s structure, there are two phenolic rings: monophenol and diphenol,
while an abstraction of a hydrogen atom from monophenolic hydroxyl group occurs rather easily.
Moreover, resveratrol also has three hydroxyl groups, which play important role in radical scavenging,
since it was reported, that antioxidant activity increases along with the number of –OH groups.
These hydroxyl groups also help resveratrol to chelate metals, which is also an important feature in
the prevention of ROS generation [17].

As hyperglycaemia may result in the development of cataract via oxidative stress, it seems to be
reasonable to examine, whether dietary antioxidants may be helpful in the prevention or delaying of
its onset. Therefore, the main goal of this study was to investigate if resveratrol administered orally at
the doses of 10 and 20 mg/kg affects oxidative-stress related changes in the lens of diabetic rats.

2. Materials and Methods

2.1. Experiment Design, Animals and Diabetes Induction

The study was conducted with the approval of the Local Ethics Committee in Katowice, Poland
(approval no. 36/2015).

Mature (3-month-old) Wistar male rats were provided by the Centre of Experimental Medicine
at the Medical University of Silesia. The rats were divided into 4 experimental groups (n = 8–9):
C—control, healthy rats, D—control diabetic rats, D+R10—diabetic rats treated orally with resveratrol
at a dose of 10 mg/kg and D+R20—diabetic rats treated orally with resveratrol at a dose of 20 mg/kg.
In the D, D+R10 and D+R20 groups of rats, diabetes was induced by a single intraperitoneal injection
of streptozotocin (60 mg/kg) [18,19]. Streptozotocin was prepared as a solution in 0.1 M citric buffer,
pH = 4.5. The C group received a single injection only with citric buffer. 14 days after streptozotocin
injection, blood glucose level was measured with the MicroDot glucometer. The rats in which blood
glucose level exceeded 200 mg/dL were classified to the further stage of the experiment. Resveratrol
suspension in water was administered orally for 4 weeks to the D+R10 and D+R20 groups via
intragastric tube, once a day. The rats in the C and D groups received only water. To ensure the
proper dose of resveratrol, the rats were weighted at the whole time of the experiment. Moreover,
body mass was recorded at the day of STZ injection (initial body mass), after 2 weeks from STZ
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injection (start body mass) and after 4 weeks of resveratrol and water administration (final body mass).
The difference between final and start body mass represents body mass gain.

After 4 weeks of resveratrol administration, the rats were euthanized by injection of ketamine
+ xylazine mixture and cardiac exsanguination. The collected blood was centrifuged in order to
obtain the serum. In the serum, the glucose and fructosamine levels were assessed. The lenses were
extracted from the eyeball, weighted, then homogenized in the PBS buffer (10% v/w). In the total
homogenate, the total protein level and malondialdehyde level was assayed. Remaining homogenate
was centrifuged (4 ◦C, 15 min, 10,000× g), the supernatant was collected, divided into parts and frozen
until use.

2.2. Glucose and Fructosamine Concentration in the Serum

The assessment of serum glucose and fructosamine concentrations was carried out using the
commercially available kits (Glucose kit no. 11504, Fructosamine kit no. 11043; BioSystems S.A.,
Barcelona, Spain).

2.3. Enzymes and Sugars Related to Polyol Pathway in the Lens

Aldose reductase (AR) activity was evaluated according to the procedure described by Patel et al.:
phosphate buffer (pH 6.2) and NADPH solution were added to the lens homogenates. The reaction
was initiated by addition of D,L-glyceraldehyde. The plate was read for 5 min at 340 nm [20]. Sorbitol
dehydrogenase activity was analysed using QuantiChrom™ Sorbitol Dehydrogenase Assay Kit (kit no.
DSDH-100; BioAssay Systems, Hayward, CA, USA). Glucose and fructose concentrations were assessed
using BioSystems kits (Glucose kit no. 11504, Fructose kit no. 23794) and sorbitol concentration was
measured with EnzyChrom™ Sorbitol Assay Kit (kit no. ESBT-100; BioAssay Systems).

2.4. Total and Soluble Protein in the Lens

Estimation of total and soluble protein content was carried out as described in Lowry [21]:
the mixture of 2% Na2CO3 solution in 0.1 M NaOH, 1% CuSO4 and 2% potassium-sodium tartrate
was added to the aliquot of the homogenate. After 10 min, the Folin-Ciocalteu reagent was added and
after 30 min of incubation, 200 μL of the mixture was transferred into the 96-well plate, then read at
750 nm. The standard curve was prepared with bovine serum albumin.

2.5. Advanced Glycation End Products and Total Sulfhydryl Groups in the Lens

Evaluation of advanced glycation end products (AGEs) content was conducted with OxiSelect™
Competitive ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA). Total sulfhydryl groups (-SH groups)
content was estimated basing the protocol described by Ellmann: a phosphate buffer (pH 8.0) and
DTNB reagent were added to the samples and after colour development, the reaction was read at
412 nm. Obtained results were calculated with the use of extinction coefficient = 13,600/M/cm [22].

2.6. Enzymatic Oxidative Stress Parameters in the Lens

Superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) activity was
assayed using Cayman kits (SOD kit no. 706002, CAT kit no. 707002. GPx kit no. 703102; Cayman
Chemicals, Ann Arbor, MI, USA).

2.7. Non-Enzymatic Oxidative Stress Parameters Content in the Lens

Reduced glutathione (GSH) content was measured according to the method described by Sedlak
and Lindsay: the homogenates 10% trichloroacetic acid was added to the homogenates in order to
deprotein the samples. After centrifuging, the obtained supernatants were collected and transferred to
the 96-well plate, then the phosphate buffer (pH 8.0) and 0.01 M DTNB were added. GSH standard
was used as a reference. The reaction was measured at 412 nm [23]. Vitamin C level was assessed
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basing the Jagota and Dani method, in which trichloroacetic acid is used to deprotein the samples
and acidify the reaction environment. In low pH, Folin-Ciocalteu reagent reacts specifically with
vitamin C [24]. Advanced oxidation protein products (AOPP) estimation was conducted according
to the protocol described by Witko-Sarsat et al. 1.16 M solution of potassium iodide and glacial
acetic acid were added to the samples. The samples were read at 340 nm with chloramine-T used
as a reference [25]. As a marker for lipid peroxidation malondialdehyde (MDA) was examined as
described in Ohkawa et al. To the probes following reagents were added: 8.1% SDS, 20% acetic acid
and 0.8% TBA. After thorough mixing, the mixture was heated for 60 min in boiling water. Afterwards,
the probes were cooled and the mixture of pyridine with n-butanol was added. Probes were mixed
and centrifuged at 4000× g for 5 min. Obtained supernatants were transferred to the 96-well plate
and measured at 532 nm with 1,1,3,3-tetraethoxypropane used as a reference [26]. Calcium level was
estimated with the Pointe Sci. kit (kit no. C7503, Pointe Scientific, Canton, MI, USA).

2.8. Total Oxidant Status and Total Antioxidant Response in the Lens

Total Oxidant Status (TOS) was assayed as described by Erel: to the probes the reagent 1 (consisted
of mixture of 150 μM xylenol orange, mM NaCl 140 and 1.35 M glycerol in 25 mM H2SO4) and reagent
2 (5 mM ferrous ion and 10 mM o-dianisidine in 25 mM H2SO4) were added. The first absorbance
(at 560 nm and 800 nm as reference) was taken before the mixing of reagents 1 and 2 and the last
absorbance was taken after 4 min of mixing probes with reagent 2. The standard curve was prepared
with H2O2 [27]. Total Antioxidant Response (TAR) estimation was conducted following the Erel
protocol: the probes were mixed with reagent 1 (10 mM o-dianisidine, 45 μM ferrous ion in the 75 mM
Clark and Lubs solution, pH 1.8) and with reagent 2 (7.5 mM H2O2 in the Clark and Lubs solution).
Similarly like in TOS method, the first absorbance (at 444 nm) was taken before the mixing of reagents
1 and 2 and the last absorbance was taken after 4 min of mixing probes with reagent 2. The standard
curve was prepared with Trolox [28]. Results obtained from TOS and TAR were used to calculate the
TAR/TOS ratio.

2.9. Results Analysis

All measurements were conducted in microplate reader Tecan Infinite M200 PRO with Magellan
7.2 Software. Obtained results were subjected to statistical analysis with one-way ANOVA followed
with Tukey post-hoc test in Statistica 10 Software (StatSoft, Tulsa, OK, USA). All results are presented
as arithmetical mean ± SEM. Results were considered statistically significant if p-value < 0.05.

3. Results

3.1. Effect of Resveratrol on the Body Mass and Lens Mass in Diabetic Rats

In the non-diabetic animals (C group), the initial body mass was 281.2 ± 3.8 g. After 2 weeks
of the experiment, the body mass (start body mass) was 312.8 ± 5.9 g. After the following 4 weeks,
the final body mass in C rats was 344.9 ± 5.5 g. In the control diabetic rats (D group), 2 weeks after
the administration of streptozotocin (STZ), the body mass (start body mass) was lower (p < 0.001)
in comparison with the result obtained in C rats. The final body mass (after a further 4 weeks) was
lower (p < 0.001) when compared to the C rats. In the diabetic rats receiving resveratrol at a dose of
10 mg/kg (D+R10) and 20 mg/kg (D+R20), the final body mass was similar to that observed in the D
rats (Table 1).

The mass of the lens in the D, D+R10 and D+R20 groups was significantly lower (p < 0.001)
as compared to the C group. No significant changes were noted in D+R10 or D+R20 groups when
compared to the D group (Table 1).
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Table 1. Effect of resveratrol on the body mass, lens mass, blood glucose concentration and blood
fructosamine concentration in diabetic rats.

Parameter/Group C D D+R10 D+R20

Initial body mass (g) 281.2 ± 3.8 283.2 ± 6.2 282.0 ± 3.7 276.6 ± 5.5
Start body mass (g) 312.8 ± 5.9 250.2 ± 8.7 *** 239.4 ± 4.9 *** 242.8 ± 6.6 ***
Final body mass (g) 344.9 ± 5.5 228.2 ± 10.9 *** 212.2 ± 5.7 *** 228.1 ± 7.4 ***
Body mass gain (g) 32.1 ± 2.8 −22.0 ± 5.1 *** −27.2 ± 4.9 *** −14.7 ± 3.5 ***

Lens mass (mg) 47.2 ± 0.5 42.9 ± 1.7 *** 42.8 ± 0.4 *** 43.7 ± 0.5 ***
Glucose in the blood (mg/dL) 141.4 ± 11.0 641.9 ± 28.6 *** 613.9 ± 55.5 *** 641.7 ± 51.6 ***

Fructosamine in the blood (μmol/L albumin) 275.1 ± 8.1 498.4 ± 21.3 *** 489.7 ± 19.4 *** 471.5 ± 54.7 **

C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol (10 mg/kg po for 4 weeks);
D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks). Results are presented as means ± SEM
(n = 8–9). ** p < 0.01, *** p < 0.001—statistically significantly different from the C group.

3.2. Effect of Resveratrol on the Blood Glucose Concentration and Blood Fructosamine Concentration

Before STZ injection, the blood glucose concentration in all groups of rats was between 103 and
141 mg/dL (below 200 mg/dL). 2 weeks after STZ injection, the blood glucose concentration in the
D, D+R10 and D+R20 groups exceeded the 200 mg/dL concentration and even reached values above
600 mg/dL. After 4 weeks of resveratrol administration, there were no significant changes with regard
to this parameter in the D+R10 and D+R20 groups (Table 1).

In comparison with the C rats, in the D rats an increase of the fructosamine concentration in blood
(p < 0.001) was observed. No statistically significant changes between D+R10, D+R20 and D groups
were noted (Table 1).

3.3. Effect of Resveratrol on Polyol Pathway in the Lens of the Diabetic Rats

In the D rats, the lens glucose concentration was higher (p < 0.001), in comparison with the C rats.
In the diabetic rats receiving resveratrol, the lens glucose concentration was similar to that observed in
the D rats (Table 2).

Table 2. Effect of resveratrol on polyol pathway and the advanced glycation end products (AGEs)
content and sulfhydryl groups (-SH groups) content in lens in diabetic rats.

Parameter/Group C D D+R10 D+R20

Glucose in the lens (mg/g lens) 0.16 ± 0.03 0.83 ± 0.07 *** 1.02 ± 1.00 *** 0.80 ± 0.07 ***
Sorbitol (μmol/g lens) 1.26 ± 0.05 30.10 ± 0.47 *** 29.42 ± 0.70 *** 30.73 ± 0.66 ***

Fructose in the lens (μmol/g lens) 0.08 ± 0.01 0.13 ± 0.01 *** 0.14 ± 0.01 *** 0.13 ± 0.01 ***
Aldose reductase (nmol/min/mg protein) 0.085 ± 0.003 0.107 ± 0.008 * 0.102 ± 0.003 ** 0.109 ± 0.005 *
Sorbitol dehydrogenase (μU/mg protein) 1.94 ± 0.18 3.01 ± 0.34 * 2.33 ± 0.14 2.67 ± 0.15 *

AGEs (μg/g lens) 5.80 ± 0.32 10.17 ± 0.29 *** 10.30 ± 0.12 *** 9.94 ± 0.50 ***
-SH groups (nmol/g lens) 3.63 ± 0.13 3.09 ± 0.15 3.38 ± 0.20 3.91 ± 0.34

C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol (10 mg/kg po for 4 weeks);
D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks). Results are presented as means ± SEM
(n = 8–9). * p < 0.05, ** p < 0.01, *** p < 0.001—statistically significantly different from the C group.

The sorbitol and the fructose concentration in the lens was higher (p < 0.001 and p < 0.001,
respectively) in the lens of the D rats, as compared to the C rats. No significant changes were observed
in the sorbitol and fructose concentration after administration of resveratrol in diabetic rats (D+R10,
D+R20 groups) when compared to the D rats (Table 2).

There was an increase of the aldose reductase activity and the sorbitol dehydrogenase activity
in the lens of the D rats (p < 0.05) in comparison with the C rats. In the D+R10 and D+R20 groups,
the activity of these enzymes was similar to those observed in the D rats (Table 2).

46



Nutrients 2018, 10, 1423

3.4. Effect of Resveratrol on the Advanced Glycation End Products (AGEs) Content and Sulfhydryl Group (-SH
Groups) Content in the Lens of the Diabetic Rats

In comparison with the C rats, in the D rats an increase of the AGEs content in the lens was
observed (p < 0.001). No significant changes were observed in the AGEs content after administration
of resveratrol in diabetic rats (D+R10, D+R20 groups) when compared to the D rats (Table 2).

The -SH groups content in the lens of the D rats was lower, as compared to the C rats
(not statistically significant). In the diabetic rats which received resveratrol (D+R10, D+R20 groups),
the -SH groups content was similar to that observed in the C rats. When compared to the D group, in the
D+R10 and D+R20 groups, the -SH groups content was elevated. The changes were not statistically
significant (Table 2).

3.5. The Effect of Resveratrol on the Total and Soluble Protein Content in the Lens of the Diabetic Rats

No significant changes were observed in the total protein content after diabetes induction in rats
(D group) as compared to the C rats. In the diabetic rats which received resveratrol (D+R10 and D+R20
groups), the total protein content was similar to that observed in the D and C rats (Table 3).

Table 3. Effect of resveratrol on the total and soluble protein content in the lens in diabetic rats.

Parameter/Group C D D+R10 D+R20

Total protein (mg/g lens) 563.2 ± 33.2 536.4 ± 43.6 511.5 ± 13.4 559.8 ± 26.9
Soluble protein (mg/g lens) 443.8 ± 8.4 408.5 ± 13.9 * 453.5 ± 8.6 ˆ 428.0 ± 12.0

C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol (10 mg/kg po for 4 weeks);
D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks). Results are presented as means ± SEM
(n = 8–9). * p < 0.05 – statistically significantly different from the C group. ˆ p < 0.05 – statistically significantly
different from the D group.

In the D group, the soluble protein content in the lens was lower (p < 0.05) in comparison with
the C rats. The administration of resveratrol to the diabetic rats resulted in an increase of the soluble
protein content in the D+R10 group (p < 0.05) and in the D+R20 group (not statistically significant)
when compared to the D rats, while no changes in this parameter were recorded in comparison with
the C group (Table 3).

3.6. Effect of Resveratrol on the Enzymatic Oxidative Stress Parameters in the Lens of the Diabetic Rats

The SOD activity in the lens of the D rats was higher (p < 0.001) in comparison with the C rats.
When compared to the C group, an activity of the SOD was elevated in the D+R10 group and D+R20
group (p < 0.05) but administration of resveratrol at both the doses led to a decrease (p < 0.01 and
p < 0.05, respectively) in this parameter as compared to the D group (Figure 1).

 

Figure 1. Effect of resveratrol administration on the superoxide dismutase (SOD) activity in the lens of
the diabetic rats. C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol
(10 mg/kg po for 4 weeks); D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks). Results
are presented as means ± SEM (n = 8–9). * p < 0.05, *** p < 0.001—statistically significantly different from
the C group. ˆ p < 0.05, ˆˆ p < 0.01—statistically significantly different from the D group.
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In comparison with the C rats, in the D rats an increase of the CAT activity in the lens was
observed (p < 0.001). In the D+R10 and D+R20 groups, there was a decrease of the CAT activity when
compared to the D rats (not statistically significant) and an increase in this parameter when compared
to the C rats (p < 0.05 and p < 0.01, respectively) (Figure 2).

 
Figure 2. Effect of resveratrol administration on the catalase (CAT) activity in the lens of the diabetic rats.
C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol (10 mg/kg
po for 4 weeks); D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks). Results are
presented as means ± SEM (n = 8–9). * p < 0.05, ** p < 0.01, *** p < 0.001—statistically significantly
different from the C group.

The activity of GPx in the lens was insignificantly higher in the D rats than in the C rats. When
compared to the D group, in the D+R10 and D+R20 groups, activity of the GPx was decreased (p < 0.05
in D+R10). No statistically significant changes between D+R10, D+R20 and C groups were noted
(Figure 3).

 
Figure 3. Effect of resveratrol administration on the glutathione peroxidase (GPx) activity in the lens
of the diabetic rats. C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving
resveratrol (10 mg/kg po for 4 weeks); D+R20—diabetic rats receiving resveratrol (20 mg/kg po for
4 weeks). Results are presented as means ± SEM (n = 8–9). ˆ p < 0.05 – statistically significantly different
from the D group.

3.7. Effect of Resveratrol on the Non-Enzymatic Oxidative Stress Parameters Content in the Lens of the
Diabetic Rats

In the lens of the D rats the content of GSH and vitamin C was lower (p < 0.001 and p < 0.05,
respectively) in comparison with the C rats. Administration of resveratrol to the diabetic rats did not
affect these parameters when compared to the D rats (Table 4).

In the lens of the D rats, the content of calcium was higher (p < 0.05) in comparison with the C
rats. Administration of resveratrol at both doses did not affect the content of calcium when compared
to the D rats. In comparison with the C group, in the D+R10 and D+R20 groups, this parameter was
higher (p < 0.01 and not statistically significant, respectively) (Table 4).

48



Nutrients 2018, 10, 1423

Table 4. Effect of resveratrol on the glutathione (GSH), vitamin C and calcium content in the lens in
diabetic rats.

Parameter/Group C D D+R10 D+R20

GSH (μmol/g lens) 4.10 ± 0.61 0.78 ± 0.13 *** 0.75 ± 0.11 *** 0.74 ± 0.10 ***
Vitamin C (μg/g lens) 7.69 ± 0.05 7.17 ± 0.02 * 7.20 ± 0.02 * 7.21 ± 0.06 *
Calcium (μg/g lens) 42.6 ± 2.1 53.8 ± 3.1 * 60.3 ± 2.5 ** 50.4 ± 4.9

C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol (10 mg/kg po for 4 weeks);
D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks). Results are presented as means ± SEM
(n = 8–9). * p < 0.05, ** p < 0.01, *** p < 0.001 – statistically significantly different from the C group.

In the D rats the AOPP content in the lens was higher (p < 0.05) as compared to the C rats.
In comparison with the D rats, in the D+R10 and D+R20 groups, this parameter was lower (p < 0.05
and p < 0.001, respectively) and lower in comparison with the C group too (not statistically significant)
(Figure 4).

 

Figure 4. Effect of resveratrol administration on the advanced oxidation protein products (AOPP)
content in the lens of the diabetic rats. C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic
rats receiving resveratrol (10 mg/kg po for 4 weeks); DR20—diabetic rats receiving resveratrol
(20 mg/kg po for 4 weeks). Results are presented as means ± SEM (n = 8–9). * p < 0.05—statistically
significantly different from the C group. ˆ p < 0.05, ˆˆˆ p < 0.001—statistically significantly different from
the D group.

The MDA content was higher (p < 0.001) in the lens of the D rats than in the C rats. Administration
of resveratrol at both doses resulted in a decrease of the MDA content (p < 0.05) when confronted with
the D group. In comparison with the C rats, in the D+R10 and D+R20 groups, this parameter was
higher (not statistically significant) (Figure 5).

 

Figure 5. Effect of resveratrol administration on the malondialdehyde (MDA) content in the lens of the
diabetic rats. C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol
(10 mg/kg po for 4 weeks); D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks).
Results are presented as means ± SEM (n = 8–9). *** p < 0.001—statistically significantly different from
the C group. ˆ p < 0.05—statistically significantly different from the D group.
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3.8. Effect of Resveratrol on the Total Antioxidant Reactivity (TAR) Total Antioxidant Reactivity (TAR) and
Total Oxidant Status (TOS) in the Lens of the Diabetic Rats

In the D rats the TAR in the lens was lower as compared to the C rats (not statistically significant).
In comparison with the D rats, in the D+R10 and D+R20 groups, this parameter was higher and higher
in comparison with the C group too (not statistically significant) (Figure 6).

 
Figure 6. Effect of resveratrol administration on the Total Antioxidant Response (TAR) in the lens
of the diabetic rats. C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving
resveratrol (10 mg/kg po for 4 weeks); D+R20—diabetic rats receiving resveratrol (20 mg/kg po for
4 weeks). Results are presented as means ± SEM (n = 8–9).

The TOS in the lens of the D rats was not statistically significantly higher, as compared to the
C rats. When compared to the C group, in the D+R10 group and D+R20 group (p < 0.01), TOS was
reduced and administration of resveratrol at both doses led to the decrease (p < 0.05 and p < 0.001,
respectively) in this parameter, when compared to the D group (Figure 7).

 

Figure 7. Effect of resveratrol administration on the Total Oxidant Status (TOS) in the lens of the
diabetic rats. C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol
(10 mg/kg po for 4 weeks); D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks).
Results are presented as means ± SEM (n = 8–9). ** p < 0.01—statistically significantly different from
the C group. ˆ p < 0.05, ˆˆˆ p < 0.001—statistically significantly different from the D group.

The TAR/TOS ratio in the lens was not statistically significantly lower in the D rats than in the C
rats. When compared to the C group, in the D+R10 and D+R20 groups TAR/TOS ratio was elevated
(not statistically significantly and p < 0.05, respectively). Administration of resveratrol at both doses
resulted in an increase of the TAR/TOS ratio (p < 0.01 and p < 0.001, respectively), when confronted
with the D group (Figure 8).

No statistically significant changes between the D+R10 and D+R20 group in the all parameters
were reported.
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Figure 8. Effect of resveratrol administration on the TAR/TOS ratio in the lens of the diabetic rats.
C—control, non-diabetic rats; D—diabetic rats; D+R10—diabetic rats receiving resveratrol (10 mg/kg
po for 4 weeks); D+R20—diabetic rats receiving resveratrol (20 mg/kg po for 4 weeks). Results are
presented as means ± SEM (n = 8–9). * p < 0.05—statistically significantly different from the C group.
ˆˆ p < 0.01, ˆˆˆ p < 0.001—statistically significantly different from the D group.

4. Discussion

Diabetes mellitus (DM) is a disease characterized by chronic hyperglycaemia and disturbances
of carbohydrate, fat and protein metabolism resulting from an absolute or relative deficiency of
insulin. Increased oxidative stress is thought to play an important role in the pathogenesis of
diabetic complications, as supported by increased levels of oxidized DNA, proteins and lipids.
The induction of oxidative stress in DM can result from multiple mechanisms both non-enzymatic and
enzymatic mechanisms.

In our study, the standard model of type 1 diabetes induced by streptozotocin was used [18,19].
We have noted, that an induction of type 1 diabetes in rats resulted in an increased blood glucose
concentrations, blood fructosamine concentrations, lens glucose concentration and a decrease in the
body mass of rats. This result overlaps with other studies conducted in diabetic rats [29–31].

It is known, that high glucose levels can stimulate oxidative stress by auto-oxidation of glucose
and via non-enzymatic process of advanced glycation end products (AGEs) formation. We observed
an increase of AGEs in the lens of rats with STZ-induced type 1 diabetes. An elevated lens AGEs level
in diabetic rats was also described elsewhere [29,32]. Scientific evidences indicate that accumulation of
AGEs in lens leads to accelerated cataractogenesis in hyperglycaemic experimental animals as well as
in humans [33,34].

Another important mechanism whereby high glucose levels can induce oxidative stress is the
polyol pathway. In our study, activation of the polyol pathway results in an increase of the sorbitol and
fructose content in the lens of diabetic. This fact may be linked to an elevated glucose concentration in
this tissue. Excessive accumulation of sorbitol increases osmotic stress, along with cross-linking with
proteins of the lens by non-enzymatic glycosylation, promoting the formation of high molecular weight
insoluble proteins which are responsible for the loss of transparency of the lens [35,36]. We have also
noted an increased activity of polyol pathway enzymes—sorbitol dehydrogenase and aldose reductase.

We assume that lower body mass of rats with diabetes is associated with lower lens mass.
These results also overlap with previous reports [30,31,37]. In the present study, the reason of the
decrease in the lens mass was not a protein impoverishment because the total content of protein in the
lens of the diabetic rats was the same as that in the non-diabetic rats. However, induction of diabetes
in rats caused a decrease of content of soluble protein in the lens. This observation is confirmed by
other studies [30,31]. Crystallins, soluble proteins of the lens, are important for the maintenance of
lens transparency and the prevention of cataracts.
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In the course of diabetes, the formation of protein aggregates in lens results from a decrease of
sulfhydryl groups content in protein [38]. Similarly, in our study, we report a decrease of sulfhydryl
groups content in the lens of rats with diabetes.

It has been well established that an increase of AOPP content is related to numerous different
pathological states, underlined directly by oxidative stress, including diabetes [34]. AOPP content has
increased in the lens in our study.

There are several reports in the literature demonstrating the elevated content of malondialdehyde
(final products of polyunsaturated fatty acids peroxidation) in the lens [31] and other tissues [39–46] in
STZ-induced diabetes in rats. The results of the present study are also in line with the previous reports.

Endogenous antioxidative mechanisms include both enzymatic and non-enzymatic processes.
Two antioxidants (GSH and vitamin C) are fundamentally important for scavenging and correcting
any damage due to ROS in the lens [47]. We observed, that GSH content and vitamin C content were
reduced in the lens of diabetic rats. This result overlaps with other studies conducted on the lens of
diabetic rats [29–31].

Some of the principal components of the oxidative defence system include SOD, CAT and GPx.
Numerous previous studies indicate that changes in the activity of these enzymes are one of the major
causes of diabetic cataractogenesis due to the imbalance between free radicals and antioxidants [35].
In the present study, oxidative stress in the lens of diabetic rats intensified antioxidant response by an
increase of activity of SOD, CAT and GPx. These findings are in agreement with previous studies in
diabetic animal [30,31,35,37].

Proper lens calcium concentration provides transparency of this tissue and its increase is associated
with both human and animal lens opacification [29,48]. Likewise, in our study, we noted an elevated
calcium concentration in the lens of diabetic rats.

In this study, the presence of oxidative stress in the diabetic lens was evidenced by the increased
TOS and a decrease in TAR together with a reduction in TAR/TOS ratio. Many researchers have
confirmed the changes of parameters of oxidative stress in the lens in the animal model of diabetes,
thus indicating the contribution of ROS in the pathogenesis of lens opacity [35,49,50].

Resveratrol, as a dietary stilbene, is present in many plant-derived products (products made from
grapes, soybeans, apples, blueberries, mulberries, peanuts, pistachios, plums, raspberries) and dietary
supplement. In the present study, we examined, for the first time, the effect of orally administered
resveratrol at the doses of 10 and 20 mg/kg on parameters of oxidative stress in vivo in the lens of the
rats with STZ-induced type 1 diabetes. No changes in action after using both doses of resveratrol were
observed. Doses of resveratrol were chosen based on the literature [38,42,44,45,51–54].

Administration of resveratrol did not influence the body mass and blood glucose and fructosamine
concentrations of the diabetic rats. Likewise, the use of resveratrol did not change an increased glucose
and fructose concentration in the lens of diabetic rats. Sorbitol content, as well as the activity of
sorbitol dehydrogenase and aldose reductase associated with polyol pathway in lens, were not altered
by resveratrol.

Since no effect on body mass, blood glucose concentration, blood fructosamine concentration,
glucose and fructose concentration in the lens, which was observed after resveratrol administration,
it can be presumed, that this stilbene shows no strict antidiabetic effect in this experimental model.
Varsha et al., Ates et al., Schmatz et al., Yu et al., Bagatini et al., Faid et al. have documented that
resveratrol administered to rats with streptozotocin-induced type 1 diabetes does not cause changes in
blood glucose concentrations and does not affect the body mass [29,39,42,43,51,55]. Other studies have
demonstrated that resveratrol decreases blood glucose in animals with hyperglycaemia [40,44,45,54].
Similarly, ambiguous results are obtained in humans [2,56,57].

However, despite the lack of effect of resveratrol on hyperglycaemia in our studies, we have
observed that this compound shows other beneficial effects in the lens of diabetic rats. Soluble protein
content and the sulfhydryl groups content were increased in the lens. To the best of our knowledge,
there is only one study of influence on sulfhydryl groups content after administration of resveratrol.
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Asadi et al. reported an increase of sulfhydryl groups content in the serum after the use of resveratrol
at the dose of 10 mg/kg for 30 days in rats with diabetes [38].

Furthermore, administration of resveratrol resulted in favourable changes in oxidative stress
parameters in the lens of the streptozotocin-induced diabetic rats. The studied substance also
normalizes an increased activity of basic enzymes taking part in oxidative stress id est SOD, CAT and
GPx. In diabetic rats, resveratrol used in doses from 5 to 20 mg/kg demonstrated beneficial effect
on SOD and CAT activity in blood [38], aorta [54], kidney [42,45], brain [44,46], corpus cavernosus
penis [43] and liver [42,54].

These findings are also confirmed by other oxidative stress-related parameters which were
assessed in the lens—AOPP and MDA content. Both parameters increased by diabetes induction
and decreased after administration of resveratrol. Doganay et al. triggered oxidative stress and
cataract in rat pups by injection of sodium selenite subcutaneously. Afterwards, the animals have been
receiving resveratrol for 21 days (40 mg/kg intraperitoneal). The researchers observed that resveratrol
suppressed lens opacification in rats. This protective effect was supported by lower MDA content in
lens [6]. In sugar-induced lens opacity ex vivo model, resveratrol showed a significant protective effect
preventing a decrease in transparency and formation of polyols in cattle lens [32]. Numerous scientific
reports indicate that MDA level decreases under the influence of resveratrol in different tissues of
diabetic rats: brain [39,41,44,46], liver [42,52,54], kidneys [40,42,45,53], corpus cavernosus penis [43].

Resveratrol does not influence GSH content in diabetic rats in our study. This is in line with
observations made by Sadi and Konat [41], who did not find an effect of resveratrol on GSH content in
the brain of diabetic rats.

In our study, we confirmed an indirect evidence for the antioxidant effect of resveratrol in the
diabetic lens by noting a significant decrease of TOS, as well as an increase of TAR and TOS/TAR ratio.
Administration of resveratrol to diabetic rats decreased TOS in the brain [41], blood [38], liver [52] and
increased TAR in the brain [52]. Among the different beneficial effects of resveratrol found in diabetes,
the ability of this compound to reduce oxidative stress seems to be best documented.

It can be concluded from our study that resveratrol shows antioxidative properties also in the lens
of diabetic rats. It is not a result of antiglycaemic activity but resveratrol probably directly affects the
antioxidative system. This conclusion might be confirmed by a fact of increasing defence antioxidant
system by resveratrol in different tissues of healthy animals. Venturini et al. demonstrated that
treatment with resveratrol administered to healthy rats at the dose of 20 mg for 21 days increases
antioxidant capacities in the brain of healthy rats (an increase of SOD activity in striatum and CAT
activity in the hippocampus, a decrease of MDA level in the striatum and frontal cortex) [46]. Faid et al.
also reported a raised antioxidant potential in testes of healthy animals as an effect of the increased
activity of SOD, CAT, GPx [55]. In another study, administration of resveratrol resulted in an increase
in antioxidant defence system, namely SOD and CAT activity and a decrease of MDA level in the liver
of normal rats [58].

Our results may indirectly indicate benefits of consumption of foods as well as dietary
supplements containing resveratrol in diminishing oxidative stress in lenses of individuals suffering
from diabetes mellitus. It requires further research.
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Abstract: The aim of this study was to compare the effects of mild energy restriction and resveratrol
on thermogenic and oxidative capacity in interscapular brown adipose tissue (IBAT) and in skeletal
muscle. Rats were fed a high-fat high-sucrose diet for six weeks, and divided into four experimental
groups fed a standard diet: a control group, a resveratrol-treated group, an energy-restricted
group and an energy-restricted group treated with resveratrol. Weights of IBAT, gastrocnemius
muscle and fat depots were measured. Activities of carnitine palmitoyltransferase (CPT) and
citrate synthase (CS), protein levels of sirtuin (SIRT1 and 3), uncoupling proteins (UCP1 and 3),
glucose transporter (GLUT4), mitochondrial transcription factor (TFAM), nuclear respiratory factor
(NRF1), peroxisome proliferator-activated receptor (PPARα) and AMP activated protein kinase
(AMPK) and peroxisome proliferator-activated receptor gamma coactivator (PGC1α) activation were
measured. No changes in IBAT and gastrocnemius weights were found. Energy-restriction, but not
resveratrol, decreased the weights of adipose depots. In IBAT, resveratrol enhanced thermogenesis
activating the SIRT1/PGC1α/PPARα axis. Resveratrol also induced fatty acid oxidation and glucose
uptake. These effects were similar when resveratrol was combined with energy restriction. In the case
of gastrocnemius muscle, the effects were not as clear as in the case of IBAT. In this tissue, resveratrol
increased oxidative capacity. The combination of resveratrol and energy restriction seemingly did not
improve the effects induced by the polyphenol alone.

Keywords: resveratrol; energy restriction; thermogenesis; high-fat high-sucrose diet; rat

1. Introduction

The phenomenon of adaptive thermogenesis, also known as non-shivering or facultative
thermogenesis, is a phenomenon characterized by heat production in response to environmental
temperature or diet [1]. It is mediated by the action of uncoupling proteins (UCPs), a type of protein
embedded in the inner mitochondrial membrane which uncouples the oxidative phosphorylation.
As a result, the proton gradient is dissipated and used to produce heat instead of synthetizing adenosine
triphosphate (ATP) [2]. In this regard, brown adipose tissue (BAT) has been identified as the main
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thermogenic tissue, due to its high content in mitochondria [3,4]. This tissue was thought to exist only
in small mammals and newborns, but the recent discovery of BAT in adult humans has reactivated the
interest of the scientific community in this tissue as a possible means of body weight management [5–7].

To produce heat, the lipids stored in BAT are firstly used as substrates [8] and then, in order to
maintain this thermogenic activity, triglycerides from circulation are used [9]. Moreover, circulating glucose
is also used by BAT as a substrate for thermogenesis [9]. As a result, both plasma triglyceride levels
as well as plasma glucose levels are decreased by BAT thermogenic activity [9]. All these observations
highlighted BAT as an interesting target-tissue for obesity and metabolic syndrome management.

Along with BAT, the other main thermogenic tissue in human body is skeletal muscle, which is
the largest organ of the human body and determines the basal metabolic rate [10,11]. UCP3 is the
characteristic uncoupling protein present in this tissue [12]. Although UCP3 was at first thought
to participate in thermogenesis and energy expenditure (as does its more abundant ortholog UCP1,
present in BAT), it has been proposed that its function is more related to glucose and fatty acid
metabolism [13,14].

As previously mentioned, diet is one of the main modulators of thermogenesis, mediating this
process in two different ways. It has been reported that macronutrient composition of the diet can
influence thermogenic activity in animal models not only in BAT, but also in skeletal muscle [15].
Moreover, a reduction in energy intake has also been related to thermogenesis regulation. In this regard,
while excess food intake (hyperphagia) has been related to increased thermogenesis (diet-induced
thermogenesis), reductions in UCP1 mRNA in BAT have been identified in conditions of food
scarcity [16].

In recent years interest in natural compounds with positive health effects has increased within
scientific community. One of these bioactive compounds, resveratrol (3,5,4′-trihydroxy-trans-stilbene),
a phenolic compound belonging to the stilbene group, has attracted a great deal of attention [17–19].
As reported by several authors, resveratrol is able to mimic the effects induced by dietary energy
restriction without reducing caloric intake [20,21]. In addition, many studies have described resveratrol
as a potential inducer of thermogenesis in rodent models fed obesogenic [22] or standard [23] diets.

In this context, the present study aimed to compare the effects of mild energy restriction and
resveratrol on thermogenic capacity of BAT and skeletal muscle, in terms of efficiency and mechanisms
of action. Moreover, the capacity of resveratrol to induce thermogenesis under energy restriction
feeding conditions was also studied.

2. Material and Methods

2.1. Animals, Diets and Experimental Design

The experiment was conducted using 36 six-week-old male Wistar rats (Harlan Ibérica, Barcelona,
Spain), and conducted in accordance with the University of the Basque Country’s Guide for the Care
and Use of Laboratory Animals (Reference protocol approval M20_2016_039). The rats, individually
housed in polycarbonate metabolic cages (Tecniplast Gazzada, Buguggiate, Italy), were placed in
a controlled air-conditioned room (22 ± 2 ◦C) with a 12-h light-dark cycle. After a 6-day adaptation
period, animals were fed a high-fat high-sucrose (HFHS) diet (OpenSource Diets, Lynge, Denmark;
Ref. D12451) for 6 weeks (45% of energy as fat, 13% of energy as sucrose and 4.7 kcal/g of energy)
(Table S1 A). After this period, the animals were fed over 6 additional weeks with a standard
semi-purified diet (OpenSource Diets, Lynge, Denmark; Ref. D10012G) which provided 3.9 kcal/g,
16% as fat, 64% as carbohydrates and 20% as protein (Table S1 B), and randomly distributed into four
experimental groups (n = 9): the control group (C), the resveratrol group (RSV), the restricted group
(R) and the combined group (RR) (Figure S1). The RSV group was treated with a dose of 30 mg/kg
body weight/day of resveratrol, the R group was submitted to a mild energy restriction of 15% of total
daily energy intake and the combined group was submitted to a mild energy restriction (15%) and
treated with resveratrol (30 mg/kg body weight/day). In the case of C and RSV groups, the animals
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had free access to food and water (ad libitum). The selected resveratrol dose was based on the previous
experience of our group [24]. In order to calculate the exact diet amount provided to the animals in the
restricted groups, the spontaneous food intake of the C group rats was taken into account.

Once the whole experimental period (12 weeks) was completed, animals from the four
experimental groups were sacrificed after an overnight fasting (12 h) under anesthesia (chloral hydrate)
by cardiac exsanguination. Interscapular BAT (IBAT), gastrocnemius muscles and white adipose tissue
depots from different anatomical locations (subcutaneous, mesenteric, perirenal and epididymal) were
dissected, weighed, and immediately frozen in liquid nitrogen. All the samples were stored at −80 ◦C
until analysis.

2.2. Enzyme Activities

The activity of carnitine palmitoyltransferase-1a and b (CPT-1a and CPT-1b) was measured
spectrophotometrically in the mitochondrial fraction of IBAT and gastrocnemius muscle, respectively.
Briefly, tissue samples (200 mg) were homogenized in 3 volumes (wt/vol) of buffer containing
10 mmol/L Tris-HCl, 1 mmol/L EDTA and 0.25 mol/L sucrose (pH 7.4), and then centrifuged
(700× g for 10 min at 4 ◦C). After this first centrifugation, the supernatants were collected and
centrifuged again (12,000× g for 15 min at 4 ◦C). The pellets were resuspended in resuspension buffer
(220 mmol/L mannitol, 70 mmol/L sucrose, 1 mmol/L ethylenediaminetetraacetic acid (EDTA) and
2 mmol/L 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 7.4), and the protein
content determined according to the Bradford method [25]. The activity of CPT-1a and CPT-1b was
measured by using the Bieber et al. method [26,27]. The activity of the enzyme was represented as
nanomoles CoA formed per minute, per milligram of protein.

In the case of citrate synthase (CS), activity was also assessed spectrophotometrically, following
the Srere method [27] by measuring the appearance of free CoA. Briefly, frozen IBAT and gastrocnemius
muscle samples (50 and 100 mg respectively) were homogenized in 25 vol (wt/vol) of 0.1 M Tris-HCl
buffer (pH 8.0). Homogenates were incubated for 2 min at 30 ◦C with 0.1 M Tris-HCl buffer containing
0.1 mM 5,5′-dithio-bis-[2-nitrobenzoic acid] (DTNB), 0.25 Triton X-100, 0.5 mM oxalacetate and 0.31 mM
acetyl CoA, and readings were taken at 412 nm. CS activity was expressed as nmol CoA formed per
minute, per milligram of protein. The protein content of the samples was determined by the Bradford
method [25], using bovine serum albumine as standard.

2.3. Western Blot

For sirtuin 1 and 3 (SIRT1 and SIRT3), AMP activated protein kinase (AMPK), glucose transporter
4 (GLUT4), mitochondrial transcription factor A (TFAM), uncoupling proteins 1 and 3 (UCP1 and
UCP3) and Tubulin, IBAT and gastrocnemius muscle samples (100 mg) were homogenized in
1000 μL of cellular phosphate buffer saline (PBS) (pH 7.4), containing protease inhibitors (100 mM
phenylmethylsulfonyl fluoride and 100 mM iodoacetamide). Homogenates were centrifuged at
800× g for 10 min at 4 ◦C. Protein concentration in homogenates was measured by Bradford
method (Bradford et al., 1976) using bovine serum albumin as standard. In the case of peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), nuclear respiratory factor 1 (NRF1),
peroxisome proliferator-activated receptor alpha and beta/delta (PPARα and PPARβ/δ) and histone
H3 (Histone H3), nuclear protein extraction were carried out with 100 mg of IBAT and gastrocnemius
muscle, as previously described [28].

Immunoblot analyses were carried out using 50 μg and 40 μg of IBAT and gastrocnemius muscle
total protein extracts (respectively), and 35 μg and 60 μg of IBAT and gastrocnemius muscle nuclear
protein extracts (respectively), separated by electrophoresis in precast 4–15% sodium dodecyl sulfate
(SDS)-polyacrylamide gradient gels (Bio-Rad, Hercules, CA, USA) and transferred to PVDF membranes
(Bio-Rad, Hercules, CA, USA). The membranes were then blocked with 5% caseine PBS-Tween buffer
for 2 h at room temperature. Subsequently, they were blotted with the appropriate antibodies overnight
at 4 ◦C. Protein levels were detected via specific antibodies (Table S2) for SIRT3 (1:500), UCP1 (1:500),
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UCP3 (1:500), TFAM (1:500), GLUT4 (1:5000), PPARβ/δ (1:500) (Santa Cruz Biotech, Dallas, TX,
USA), AMPK (1:1000), Tubulin (1:5000), Histone H3 (1:1000) (Cell Signaling Technology, Danvers,
MA, USA) and SIRT1 (1:1000), PGC1α (1:1000), NRF1 (1:1000), PPARα (1:1000) (Abcam, Cambridge,
UK). Afterward, polyclonal anti-mouse for SIRT3 (1:5000) (Santa Cruz Biotech, Dallas, TX, USA),
anti-goat for UCP1, UCP3, TFAM and GLUT4 (1:5000) (Santa Cruz Biotech, Dallas, TX, USA) and
anti-rabbit for SIRT1, AMPK, Tubulin, Histone H3, PGC1α, NRF1, PPARα and PPAR β/δ (1:5000)
(Santa Cruz Biotech, Dallas, TX, USA) were incubated for 2 h at room temperature, and the levels of
the aforementioned proteins were measured (Table S2). After antibody stripping, the membranes were
blocked and then incubated with phosphorylated AMPK (threonine 172, 1:1000), and acetylated lysine
(1:1000) (Cell Signaling Technology, Danvers, MA, USA) antibodies (Table S2). The bound antibodies
were visualized by an electrochemiluminescence (ECL) system (Thermo Fisher Scientific Inc., Rockford,
IL, USA) and quantified by a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA). Specific
bands were identified by using a standard loading buffer (Precision Plus protein standards dual color;
Ref. 161-0374 Bio-Rad).

2.4. Statistical Analysis

Results are presented as mean ± standard error of the mean (SEM). Statistical analysis was
performed using SPSS 21.0 (SPSS, Chicago, IL, USA). All the variables were normally-distributed
according to the Shapiro-Wilks test. Data were analyzed by one-way analysis of variance (ANOVA)
followed by the Newman–Keuls post hoc test. Significance was assessed at the p < 0.05 level.

3. Results

3.1. Body Weight, Food Intake, Adipose Tissue Weights, and Interscapular Brown Adipose Tissue (IBAT) and
Skeletal Muscle Weights

At the end of the whole experimental period, as expected, significantly lower body weights were
observed in the groups submitted to energy restriction (R and RR) compared with the C group with
no differences among them. In the case of the RSV group, body weight was similar to that found
in the C group [29]. In the same line, significantly lower food intakes were found in both restricted
groups (R and RR) compared with the C group, without differences between them [30]. When the
weights of the four white adipose depots were pooled, a similar pattern to that found in the body
weights, lower values in the restricted groups (R and RR) and no changes in the group treated with
resveratrol (RSV) were noted (Table 1). Finally, IBAT and gastrocnemious weights did not show
significant differences among the four experimental groups (Table 1).

Table 1. Weights of IBAT, gastrocnemius muscle and subcutaneous, perirenal, mesenteric and
epididymal adipose tissues of rats fed on the experimental diets for 6 weeks.

C RSV R RR ANOVA

IBAT (g) 0.76 ± 0.07 0.83 ± 0.03 0.83 ± 0.03 0.82 ± 0.06 NS
Gastrocnemius (g) 2.42 ± 0.03 2.65 ± 0.16 2.62 ± 0.10 2.60 ± 0.08 NS

Subcutaneous AT (g) 14.6 ± 1.1ab 15.2 ± 0.9a 12.0 ± 0.6bc 10.4 ± 0.6c (p < 0.01)
Perirenal AT (g) 14.6 ± 1.4a 13.6 ± 0.8a 8.7 ± 0.3b 9.3 ± 0.5b (p < 0.05)

Mesenteric AT (g) 3.9 ± 0.4ab 4.3 ± 0.1a 2.9 ± 0.3bc 268 ± 0.2c (p < 0.05)
Epididymal AT (g) 11.0 ± 0.9a 12.4 ± 0.2a 7.4 ± 0.5b 7.1 ± 0.5b (p < 0.01)

IBAT, interscapular brown adipose tissue; AT, adipose tissue. Values are mean ± standard error of the mean (SEM).
Differences among groups were determined by using one-way analysis of variance (ANOVA) followed by Newman
Keuls post-hoc test. Values not sharing a common letter are significantly different. NS: Not significant.

3.2. Enzyme Activities

Regarding CPT-1a in IBAT, significantly greater enzyme activities were observed in the three
treated groups when compared with the C group (p = 0.001 in RSV, p = 0.004 in R and p = 0.020 in RR),
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with no differences among them (Figure 1A). As far as gastrocnemius muscle is concerned, a statistically
significant increase in the activity of CPT-1b enzyme was observed in the groups supplemented with
resveratrol (RSV and RR) when compared with the C group (p = 0.017 and p = 0.023, respectively),
while in the case of the R group a non significant trend towards a greater activity (+19.1%; p = 0.065)
was observed (Figure 2A).

Figure 1. Activities of CPT-1a (A) and CS (B) in IBAT of rats fed an obesogenic diet for 6 weeks and
then shifted to a standard diet (C), or standard diet supplemented with resveratrol (RSV), or submitted
to energy restriction and fed a standard diet (R), or submitted to energy restriction and fed a standard
diet supplemented with resveratrol (RR) (n = 9/group) for additional 6 weeks. Values are represented
as means ± SEM. Differences among groups were determined by using one-way ANOVA followed
by Newman–Keuls post hoc test. Values not sharing a common letter are significantly different
(p < 0.05). CPT-1a: carnitine palmitoyltransferase-1a, CS: citrate synthase, IBAT: interscapular brown
adipose tissue.

Figure 2. Activities of CPT-1b (A) and CS (B) in gastrocnemius muscle of rats fed an obesogenic diet
for 6 weeks and then shifted to a standard diet (C), or standard diet supplemented with resveratrol
(RSV), or submitted to energy restriction and fed a standard diet (R), or submitted to energy restriction
and fed a standard diet supplemented with resveratrol (RR) (n = 9/group) for additional 6 weeks.
Values are represented as means ± SEM. Differences among groups were determined by using one-way
ANOVA followed by Newman–Keuls post hoc test. Values not sharing a common letter are significantly
different (p < 0.05). CPT-1b: carnitine palmitoyltransferase-1b, CS: citrate synthase.

In the case of the CS, RSV and RR groups, these showed a significantly increased enzyme activity
in IBAT when compared with the C group (p = 0.05 and p = 0.04, respectively) (Figure 1B). A trend
towards greater enzyme activities was appreciated in R group when compared with the C group
(+47.9%; p = 0.078) (Figure 1B). In gastrocnemius muscle, no changes in the activity of this enzyme
were found among the four experimental groups (Figure 2B).
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3.3. Western Blot Analysis in IBAT and Skeletal Muscle

In order to analyze the effects induced by resveratrol administration, energy restriction and
the combination on IBAT and skeletal muscle thermogenic capacities and fatty acid oxidation,
the expression or the activation of different proteins was analyzed (Figure 3).

 
Figure 3. Effects of resveratrol and energy restriction in thermogenesis and mitochondrial synthesis
pathways. RSV: resveratrol, ER: energy restriction, AMP: adenosine monophosphate, ATP: adenosine
triphosphate, NAD+: oxidized nicotinamide adenine dinucleotide, NADH: reduced nicotinamide
adenine dinucleotide, AMPK: AMP activated protein kinase, SIRT1: sirtuin 1, SIRT3: sirtuin 3, PGC1α:
peroxisome proliferator-activated receptor gamma coactivator 1-alpha, NRF1: nuclear respiratory factor
1, TFAM: mitochondrial transcription factor A, PPAR α: peroxisome proliferator-activated receptor
alpha, UCP: uncoupling protein.

In IBAT, increased UCP1 protein expression was found in the group supplemented with resveratrol
(RSV) in comparison with the C group (p = 0.03), as well as a tendency towards higher values in the
RR group (+49.9%; p = 0.10) and no changes in the R group (Figure 4). In order to determine the
molecular mechanisms underlying this effect, PGC1α, PPARα and SIRTs were studied. Decreased
PGC1α acetylation, and thus greater activation of this protein, was found in the RSV and RR groups
when compared with the C group (p = 0.02 and p = 0.03, respectively). In the case of R group,
a tendency towards lower acetylation (−29.5%; p = 0.06) was observed (Figure 5). Regarding PPARα,
although no differences in protein expression were found in the C group and the three treated groups,
trends towards increased expressions were appreciated (+43.6%; p = 0.055 in the RSV group, +59.3%;
p = 0.073 in the R group and +51.8%; p = 0.053 in the RR group) (Figure 5). Similarly, no significant
changes were observed among the four groups in SIRT1 protein expression, but trends towards
increased protein levels were found in the three treated groups when compared with the C group
(+37.6%; p = 0.057 in the RSV group, +49.6%; p = 0.094 in the R group and +45.7%; p = 0.065 in the
RR group) (Figure 4). As far as SIRT3 is concerned, greater protein levels were found in the three
treated groups when compared with the C group (p = 0.05 in RSV, p = 0.033 in R and p = 0.019 in RR),
with no differences among them (Figure 4). Finally, the phosphorylation ratio of threonine 172 residue
was measured in AMPK to analyze its activation status. The groups supplemented with resveratrol
(RSV and RR) showed greater phosphorylation ratios in comparison with the C group (p = 0.022 and
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p = 0.045, respectively), without differences between them. In the case of the R group, no significant
change in the phosphorylation ratio (and thus, in the activity) was found (Figure 4).

Figure 4. Protein levels of SIRT1, GLUT4, UCP1, SIRT3 and TFAM, and threonine 172 phosphorylation
ratio of AMPK in IBAT of rats fed an obesogenic diet for 6 weeks and then shifted to a standard
diet (C), or standard diet supplemented with resveratrol (RSV), or submitted to energy restriction
and fed a standard diet (R), or submitted to energy restriction and fed a standard diet supplemented
with resveratrol (RR) (n = 9/group) for additional 6 weeks. Values are represented as means ± SEM.
Differences among groups were determined by using one-way ANOVA followed by Newman–Keuls
post hoc test. Values not sharing a common letter are significantly different (p < 0.05). SIRT1: sirtuin 1,
GLUT4: glucose transporter 4, UCP1: uncoupling protein 1, SIRT3: sirtuin 3, TFAM: mitochondrial
transcription factor A, AMPK: AMP activated protein kinase, IBAT: interscapular brown adipose tissue.

Mitochondriogenesis is a process closely related to thermogenesis. Thus, proteins involved in
this process were also analyzed. Increased protein expressions of NRF1 were found in the RSV, R and
RR groups when compared with the C group (p = 0.04, p = 0.01 and p = 0.02, respectively), with no
differences among them (Figure 5). A similar pattern of response was observed in TFAM protein
levels (p = 0.04 in the RSV group, p = 0.02 in the R group and p = 0.04 in the RR group) (Figure 4).
In addition, GLUT4 protein level, a glucose transporter that provides with this energy substrate to
IBAT, was increased only in the groups supplemented with resveratrol (RSV and RR) (p = 0.048 and
p = 0.050, respectively) (Figure 4).
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Figure 5. Acetylation ratio of PGC1α and protein levels of NRF1 and PPARα in IBAT of rats fed an
obesogenic diet for 6 weeks and then shifted to a standard diet (C), or standard diet supplemented with
resveratrol (RSV), or submitted to energy restriction and fed a standard diet (R), or submitted to energy
restriction and fed a standard diet supplemented with resveratrol (RR) (n = 9/group) for additional
6 weeks. Values are represented as means ± SEM. Differences among groups were determined by
using one-way ANOVA followed by Newman–Keuls post hoc test. Values not sharing a common
letter are significantly different (p < 0.05). PGC1α: peroxisome proliferator-activated receptor gamma
coactivator 1-alpha, NRF1: nuclear respiratory factor 1, PPARα: peroxisome proliferator-activated
receptor alpha, IBAT: interscapular brown adipose tissue.

In the case of gastrocnemius muscle, no effects of the treatments were found in UCP3 protein
expression (Figure 6). Regarding PGC1α, significantly lower acetylation, and thus greater activation of
the protein, was observed in the RSV group in comparison to the C group (p = 0.03). In the case of
restricted groups, only trends towards lower acetylation status were appreciated (−34.7%; p = 0.053 in
R and −30.4%; p = 0.10 in RR) (Figure 7). Protein expressions of PPARβ/δ, SIRT1 and SIRT3 remained
unchanged (Figures 6 and 7). Similarly, lack of change was also found in NRF1, although a trend
towards increased protein expressions was appreciated in the groups submitted to energy restriction
when compared to the C group (+34.7%; p = 0.065 in the R group and +25.5%; p = 0.081 in the RR group)
(Figure 7). By contrast, greater protein expression of TFAM was observed in the three treated groups
in comparison with the C group (p = 0.04 in RSV group, p = 0.02 in the R group and p = 0.04 in the RR
group) (Figure 6). Finally, significantly greater activation of AMPK was only observed in the RR group
when compared with the C group (p = 0.024). In the case of the RSV and R groups, tendencies towards
an increased activation were found (+50.9%; p = 0.082 and +58.9%; p = 0.054, respectively) (Figure 6).
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Figure 6. Protein levels of SIRT1, UCP3, SIRT3 and TFAM, and threonine 172 phosphorylation ratio
of AMPK in gastrocnemius muscle of rats fed an obesogenic diet for 6 weeks and then shifted to
a standard diet (C), or standard diet supplemented with resveratrol (RSV), or submitted to energy
restriction and fed a standard diet (R), or submitted to energy restriction and fed a standard diet
supplemented with resveratrol (RR) (n = 9/group) for additional 6 weeks. Values are represented as
means ± SEM. Differences among groups were determined by using one-way ANOVA followed by
Newman–Keuls post hoc test. Values not sharing a common letter are significantly different (p < 0.05).
SIRT1: sirtuin 1, UCP3: uncoupling protein 3, SIRT3: sirtuin 3, TFAM: mitochondrial transcription
factor 1, AMPK: AMP activated protein kinase.
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Figure 7. Acetylation ratio of PGC1α and protein levels of NRF1 and PPARβ/δ in gastrocnemius
muscle of rats fed an obesogenic diet for 6 weeks and then shifted to a standard diet (C), or standard
diet supplemented with resveratrol (RSV), or submitted to energy restriction and fed a standard
diet (R), or submitted to energy restriction and fed a standard diet supplemented with resveratrol
(RR) (n = 9/group) for additional 6 weeks. Values are represented as means ± SEM. Differences
among groups were determined by using one-way ANOVA followed by Newman–Keuls post hoc
test. Values not sharing a common letter are significantly different (p < 0.05). PGC1α: peroxisome
proliferator-activated receptor gamma coactivator 1-alpha, NRF1: nuclear respiratory factor 1,
PPAR β/δ: peroxisome proliferator-activated receptor beta/delta.

4. Discussion

As indicated in the introduction, the interest of the scientific community in natural
bioactive compounds with beneficial health effects has been increasing in recent years. Regarding
resveratrol, positive effects on several prevalent diseases have been reported both in animals and
humans [19,31–34]. It is important to emphasize that, with regard to its effects on obesity and related
co-morbilities such as insulin resistance and liver steatosis, the vast majority of the reported studies
addressed in animal models have been carried out by using experimental designs in which resveratrol
was administered together with an obesogenic diet. Consequently, the beneficial effects observed
in these studies were related to the prevention of weight gain and metabolic alterations induced by
this dietary pattern. However, the applicability of such experimental design in humans is unlikely.
Indeed, for ethical reasons, it is not possible to recommend people to take resveratrol while they
maintain an inappropriate dietary pattern.

Bearing this in mind, we focused our interest on the potential beneficial effects of resveratrol
as a tool for obesity treatment. Thus, we assessed its effects on rats that had previously developed
overweight/obesity (induced by diet). For this purpose, two approaches were designed. In the first,
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once obesity induction had stopped resveratrol was administered, as the single tool to treat obesity,
together with a standard diet, while in the other resveratrol was combined with an energetically
restricted diet, which is the most commonly strategy used in obesity treatment

It is important to point out that, in the vast majority of the reported studies, energy restriction
ranges from 20% to 40%. In the present study a lower degree of restriction (15%) was chosen.
The reason was based on a previous study from our group [35]. In that study we looked for synergistic
effects between resveratrol, at a dose of 30 mg/kg of body weight/day, and 25% energy restriction.
We observed that the addition of resveratrol to the restricted diet did not lead to additional reductions
in fat mass or in serum insulin concentrations with regard to those produced by energy restriction
alone. We believed that one of the reasons that could explain this situation was that the effects caused
by energy restriction were strong enough to mask the potential positive effects ascribed to resveratrol.
Consequently, a lower degree of energy restriction was preferred in the present study.

In IBAT, resveratrol administration increased UCP1 protein expression, suggesting a greater
thermogenic capacity. In order to analyze the mechanism underlying this effect, we studied the
regulation pathway described in Figure 3. Resveratrol induced deacetylation, and thus activation,
of PGC1α, a co-activator of PPARα, which in turn regulates the expression of UCP1. It has been
reported that SIRT1 is the main enzyme responsible for PGC1α deacetylation [36]. In the present study,
a tendency towards increased protein expression of SIRT1 was observed. Although its activation was
not directly measured, the deacetylation of PGC1α suggests that it was in fact activated. In addition,
resveratrol increased the activity of AMPK, an enzyme that phosphorylates PGC1α, thus enhancing
its activity. Furthermore, SIRT3 is activated by PGC1α, mediating the effects of this sirtuin on
mitochondrial function and synthesis [37,38]. Moreover, the expression of this deacetylase has
been reported to be positively correlated with a variety of mitochondrial proteins, UCP1 among
them [39]. In the case of our study, significantly increased protein expression of SIRT3 was observed
in resveratrol-treated rats. These results show that resveratrol increased the expression of UCP1 by
activating the SIRT1/PGC1α/PPARα axis.

Fatty acid oxidation is an important part of the thermogenic program. It has been reported
that the activation of PPARα by PGC1α leads to increased NRF1 and the subsequent increase in the
synthesis of TFAM, which in turn results in enhanced duplication of mitochondrial DNA (Figure 3).
Accordingly, in the present study PGC-1α activation was indeed accompanied by increases in NRF1 and
TFAM expressions, suggesting that resveratrol, under the present experimental conditions, enhanced
mitochondriogenesis. This is in good accordance with the increased activities of CPT1a and CS
observed in rats treated with resveratrol. BAT can also use glucose as an energetic substrate. In the
present study resveratrol induced a significant increase in GLUT4 protein expression, meaning that the
capacity of IBAT to uptake glucose was greater in rats treated with this phenolic compound. Taken as
a whole, these results show that resveratrol did not only increase the key factor for thermogenesis
(UCP1) but also the availability of substrates to keep this process activated.

In previous studies from our laboratory we had already observed the induction of UCP1
by resveratrol in IBAT [22,40] and other authors had also reported similar results [41,42]. In all
these studies the animals received the phenolic compound at the same time as an obesogenic diet,
during the fattening period. By contrast, in this work the animals were fed a high-fat high sucrose
diet to become obese and then they were shifted to a standard diet, and treated with resveratrol.
Taken together, the present results and those reported previously demonstrate the ability of resveratrol
to induce thermogenesis under both overfeeding and normal feeding conditions. This may represent
a mechanism of action underlying the beneficial effect of resveratrol in obesity management.

As previously mentioned, a second approach in this study was to analyze the effects induced by
resveratrol under energy restriction. In fact, the usefulness of this phenolic compound in combination
with the most common strategy for obesity treatment was intended to analyze whether potential
additive or synergistic effects could take place. This is an interesting approach because it would
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result in the same positive effect obtained by following a more restricted diet non supplemented with
resveratrol, whose compliance is more difficult to achieve.

For this purpose, first of all we analyzed the effects of energy restriction on the parameters
previously studied in the first approach. No change in UCP1 protein expression was observed in
R group. By contrast, NRF1 and TFAM protein expressions, as well as the CPT1a activity were
significantly increased in these animals, suggesting that mitochondrial synthesis and function were
enhanced. The increased SIRT3 protein expression observed in this experimental group supports the
idea of an ameliorated mitochondrial function, in good accordance with previous data describing the
activation of this protein in different tissues under energy restriction conditions [43–45]. It is important
to remember that resveratrol has been suggested as an energy restriction mimetic [20,21,46,47].
However, as shown by the present results, differential effects on thermogenic capacity are found
between them.

When we analyzed the RR group, in general terms, the effects on the parameters studied were
similar to those observed in the RSV group, although in this case only a trend towards higher values
was observed in UCP1. These results demonstrate that the administration of resveratrol in combination
with energy restriction does not provide any advantage.

In the case of skeletal muscle, the effects of resveratrol were not as clear as in IBAT.
The administration of this polyphenol was not able to increase protein expression of UCP3, despite the
activation of PGC-1α. Nevertheless, increased TFAM protein expression and CPT-1b activity suggest
increased fatty acid oxidation, associated to enhanced mitochondrial synthesis. It has been reported
that the activation of PGC-1α is based on sirtuin-mediated deacetylation and phosphorylation by
AMPK [48,49]. In the case of skeletal muscle, the absence of any significant activation of AMPK by
resveratrol may explain the lack of activation of every single step in mitochondriogenesis pathway,
and consequently in CS activity.

In the studies reported by other authors there is no consensus regarding the effects of resveratrol
on skeletal muscle mitochondrial biogenesis induction. Indeed, while an enhanced mitochondrial
synthesis and/or function has been described in studies where the compound was administered in
conditions of certain metabolic stress [41,50,51], this effect seems to disappear when the polyphenol is
administered in healthy subjects [52–54]. Regarding UCP3, the lack of change found in this study is
not in good accordance with data reported by other authors. In those studies, resveratrol effectively
induced UCP3 mRNA or protein expression in the skeletal muscle of mice and rats fed in obesogenic
diets [22,41]. Moreover, greater UCP3 protein expression was also described in this tissue in mice fed
in a standard diet and supplemented with the polyphenol [55]. Nevertheless, the discrepancy between
our results and those previously reported could result from significant differences in the experimental
design (animal model, experimental period length, resveratrol dose and diet composition).

As far as energy restriction is concerned, no relevant significant changes were observed in the
parameters analysed. By revising data reported in the literature concerning this issue we observed
that some controversy exists. Thus, while some authors have reported that the maintenance of
a 30% energy restriction for a period of 3 months effectively induces mitochondrial biogenesis and
function (increased respiration and expression of genes important for oxidative function), others have
found no such effects under similar experimental conditions [56,57]. In fact, in a study conducted in
mice of different ages (6, 12 and 24 month old B6D2F1 mice) that underwent a lifelong energy restriction
(40%), the authors concluded that energy restriction did not induce mitochondrial protein synthesis,
but maintained this parameter while decreasing cellular proliferation [58]. Moreover, the authors point
towards the techniques used by Nisoli et al., and Hancock et al. in determining the effects of energy
restriction on mitochondrial synthesis (mRNA and protein expression of mitochondrial proteins) as
being the cause of their contradictory results. Finally, when resveratrol was administered under energy
restriction feeding conditions, the results were very similar to those observed when the compound
was administered under standard feeding conditions.
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We would like to point out that in previous studies conducted in this precise cohort of rats aimed
at studying the effects of the aforementioned treatments on glucose homeostasis and hepatic steatosis
([29,30], respectively), resveratrol-induced effects were less marked than those produced by energy
restriction. By contrast, when considering the effects on UCP expression and fatty acid oxidative
capacity, as in the present study, resveratrol was more effective than a mild energy restriction.

In conclusion, in obese rats under standard feeding conditions, resveratrol is able to increase
thermogenic and oxidative capacities in IBAT. This feature represents a mechanism by which this
phenolic compound could show an anti-obesity action. Nevertheless, more research is needed in order
to interpret the importance of this mechanism. In the case of skeletal muscle, oxidative capacity is
increased by this polyphenol intake. The administration of resveratrol in combination with energy
restriction apparently does not provide any advantage.
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Abstract: Resveratrol is a polyphenol which has been shown to have beneficial effects on metabolic
syndrome-related alterations in experimental animals, including glucose and lipid homeostasis
improvement and a reduction in fat mass, blood pressure, low-grade inflammation, and oxidative
stress. Clinical trials have been carried out to address its potential; however, results are still
inconclusive. Even though resveratrol is partly metabolized by gut microbiota, the relevance of
this “forgotten organ” had not been widely considered. However, in the past few years, data has
emerged suggesting that the therapeutic potential of this compound may be due to its interaction
with gut microbiota, reporting changes in bacterial composition associated with beneficial metabolic
outcomes. Even though data is still scarce and for the most part observational, it is promising
nevertheless, suggesting that resveratrol supplementation could be a useful tool for the treatment of
metabolic syndrome and its associated conditions.

Keywords: resveratrol; gut microbiota; metabolic syndrome

1. Introduction

In obese states, insulin resistance and inflammation are the underlying causes of the metabolic
syndrome, and together with high blood triglycerides, altered cholesterol levels, glucose intolerance
and hypertension, they greatly increase the risk of type 2 diabetes and cardiovascular disease [1].
Currently, the main treatments for metabolic syndrome are weight loss and physical activity; however,
there is also evidence that pharmacotherapy (insulin sensitizers, statins, angiotensin-converting
enzyme inhibitors) and, more recently, nutritional strategies could be beneficial [2]. Within this
context, resveratrol, a natural phytochemical widely found in plants, fruits, and red wine, presents
itself as a potential candidate, due to the recent observations in various animal models and human
studies of its beneficial effects in terms of glucose and lipid homeostasis and reduced body fat
accumulation [3–6]. It is known as a phytoalexin because of its ability to inhibit the progress of
certain infections, and is one of the components of red wine believed to contribute to the French
Paradox, which refers to a low prevalence of ischemic heart disease in populations with high intakes
of saturated fat [7]. Furthermore, it has been demonstrated that resveratrol mimics calorie restriction
effects through sirtuin 1 (SIRT1) activation, and thus extends the lifespan in simple organisms and
prevents the deleterious effects of excess caloric intake in rodents, such as insulin resistance and body
fat accumulation [4,8]. In humans, however, the effectiveness towards the treatment of metabolic
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syndrome has been reported to be in some cases lower than in experimental animals [9]. In addition,
discrepancies and inconsistencies have been observed in clinical trials, which can be explained by
differences regarding the form of supplementation and the characteristics of the treated individuals,
such as age, sex, presence of single nucleotide polymorphisms, presence of metabolic disturbances,
and gut microbiota composition. Considering resveratrol is metabolized by gut microbiota [10,11] and
that it can influence its composition [12], the interplay between this stilbenoid and the host microbiota
may strongly influence treatment efficiency, by either increasing its bioavailability, producing certain
metabolites, or even by promoting the growth of specific bacteria. Thus, the resveratrol/microbiota
interaction is a key element in the effectiveness of the treatment of metabolic syndrome. In this review,
we aim to discuss the current knowledge regarding the effects of resveratrol on metabolic syndrome
alterations and on gut microbiota and also try to determine how such interactions could modulate the
beneficial effects of this phytochemical.

2. Resveratrol Occurrence, Absorption, Metabolism, and Bioavailability

Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a natural phytochemical widely found in its trans
isomer form in various plants, such as Polygonum cuspidatum, in fruits, including grapes and berries,
peanuts, and in red wine [13,14]. It is a polyphenolic compound of low molecular weight that belongs
to the stilbenoid family of polyphenolic compounds (hydroxylated derivatives of stilbene based
on a C6-C2-C6 polyphenolic structure). Resveratrol naturally occurs in these sources mainly in its
glycosylated form, known as piceid and polydatin (3,4’,5-trihydroxy-stilbene-3-β-mono-D-glucoside).
Its use as a nutraceutical has been studied in both animal and human models, including clinical trials,
in the context of obesity, metabolic syndrome, heart disease, and cancer, among others; however, to
date, there are no specific recommendations concerning dosage and length of supplementation.

Upon ingestion, resveratrol or its precursors travel through the gastrointestinal tract, and it is
estimated that around 70% of the intake of resveratrol is absorbed [13]. In the intestine, resveratrol
binds to several nutrients, such as proteins, and the solubility of these will influence its absorption
or elimination in feces [13]. Resveratrol absorption occurs by passive diffusion or by forming
complexes with intestinal membrane transporters, including integrins. Free resveratrol circulates in
the bloodstream bound to lipoproteins and albumin. However, the free form of resveratrol is found
at very low levels in the bloodstream due to extensive glucuronidation in the liver and intestine
and sulfation in the liver, thereby decreasing its bioavailability [14]. Hence, the major circulating
forms of resveratrol are glucuronide (trans-resveratrol-3-glucoronide, trans-resveratrol-4’-glucuronide)
and sulfate (trans-resveratrol-3-sulfate, trans-resveratrol-3,4’-disulfate, trans-resveratrol-3,5-disulfate)
conjugate metabolites [13]. Likewise, resveratrol-3-sulfate and resveratrol-3-glucuronide are detected
in target organs, such as in the liver, adipose tissue or the heart, after oral administration [15,16].

Besides resveratrol conjugates, other resveratrol derivatives are also detected in target
tissues, such as piceatannol and dihydroresveratrol [17,18]. The occurrence of piceatannol
(3,3’,4,5’-tetrahydroxy-trans-stilbene) results from resveratrol hydroxylation in the liver by cytochrome
P450 [18] and stands out due to its potentially beneficial effect on the metabolic syndrome [19]. It is
a more stable stilbenoid that also naturally occurs in diverse plants. Dihydroresveratrol, synthesized
by gut bacteria, together with free resveratrol, are detected in tissues after sustained resveratrol
administration, whereas glucuronide and sulfate are the main resveratrol metabolites detected in
tissues after an acute administration of resveratrol [17]. Therefore, the bioavailability of resveratrol
and its metabolites largely differs on whether the administration is acute or sustained. In addition,
the bioavailability of resveratrol and its metabolites is dose-dependent [15,16].

In turn, free resveratrol can be synthesized back from its sulfate and glucuronide derivatives by
ubiquitously expressed sulfatase and β-glucuronidase [13]. Moreover, resveratrol metabolites can
return to the small intestine through the bile enterohepatic transport. So far, up to 21 resveratrol
metabolites have been identified in human urine after moderate consumption of red wine for
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28 days [20], and it has been observed that some of these metabolites are by-products of gut
microbial metabolism.

Impact of Gut Microbiota on Resveratrol Metabolism

The fact that the gut microbiota is highly responsible for metabolizing resveratrol has been known
for some time; however, the importance of this process and of the metabolites and other by-products
derived from this is only starting to gain relevance. As illustrated in Figure 1, the gut microbiota
actively participates in resveratrol metabolism by increasing its availability from resveratrol precursors
and producing resveratrol derivatives.

Figure 1. Overview of the metabolism of resveratrol and the impact of gut microbiota. Upon intake,
RSV and RSV precursors enter the gut and are partly metabolised by gut microbiota to produce
particular RSV derivatives and RSV. Free RSV, RSV precursors and microbiota-derived RSV metabolites
are conjugated in the intestine and liver, from where conjugated forms can return to the intestine. In
the liver, RSV is metabolised to piceatannol, which can be released into the bloodstream, and delivered
to target tissues together with RSV, RSV precursors, microbiota-derived RSV metabolites and their
respective conjugate forms. RSV, resveratrol; gluc, glucuronides; sulf, sulfates.

Gut bacteria metabolize resveratrol precursors to resveratrol, thereby increasing its
bioavailability [14,21]. In particular, gut bacteria hydrolyze the glucoside moieties of plant glycosydes,
such as the resveratrol precursor piceid, and thus externalize their aglycones. Bifidobacteria infantis and
Lactobacillus acidophilus are two bacteria responsible for resveratrol production from piceid [11,21,22].
In turn, resveratrol can be glycosylated in the gut to produce piceid again. Piceid is conjugated to
piceid glucuronide, and can be absorbed in both its free form, and most abundantly, in its conjugated
form [23].

On the other hand, gut bacteria metabolize resveratrol and its precursors, resulting in certain
resveratrol derivatives. Dihydroresveratrol was the first derivative identified, which is produced by
Slackia equolifaciens and Adlercreutzia equolifaciens, followed by two other bacterial trans-resveratrol
metabolites, 3,4’-dihydroxy-trans-stilbene and 3,4’-dihydroxybibenzyl (lunularin) [10]. Gut bacteria
also metabolize piceid to produce dihydropiceid and dihydroresveratrol [22]. As resveratrol, gut
bacteria-derived resveratrol derivatives are also conjugated to its glucuronide forms.

Furthermore, higher concentrations of dihydroresveratrol glucuronides than resveratrol
glucuronides and glucosides have been found in human plasma and urine after the intake of a grape
extract or red wine [23]. In tissues of rats receiving resveratrol, dihydroresveratrol glucuronide is also
detected in the liver, whereas dihydroresveratrol sulfate is detected in the liver and adipose tissue [16].
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The amount of dihydroresveratrol sulfate in the liver is remarkably higher than that of resveratrol
sulfate. These observations highlight the importance of gut microbiota in resveratrol metabolism,
particularly in producing specific resveratrol derivatives in significant amounts.

3. Effect of Resveratrol on Metabolic Syndrome

Metabolic syndrome is a cluster of a least three of the five following metabolic alterations: Central
obesity, high blood glucose, high blood pressure, high serum triglycerides, and low serum high-density
lipoprotein (HDL), the presence of which increases the risk of developing cardiovascular disease and
type 2 diabetes [1]. Here, we describe the potential effect of resveratrol supplementation on each
metabolic alteration and review the clinical trials that analyze the effects on them. It is important to note
that there are still many discrepant and inconsistent results in human studies and it is clear that further
research needs to be carried out to further understand the effect of resveratrol on metabolic syndrome.

3.1. Fat Accumulation

Over a decade ago, it was discovered that resveratrol can reduce diet-induced obesity through
SIRT1 activation, generating high expectations as a potential anti-obesity molecule; since then, this
effect has been shown in both mice and rats [4,8,24–26]. SIRT1 activation is of interest because it
deacetylates and activates peroxisome proliferator-activated receptor (PPAR) γ coactivator 1α [4],
which controls mitochondrial biogenesis and function. Furthermore, it triggers lipolysis and loss
of fat by repressing PPARγ in adipocytes [27]. Resveratrol also acts by inhibiting cAMP-specific
phosphodiesterases, leading to elevated cyclic adenosine monophosphate levels, which in turn activate
adenosine monophosphate-activated protein kinase (AMPK) [28]. Other anti-lipogenic mechanisms of
action have been described, including the upregulation of certain microRNAs by resveratrol, which
leads to the inhibition of lipogenesis in white adipose tissue [29].

3.1.1. Resveratrol and Adipose Depot Extension

Since the discovery of its actions on SIRT1, many other studies have been carried out to determine
the potential of resveratrol in the treatment of obesity. Studies carried out in cell systems so far
have shown that the anti-obesity effect of resveratrol is attributed to its actions on (1) pre-adipocytes,
including the induction of apoptosis and the inhibition of proliferation and differentiation [30,31];
(2) mature white adipocytes, including the activation of lipolysis, inhibition of de novo lipogenesis,
and promotion of brown adipocyte features [30,32–35]; and (3) brown adipocytes, in which the
expression of the uncoupling protein-1 and typical brown-phenotype genes are induced [36]. Studies
in rodents show that the resveratrol-induced reduction in fat mass is partly explained by both the
activation of lipolysis through the adipose triglyceride lipase, and the inhibition of de novo lipogenesis
by controlling the expression of the lipogenic enzymes mediated by the transcription factor, sterol
regulatory element-binding protein-1c [25,29,37,38]. Moreover, the activation of brown adipose tissue
and the induction of brown-like adipocytes in white adipose tissue (browning) seem to contribute to
body fat reduction in resveratrol-treated rodents [34,36,39].

In humans, however, most of the research published until now shows a lack of effect on
body adiposity and body weight. Trans-resveratrol supplementation at doses between 100 and
500 mg for a 4-week to 6-month period did not affect fat mass or body weight in obese healthy
individuals [32,40,41]. Despite this, adipocyte size was reduced, meaning that adipose tissue was
modified by resveratrol intake, even if to a small degree [42]. Furthermore, two studies looking into the
effect of resveratrol supplementation in patients with metabolic syndrome showed discrepant results;
while Kjœr et al. [43] reported no effects on body composition with doses of 150 mg and 1000 mg,
Méndez del Villar et al. [44] showed a reduction in fat mass, waist circumference, body mass index,
and body weight after receiving 500 mg three times a day. However, patients with non-alcoholic fatty
liver disease (NAFLD) or type 2 diabetes showed no changes regarding fat mass or body weight after
resveratrol intake [45–48]. Moreover, other studies looking into the effect of resveratrol combined
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with other molecules, such as the intestinal lipase inhibitor orlistat [32] or epigallocatechin-3-gallate
(EGCC) [49], did not show significant changes in fat mass.

3.1.2. Resveratrol and Hepatic Fat Accumulation

A lifestyle pattern including unbalanced diets and sedentary behavior promotes the accumulation
of ectopic fat, particularly in the liver. As in metabolic syndrome, visceral adiposity and the
pro-inflammatory state are also key in the development of NAFLD. In view of the inhibitory effects
of resveratrol on fat accumulation, many studies have addressed its effect on hepatic fat and the
management of NAFLD. Interestingly, hepatic triacylglycerol and cholesterol content is reduced
by resveratrol supplementation in rodents fed a high-fat diet [26,50–55]. An increased number
of mitochondria and fatty acid oxidation activity and a decreased lipogenic activity seem to be
involved in normalizing hepatic steatosis in rodents [50,51,55], in addition to the anti-oxidant and
anti-inflammatory action of the polyphenol [53,54]. In humans, resveratrol supplementation was also
shown to reduce intrahepatic lipid content in one study involving obese individuals [41], but not in
another [40]. Furthermore, when considering patients with NAFLD, clinical trials are still insufficient
to demonstrate a clear positive effect of resveratrol according to the conclusions of two meta-analyses,
which show a lack of effect on NAFLD features [56,57]. Likewise, hepatic lipid deposition is unaffected
in individuals with type 2 diabetes [58] or metabolic syndrome [43].

3.2. Resveratrol and Glucose Intolerance and Insulin Resistance

As it was demonstrated that resveratrol improves insulin sensitivity by activating AMPK [4], many
later studies have evaluated the use of the polyphenol in the management of glucose control and in type
2 diabetes mellitus, the risk of which is increased under the persistence of glucose intolerance. Studies
in cultured cells and animals have further contributed to the understanding of the mechanism of action
of resveratrol on glycemic control and insulin resistance. Resveratrol activates the insulin-signaling
components insulin receptor substrate-1 and Akt [59,60] and reduces the expression of adipokines that
influence insulin sensitivity, including adiponectin [61], resistin, and retinol-binding protein 4 [33].
Resveratrol enhances insulin-stimulated glucose uptake in cultured cells [30] and, in vivo, reduces
glycemia, insulinemia, and improves insulin resistance in diet-induced insulin-resistant mice [4,60,62].
Furthermore, the polyphenol protects from diabetic complications, such as diabetic nephropathy,
diabetic retinopathy, and diabetes-induced hypertension [63–66].

When looking at the effects of resveratrol in a human setting, clinical trials have been conducted
to elucidate its potential action on glucose homeostasis in individuals with different degrees of
alteration in glucose homeostasis, from normoglycemia to type 2 diabetes. In non-diabetic individuals,
four studies reported no changes in insulin sensitivity and insulin and glucose levels after resveratrol
supplementation at doses between 75 and 2000 mg [40,67–69]. However, in other studies, a decrease
in circulating glucose, an improved homeostatic model assessment–insulin resistance (HOMA-IR)
score and a suppression in postprandial glucagon response were observed after supplementation
with a 150-mg resveratrol dose for 30 days in obese non-diabetic individuals [41,70]. However,
in type 2 diabetic patients, it was ineffective in improving insulin sensitivity following the same
supplementation protocol. It was speculated that the lack of effect could be due to the interaction
found between metformin and dihydroresveratrol levels [58]. The intake of higher doses of resveratrol
did not affect the circulating levels of glucose, insulin, glycosylated hemoglobin, and glucagon-like
peptide-1 in type 2 diabetic patients [47,48], as well as glucose tolerance and insulin sensitivity in older
glucose-intolerant adults [71]. A beneficial effect in glucose intolerant or type 2 diabetic patients is, on
the other hand, described in other studies [72–75], even at low doses (10 mg) [73]. Furthermore, in
individuals with NAFLD, no changes in insulin resistance were observed in several studies [45,46,57],
whereas glucose levels and insulin resistance were improved in one study [76]. Likewise, mixed
outcomes are also reported in individuals with metabolic syndrome; while Méndez del Villar et al. [44]
reported a decreased insulin response to glucose and total insulin secretion without affecting glucose
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levels, Kjœr et al. [43] reported no beneficial effects and actually found an increase in circulating
fructosamine levels. Several meta-analyses have been carried out to shed light on the inconsistency
of the above-mentioned results. In an early meta-analysis of 11 studies, Liu et al. concluded that
there was no effect on glycemic measures in nondiabetic participants [77]. Among type 2 diabetic
patients, Hausenblas et al. [78] identified a beneficial effect on hemoglobin A1c, but not on glucose,
insulin, and HOMA-IR. More recently, a meta-analysis that included nine studies showed a beneficial
effect on glucose and insulin levels and HOMA-IR, which was particularly more favorable for doses
≥100 mg/day [6]. Despite the discrepant results, the sample size, and the duration of the trials, it
concluded that resveratrol might be used for treating diabetes, alone or in combination with current
anti-diabetic therapies [66,79].

3.3. Resveratrol and High Blood Pressure

Excessive weight is linked to high blood pressure, which is a major risk factor for cardiovascular
disease. Resveratrol supplementation reduces blood pressure in animal models of hypertension,
including plexiglas clip- [80], angiotensin II- [81], or hypoxia-induced hypertensive rats, and in
fructose-fed rats [82]. Several mechanisms are involved in the modulation of blood pressure by
resveratrol, including AMPK phosphorylation, increased nitric oxide (NO) levels, SIRT1 activation,
and decreased reactive oxygen species (ROS) production by regulating nicotinamide adenine
dinucleotide phosphate oxidase, superoxide dismutase 2, and glutathione reductase [80–83]. In clinical
trials, a reduction in blood pressure by resveratrol supplementation has been reported in individuals
with obesity [41], NAFLD [84], or type 2 diabetes [72,85]; however, such an effect has not been found
in other studies involving subjects with obesity [40,86], NAFLD [46], or metabolic syndrome [43].
Furthermore, several meta-analyses of randomized controlled trials show no significant effect of
resveratrol supplementation on systolic and diastolic blood pressure [5,87], even though subgroup
and meta-regression analyses indicate that resveratrol intake reduces systolic blood pressure and
diastolic blood pressure at doses higher than 150–300 mg/day [5,88,89]. According to these analyses,
a beneficial effect of resveratrol supplementation on blood pressure is observed when the effect is
analyzed among diabetic patients [89] or overweight and obese individuals [88]. Moreover, despite
reporting no changes in blood pressure, resveratrol supplementation improves endothelial dysfunction
in obese subjects [86], which is also seen in hypertensive patients [90] and individuals with mild
hypertension [91].

3.4. Hypertriglyceridemia

Excessive fat intake and the persistence of increased adiposity can lead to dyslipidemia, which
increases cardiovascular risk. Studies have been carried out evaluating the effect of resveratrol on
circulating lipids, particularly triacylglycerides and cholesterol, offering interesting results. Resveratrol
supplementation reduces triglyceridemia in diet-induced obese rodents [25,26,54,55], which can be
partly explained by the inhibition of hepatocyte fatty acid and triacylglycerol synthesis described
in rat hepatocytes [92]. In humans, a reduction in triglyceridemia is observed when resveratrol is
provided within a grape extract [93], mixed in a nutraceutical formula [94], or combined with other
molecules, such as epigallocatechin-3-gallate (EGCC) [49] or orlistat [32]. When resveratrol is provided
alone, it reduces plasma triglyceride levels in individuals with dyslipidemia [95] or obesity [58].
However, in other studies carried out in individuals with obesity [67], type 2 diabetes [74], NAFLD [46]
or hypertriglyceridemia [68], resveratrol does not influence triglyceridemia, which is confirmed by
Sahebkar’s meta-analysis [87]. Furthermore, other studies actually report an increase in triglyceridemia,
including Haghighatdosst’s meta-analysis of 20 studies [3,48].

3.5. Altered Cholesterolemia

The effect of resveratrol on circulating levels of total, low-density lipoprotein (LDL), and HDL
cholesterol has been evaluated. It is thought resveratrol may affect cholesterolemia by increasing
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the synthesis and efflux of bile acids, decreasing the synthesis of hepatic cholesterol, and increasing
the efflux of cholesterol [96–98]. In this context, it has been shown that resveratrol supplementation
reduces total cholesterol levels in diet-induced obese rodents [25,26,54,55,97], whereas mixed results
are reported in humans, showing either a lack of effect [67] toward the reduction [72,88,95], and even
an increase in total cholesterol levels [43,48], as described for triglyceridemia. A lowering effect of
resveratrol supplementation on plasma LDL and total cholesterol concentrations has been reported in
studies in which the compound is given within a plant extract or when combined with a nutraceutical
formula [93,94,99], in which it was concluded that the presence of resveratrol is necessary to achieve
this effect [99]. A recent meta-analysis of randomized clinical trials that used resveratrol as a mono
food supplement concluded that the compound had no effect on the circulating levels of total, LDL,
or HDL cholesterol [3]. In addition to its potential ability to influence cholesterol levels, resveratrol
has been shown to inhibit LDL and HDL oxidation in vitro [98] and to reduce plasma oxidized LDL
cholesterol levels [99].

3.6. Inflammation and Oxidative Stress

3.6.1. Inflammation

Studies have shown that resveratrol exerts an anti-inflammatory activity, and have demonstrated
its capacity to inhibit the production of pro-inflammatory cytokines, as well as the activity of
cyclooxygenases (COX)-1 and -2 and inducible NO synthase. This anti-inflammatory effect is mainly
mediated by the ability to inhibit the transcriptional activity of nuclear factor kappa beta (NF-κβ)
and activator protein-1 [100], and can also be attributed to the modulatory effect of microRNAs
expression with either an anti-inflammatory or a pro-inflammatory role [101]. Within this context, it
has been revealed that resveratrol can decrease chronic low-grade inflammation, which is characterized
by adipose tissue macrophage accumulation and abnormal cytokine production. For example,
in murine adipocytes and human adipose tissue explants it decreases the secretion of monocyte
chemoattractant protein-1 [102], tumor necrosis factor-α (TNF-α), and interleukins (Il)-1β, -6, and
-8 [30,103,104], as well as the production of prostaglandin E2 [105], and the expression of vascular
endothelial growth factor [106]. These effects are observed in cells treated with TNF-α or Il-1β,
exposed to hypoxic conditions, or treated with the microbial product lipopolysaccharide (LPS) [59,107].
In vivo, resveratrol intake reverses obesity-associated inflammation in genetically-induced obese
rats [108] and diet-induced obese rodents and monkeys [25,54,55,109–112]. Furthermore, several
human studies have reported that resveratrol can even have an acute anti-inflammatory effect in
healthy subjects. For example, the intake of a single grape extract reduces plasma IL-1β levels induced
by a high-fat and high-carbohydrate meal and, interestingly, plasma endotoxin levels [113]. In type
2 diabetic and hypertensive patients, long-term grape extract supplementation reduces serum Il-6
and alkaline phosphatase levels and alters the expression of pro-inflammatory genes and microRNAs
in peripheral blood mononuclear cells [114]. However, in a study involving type 2 diabetic patients,
800 mg/day resveratrol supplementation did not change plasma levels of inflammatory cytokines [115].
Meta-analyses of randomized controlled trials indicate that resveratrol treatment reduces the levels of
C-reactive protein and that of TNF-α among obese subjects, confirming the anti-inflammatory action
of resveratrol [116]. Interestingly, the pro-inflammatory status which occurs in diabetic complications,
such as diabetic neuropathy and nephropathy, seems to also be inhibited by resveratrol [64,117].

3.6.2. Oxidative Stress

Resveratrol exerts an anti-oxidant action, which underlies the beneficial effect of this polyphenol
on several metabolic disturbances, such as glucose intolerance, insulin resistance, and hepatic fat
accumulation. The mechanisms of action of its anti-oxidant effects include direct mechanisms, such
as neutralizing ROS and reactive nitrogen species, and indirect mechanisms such as the ability to
increase the transcriptional activity of nuclear factor-E(2)-related factor-2 (Nrf2) and forkhead box
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O [118]. Experiments on cell cultures designed to study the effect of resveratrol on metabolic syndrome
alterations, particularly by exposing cells to a high glucose concentration or to pro-inflammatory
cytokines, show a reduction in ROS levels in many cell types, including in vascular endothelial
cells [119,120], adipocytes [104], monocytes [121], and cardiomyocytes [122]. In obese and/or diabetic
rodents, a reduction in oxidative stress accompanies the improvement of inflammation [55,110,112],
hyperglycemia and insulin resistance [62,112], diabetic nephropathy [63], fat mass accumulation [112],
hepatic steatosis [52,53,55,123], hypertriglyceridemia [55], hypercholesterolemia [55], endothelial
function [124,125], ventricular diastolic relaxation [126], and hypertension [123]. In humans, the intake
of resveratrol reduces oxidative stress in both healthy individuals and patients with metabolic diseases
that are characterized by a high oxidative stress degree. The intake of a resveratrol supplement or
resveratrol-containing extract increases the total antioxidant capacity and reduces oxidative stress in
healthy individuals [93,94,127], as well as oxidative stress generated by the intake of a meal rich in
fat [113]. In type 2 diabetic patients, resveratrol supplementation reduces markers of oxidative stress,
which are accompanied by an improvement of insulin sensitivity, blood pressure, and cardiovascular
function [73,85]. The improvement in insulin sensitivity and diabetic complications caused by
resveratrol is explained by its ability to reduce oxidative stress [64,65,73]. Since resveratrol is a relatively
unstable molecule, strategies aimed at increasing its stability and thus enhancing its inhibitory action
on oxidative stress have been developed. In this context, an enhanced reduction in oxidative stress in
obese individuals has been achieved by the intake of a more stable resveratrol derivative [128].

4. Role of Resveratrol Metabolites in Metabolic Syndrome

Most of the studies dealing with the potential beneficial effects of resveratrol on metabolic
syndrome use trans-resveratrol. However, in vivo effects cannot be solely attributed to this
molecule, as it is likely that resveratrol metabolites are also involved. As detailed above, upon
intake, several resveratrol metabolites can be produced in the body, including piceid, glucuronide,
and sulfate resveratrol conjugates, dihydroresveratrol and other derivatives produced by gut
microbiota, and piceatannol, among others. One of the most studied resveratrol metabolites
is piceid, which shows a higher bioavailability than resveratrol. As described for resveratrol,
piceid shows anti-oxidant and anti-inflammatory activities and shares with resveratrol many of
the described molecular targets, including SIRT1, NF-κβ, and NRF2. Interestingly, its anti-oxidant
activity is higher than that of resveratrol [129]. In vivo, piceid treatment reduces insulin resistance,
steatosis, and dyslipidemia [130–132]. Regarding resveratrol conjugates, there are little data on
their potential metabolic effects. Resveratrol glucuronides and sulfates inhibit triacylglycerol
accumulation in differentiating adipocytes and adipokine expression in mature adipocytes [133,134].
Additionally, resveratrol glucuronides seem to have a greater potential to lowering the effect of
cholesterol [96] compared to resveratrol, whereas resveratrol sulfates inhibit NO production and
exert a differentiated effect when compared to glucuronides on free radical scavenging and COX
activity, NF-κβ induction, and pro-inflammatory cytokine expression inhibition [135,136]. It would
be interesting to elucidate whether the resveratrol metabolites produced by gut bacteria are able to
trigger beneficial effects, particularly bearing in mind the high concentrations of dihydroresveratrol
and its derivatives detected in plasma and tissues [16,23]. Only limited data exist regarding the
effects of dihydroresveratrol, 3,4’-dihydroxy-trans-stilbene, and lunularin in parameters related to
metabolic syndrome. Dihydroresveratrol exhibits significant antioxidant activity [137], reduces fatty
acid-binding protein-4 expression, involved in fatty acid uptake in human macrophages treated
with oxidized LDL [138] and stimulates fatty acid oxidation in human fibroblasts [139]. Lunularin
reduces the expression of pro-inflammatory mediators in endothelial cells in response to LPS [140],
and 3,4’-dihydroxy-trans-stilbene activates AMPK, induces glucose uptake in C2C12 myotubes,
and reduces PPARg and resistin expression in 3T3-L1 adipocytes, showing a larger effect than
resveratrol [141]. Collectively, these results suggest that gut bacteria-derived resveratrol metabolites
could be involved in the effect of resveratrol supplementation on metabolic syndrome alterations,
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and consequently, gut bacteria amount and composition may be determinant. A resveratrol-related
stilbenoid with reported effects against metabolic syndrome alterations is piceatannol, which inhibits
fatty acid-induced inflammation and oxidative stress and reduces hyperlipidemia, hyperglycemia,
and insulin resistance [19,100,142–144]. Research has thus focused on this stilbenoid due to its
higher stability and absorption compared to resveratrol [145], which is associated with a higher
anti-inflammatory activity versus resveratrol [146]. Moreover, differential effects between these stilbene
derivatives have been shown regarding their anti-lipolytic activity, being stronger for piceatannol,
which was linked to its inhibitory action on lipotoxicity [143]. Overall, it seems that resveratrol
metabolites could be involved in some of the beneficial effects attributed to resveratrol with regards to
the metabolic syndrome alterations. The fact that the gut microbiota plays an important role in the
conversion and/or production of some of these resveratrol-related metabolites has led to the idea that
it could actually be modulating such described effects.

5. The Role of Gut Microbiota in Health and Disease

The gut microbiota, including its role in health and disease, is currently one of the topics of
highest interest in biomedical research, due to its potential key role in the aetiology and development
of many diseases [147,148]. In the last decade, it has been associated with conditions such as obesity,
diabetes, cardiovascular disease, and cancer, which are among the leading causes of mortality and
morbidity worldwide [149–153]. More recently, the hypothesis that the gut microbiota is one of the key
modulators that influence disease risk due to its close links to metabolism and the immune system has
been posed [154]. It was even coined as “the forgotten organ” initially [155], due to the vast amount of
processes it is involved in, including the processing of non-digestible polysaccharides from the diet
into short-chain fatty acids (SCFA) [156], synthesis of vitamins, and regulation of energy balance and
immune functions [147,157]. The term “gut microbiota” refers to the bacteria, archaea, and eukarya
found in the gastrointestinal tract [158]. It is widely thought that the number of microorganisms greatly
outnumber human cells (with a suggested ratio of 1:10) [159], and 100 times the amount of genomic
content (“gut microbiome”) [158], which inevitably leads to the assumption that they carry out a major
role in the body; interestingly, this calculation was recently challenged and the idea that the ratio may
be closer to 1:1 was put forward [160], without underestimating their impact on human health. This
new focus on the role of gut microbiota on health and disease has led to large studies worldwide,
including the Human Microbiome Project [161], which was essentially an extension of the Human
Genome Project, and the MyNewGut project, which is currently ongoing and focuses on the role of the
microbiome in the development of diet and brain-related disorders, among others. The ultimate goal
of this new “gut microbiota era” is to understand what bacterial composition defines a healthy gut,
and how this knowledge can be translated into efficient and targeted therapies for diseases in which it
seems to be playing a main role.

Initially, it was thought that humans could be divided into three main enterotypes based on the
make-up of their gut microbiota composition, focusing on one of three dominating genera: Bacteroides,
Prevotella, and Ruminococcus [162]; since then it has been shown that gut bacteria are easily modified
by many factors, including delivery method, diet, lifestyle, medication use, and infections [148,163–165],
making an individual´s enterotype variable throughout their lifespan and hence the use of bacterial
clusters as biomarkers for disease not as effective as previously thought [166]. Although it is still
being debated what constitutes a “healthy” gut microbiota composition, it has been widely established
that dysbiosis, which refers to a disturbance in the amount and/or composition of an individual’s
“normal” gut microbiota, is strongly associated to many common diseases [150,152,154,163]. People
presenting certain conditions, such as obesity and metabolic syndrome particularly, consistently present
a lower bacterial diversity and composition compared to their healthy counterparts [153,163,167–171].
Furthermore, it was recently hypothesized that since a more diverse microbiota translates into carrying
more genes and is involved in more metabolic pathways, it is better prepared to adapt to changes in
diet and thus the host could respond better to dietary treatment [172].
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5.1. The Impact of Gut Microbiota on Energy Metabolism

As previously discussed, the potential modulation of energy homeostasis by the gut microbiota
has been of great interest, with studies indicating significant differences between the gut microbiota of
obese versus lean subjects. Many animal studies are offering potential mechanistic views on how the
gut microbiota operates, and although this proves to be more challenging in a human setting [173],
evidence continues to point to the “forgotten organ” as one of the key players.

Over a decade ago, the first data emerged showing that germ-free mice weighed significantly
less and had a lower amount of body fat [174–176]. Since then, numerous studies have shown
that the gut microbiota composition in obesity is different compared to lean subjects, characterized
by increased levels of Firmicutes and less Bacteroidetes [177,178], increased capacity in energy
harvesting from dietary polysaccharides [175,179], and is associated with increased adiposity and
insulin resistance [180,181] and lower levels of short-chain fatty acids in the caecum [173].

Furthermore, more and more evidence points towards the significant role of systemic and adipose
tissue inflammation in the development of obesity, diabetes, and metabolic syndrome, thus many
studies soon began to investigate whether gut microbiota could be contributing to it [182–185]. It has
been shown that LPS, found on the outer membrane of Gram-negative bacteria, triggers inflammatory
pathways by binding the CD14/Toll-like receptor-4 complex and that chronic high levels in plasma
lead to insulin resistance and diabetes [185–187]. Hence, it is hypothesized that certain factors (such
as diet) can promote Gram-negative bacteria in the gut, promoting leakage of LPS through the gut
epithelium and thus leading to an increase in plasma LPS levels, inducing insulin resistance and what
is known as metabolic endotoxaemia [172,188].

Thus, it seems that the gut microbiota has a big impact at both the peripheral and the central level
with regard to overall energy regulation, and hence it is being considered as a potential therapeutic
strategy for subjects who present obesity, diabetes and/or metabolic syndrome. One of the key ways
to manipulate gut microbiota is through the diet, as discussed in the next section, with a focus on the
influence of natural polyphenols.

5.2. Diet as a Key Modulator of the Gut Microbiota

Data so far point to the gut microbiota and its metabolic products as a key player in obesity and
metabolic syndrome [149,150,152], hence the next step at present is to determine plausible ways in
which to manipulate bacterial composition in order to impact host physiology in a beneficial manner.
Evidence suggests that gut microbiota may be the link between diet and obesity development, due
to its capacity for changing microbial composition and activity in the gut, as seen in both mice and
humans [149,150,152]. Therefore, it is essential to consider diet as an important factor when designing
new therapies and prevention strategies regarding obesity [189–191].

Dietary habits on the whole have a significant role in shaping the gut microbiota–this is evidenced
by the fact that individuals of different countries have distinct bacterial populations [192]. One of the
first studies to publish this was carried out by De Filippo et al., which showed that children in a rural
African village had low levels of Firmicutes and high levels of Bacteroidetes in fecal samples compared
to Italian children, who presented high levels of Enterobacteriaceae [193].

Furthermore, even though gut microbiota is relatively stable throughout adulthood in
humans [194], studies have shown that it can be rapidly modified by diet [195], with composition
changes seen in as little as a few days of dietary intervention [174]. However, it seems this can be
rapidly reversed, hence it has been suggested that a long-term (dietary) intervention may be needed in
order to observe a significant shift in the enterotype of an individual [196].

Research has mainly focused on the effect of certain dietary patterns, such as high-fat and/or
“Western” diets, which lead to decreased bacterial diversity, high numbers of Firmicutes and
Proteobacteria, and low Bifidobacteria levels, which in turn are associated to a wide array of
conditions, particularly obesity [196–198]. Other dietary interventions, such as the use of fructans,
high-fiber, specific nutrients or prebiotics have been shown to promote bacterial diversity and increase
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Bifidobacteria in the gut, and thus having an overall beneficial effect on the host, such as decreasing
low-grade inflammation [167,195,198,199].

Within the study of specific macro and micronutrients, we find an increased interest in the
effects of molecules such as polyphenols, which have the ability to cause a significant shift in gut
microbiota [12]. Here we will focus particularly on the effect of resveratrol has on the gut microbiota
and how this knowledge could be used in the context of obesity and the metabolic syndrome.

5.3. Resveratrol and Gut Microbiota

Owing to the low bioavailability of resveratrol, it has been postulated that one of its mechanisms of
action is through its interaction with the gut [200]. Recent studies have shown that resveratrol induces
changes in the gut microbiota, which could lead to lower body weight and body fat, together with
improved glucose homeostasis and obesity-related parameters. It seems this could be either by directly
modulating bacterial populations to promote a composition associated with a healthy phenotype, or
by the action of its by-products, which could be having an impact on genes and pathways involved in
energy regulation. A summary of the studies discussed in this section can be found in Table 1.

Table 1. Review of studies analyzing the effect of resveratrol on gut microbiota composition.

Species
Resveratrol

Dose
Duration

Modulation of Gut
Microbiota

Effects on Metabolic Syndrome Alterations

C57Bl/6N mice
0.4%

resveratrol
(+FMT)

2–8 weeks

↑ Bacteroides and
Parabacteroides

↓ Turicibacteraceae, Moryella,
Lachnospiraceae and

Akkermansia

FMT from resveratrol-fed
mice improved glucose

homeostasis and lowered
blood pressure.

[201,202]

C57Bl/6J and
ApoE−/− mice

0.4%
resveratrol 1 or 2 months ↑ Lactobacillus and

Bifidobacterium
Inhibition of TMAO synthesis
and reduced atherosclerosis. [203]

C57Bl/6N mice 450
mg/kg/day 2 weeks

↓ Bacteriodetes-to-Firmicutes
ratio

↑ Parabacteroides, Bilophila
and Akkermansia
↓ Lachnospiraceae

Increased skeletal muscle
insulin sensitivity, glucose

utilization and metabolic rate.
[204]

C57Bl/6J mice 200 mg/kg/day 8 weeks
↓ Lactococcus, Clostridium XI,

Oscillibacter &
Hydrogenoanaerobacterium

Reduced fat deposition and
body weight gain. [205]

C57Bl/6 mice

0.1%
resveratrol,

0.1%
piceatannol or

0.25%
piceatannol

18 weeks

Piceatannol:
↑ Firmicutes, Clostridiales,

Shpingobacteriales, Blautia, P.
kwangyangensis & Lactobacillus

↓ Bacteroidetes

Piceatannol:
Reduced body weight,

perigonadal adipose tissue,
adipocyte size, plasma glucose

and cholesterol
Resveratrol:

Reduced perigonadal adipose
tissue, adipocyte size

[206]

Kunming mice 200 mg/kg/day 12 weeks

↑ Bacteroidetes, Lactobacillus &
Bifidobacterium

↓ Firmicutes and Enterococcus
faecalis

Decreased body and visceral
adipose weight.

Lower plasma glucose and
lipid levels.

[207]

C57Bl/6J and
Glp1r- mice 60 mg/kg/day 5 weeks

Restored bacterial
composition of animals fed a

high-fat diet.
↓ Parabacteroides jonsonii DMS
18315 (a), Alistipes putredinis

DMS 17216 (b) and Bacteroides
vulgatus ATCC 8482

Reduced glucose intolerance
in diabetic mice without

affecting fasting glycemia.
[208]
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Table 1. Cont.

Species
Resveratrol

Dose
Duration

Modulation of Gut
Microbiota

Effects on Metabolic Syndrome Alterations

Wistar rats

Quercetin (30
mg/kg/day)

and resveratrol
(15

mg/kg/day)

10 weeks

↑ Bacteroidales S24-7 group,
Christensenellaceae,

Akkermansia muciniphila,
Ruminococcaceae,

Ruminococcaceae UCG-014 &
Ruminococcaceae UCG-005

↓Firmicutes &
Firmicutes-to-Bacteroidetes

ratio

Lower body weight gain and
adipose tissue weight. [209]

Zucker rat
(fa/fa)

Piceatannol (15
and 45

mg/kg/day)
6 weeks ↓ Clostridium hathewayi

No impact on body weight
and body fat, glucose, and
lipid metabolic parameters.

[210]

Wistar rats

Trans-resveratrol
(15

mg/kg/day) or
trans-resveratrol
+ quercetin (30
mg/kg/day)

6 weeks

Trans-resveratrol & quercetin:
↓Firmicutes-to-Bacteroidetes

ratio
↓Erysipelotrichaceae, Bacillus,

Eubacterium cylindroides

Improved HOMA-IR and
insulin sensitivity. [211]

Sprague
Dawley rats

50 mg/L of
resveratrol
50 mg/L

3 months ↑ Firmicutes-to-Proteobacteria
ratio

Restored systolic and diastolic
blood pressure. [212]

Humans

EGCG (282
mg/day) +

resveratrol (80
mg/day)

12 weeks Men:
↓ Bacteroidetes

Increased fat oxidation and
skeletal muscle mitochondrial

oxidative capacity.
[213]

FMT, fecal microbiota transplant; TMAO, trimethylamine N-oxide; HOMA-IR, homeostatic model
assessment–insulin resistance; HF, high-fat; ND, normal-diet; EGCC, epigallocatechin-3-gallate; ↑, increase;
↓, decrease.

5.3.1. Effects of Resveratrol on Body Weight and Fat Metabolism

As previously discussed in this review, resveratrol could have a beneficial effect on body
weight and body fat regulation based on evidence obtained in experimental animals, and studies are
starting to point towards a potential implication of the gut microbiota as reviewed in Table 1. One
study showed that C57Bl/6J mice on a high-fat diet and receiving 200 mg/kg/day of resveratrol
supplementation through oral gavage five times a week (for a total of eight weeks) presented reduced
fat deposition and body weight gain compared to controls receiving a high-fat diet alone [205]. In
order to understand the potential mechanism through which resveratrol acts, the authors show that
resveratrol activated the mammalian target of the rapamycin (mTOR) complex 2 (mTORC2) signalling
pathway and inhibited mTORC1, a key player in energy regulation, suggesting that this suppresses
the presence of obesity-associated gut microbiota, including Lactococcus, Clostridium XI, Oscillibacter,
and Hydrogenoanaerobacterium.

In tune with these results, Kunming mice on a high-fat diet supplemented with the same amount
of resveratrol (200 mg/kg/day) for 12 weeks also showed decreased body fat and weight by the end
of the experiment [207]. These parameters were correlated with changes in gut microbiota, since
resveratrol significantly increased Lactobacillus and Bifidobacterium (negatively correlated with body
weight), and decreased Enterococcus faecalis (positively correlated with body weight). Furthermore,
they showed a higher abundance of Bacteroidetes and a lower amount of Firmicutes bacteria (a ratio
which was negatively correlated with body weight). Although the authors suggest that resveratrol
could be having a prebiotic effect on bacteria, and that this could be having a positive effect on body
weight and fat mass, further studies are needed to identify the potential mechanisms through which
resveratrol acts.

Other studies have looked at the effect of resveratrol supplementation together with other
compounds of interest. For example, one group administered a combination of quercetin (30 mg/kg
body weight) and resveratrol (15 mg/kg body weight) by oral gavage per day to Wistar rats on
a high-fat diet for 10 weeks [209]. By the end of the experiment, animals receiving supplementation
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presented lower body weight gain and adipose tissue weight compared to animals on a high-fat diet
alone. Interestingly, they also had decreased Firmicutes and a lower Firmicutes to Bacteroidetes ratio,
as well as increased levels of Bacteroidales S24-7 group, Christensenellaceae, Akkermansia muciniphila,
Ruminococcaceae, Ruminococcaceae UCG-014, and Ruminococcaceae UCG-005, which have all been
associated with reducing high-fat-diet-induced obesity.

In line with these results, it seems resveratrol could be a promising compound for use in promoting
a healthy gut microbiota, which is known to have a wide array of beneficial effects. However, to
the best of our knowledge, very few studies have been carried out which investigate the effects of
resveratrol supplementation on gut microbiota in humans and the results obtained were slightly
milder than those observed in animals. A recent study gave both males and females a combination of
epigallocatechin-3-gallate (282 mg/day) and resveratrol (80 mg/day) supplements for 12 weeks; by
the end of the experiment, they observed only slight differences in the gut microbiota composition
of men only, with a minor reduction in Bacteroidetes and Faecalibacterium prausnitzii [213]. However,
an increase in fat oxidation and skeletal muscle mitochondrial oxidative capacity was observed
associated with supplementation and, interestingly, the Bacteroidetes level was correlated with fat
oxidation in men.

5.3.2. Resveratrol Potentially Improves Glucose Homeostasis through the Gut Microbiota

Recent studies have focused on whether the beneficial effect of resveratrol supplementation on
glucose homeostasis may be mediated, at least in part, by alterations in the gut microbiota. Two recent
studies carried out by the same group using a fecal microbiota transplant (FMT) show that obese
mice receiving a resveratrol (0.4%)-fed mice-FMT present less Proteobacteria [201,202]; considering the
association of Proteobacteria with inflammation, the authors postulated that the reduction observed
could be indicative of the benefits seen in treated animals. Furthermore, they also reported decreased
inflammation in the colon of FMT-recipients and suggested that bacterial metabolites or by-products
of the polyphenol may be responsible for these benefits. In contrast, the authors reported decreased
levels of Akkermansia muciniphila, a species that has been associated to improved body weight and
glucose management. An interesting observation however was that resveratrol-FMT is actually more
efficient than oral supplementation per se for the regulation of glucose homeostasis once obesity
and insulin resistance are already present [201,202]. Decreased intestinal inflammation linked to
resveratrol supplementation and improved glucose homeostasis has also been reported [208], in which
C57Bl/6J and glucagon-like peptide-1 (GLP-1) receptor knock-out (Glp1r-/-) mice on a high-fat diet
supplemented with 60 mg/kg/day of resveratrol for five weeks showed an increase in glucose-induced
glucagon-like peptide-1 (GLP-1) and insulin secretion. This was accompanied by changes in gut
microbiota composition, which suggest to be linked to the decreased intestinal inflammation in these
animals. It is hypothesised that animals on a high-fat diet have increased inflammation, which leads to
decreased glucose-induced insulin secretion and ultimately insulin resistance [185]. Thus, it seems
that resveratrol may potentially mitigate intestinal inflammation caused by high-fat feeding via gut
microbiota modulation, which could in turn increase incretin actions such as insulin and GLP-1
secretion and ameliorate glycemic control. Hence, based on the in vivo demonstration of the influence
of resveratrol on the enteroendocrine axis in mice [208], a novel therapeutic action of this polyphenol
should be considered.

In another study, C57Bl/6N mice with induced heart failure were administered a high dose of
resveratrol (450 mg/kg/day) together with a high-fat diet for two weeks and reported a decreased
Bacteroidetes-to-Firmicutes ratio in the gut microbiota and an increase in the genus Akkermansia [204].
This latter one, as previously mentioned, has been linked to improved glucose homeostasis in
insulin-resistant and obese animal models, and is in contrast with what was observed in the
above-discussed studies. This was accompanied by a higher abundance of the genera Parabacteroides
and Bilophila, and a decrease in the Lachnospiraceae family, changes which are associated to
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an increased metagenomics capacity for carbohydrate metabolism, indicating a potential mechanism
by which resveratrol improves insulin signaling and glucose homeostasis.

Rats under a high-fat, high-sucrose diet were supplemented with either trans-resveratrol
(15mg/kg body weight/day) or with a combination of trans-resveratrol and quercetin (30mg/kg/day)
for six weeks [211]. Besides a reduced weight gain, animals receiving the polyphenols exhibited lower
serum insulin levels and improved insulin sensitivity. Treatments did not alter bacteria at the phylum
level, however trans-resveratrol did reduce significantly the Graciibacteraceae family, the Parabacteroides
genus, and the species Clostridium aldenense, Clostridium hathewayi, Clostridium sp. C9, Clostridium sp.
MLG661, Gracilibacter thermotolerans and Parabacteroides distasonis, as well as increasing significantly the
relative abundance of Clostridium sp. XB90 versus animals on a high-fat, high-sucrose diet alone. Even
though these changes were accompanied by a decrease in HOMA-IR, the authors could not conclude
a direct association between the changes observed in gut microbiota and the beneficial effects seen in
insulin resistance.

5.3.3. Effects on Cardiovascular Health

Cardiovascular health is closely related to metabolic syndrome, which, as described above, is
characterized by abdominal fat, high glucose, and triglyceride levels, low high-density lipoprotein
cholesterol levels, and hypertension [214]. Thus, determining therapies to promote a healthy
cardiovascular system will inevitably lead to an improvement of the metabolic syndrome outcome.
Within this context, one group showed a protective effect of resveratrol on atherosclerosis by
supplementing C57BL/6J and ApoE-/- mice with 0.4% resveratrol. Supplementation increased
levels of the genera Lactobacillus and Bifidobacterium, and decreased gut microbial trimethylamine
production through changes in the gut microbiota, hence leading to inhibited trimethylamine-n-oxide
synthesis and reduced atherosclerosis [203]. Interestingly, another study investigated the effect of
supplementing Sprague Dawley rats with 50 mg/L of resveratrol in their drinking water during
pregnancy and lactation whilst on a high-fructose diet [212]. They observed that the offspring from
animals receiving resveratrol presented a restored systolic and diastolic blood pressure versus animals
not receiving supplementation, which was elevated compared to control rats. This was accompanied
by changes in gut microbiota since animals receiving a high-fructose diet presented a decreased
Firmicutes-to-Proteobacteria ratio, which was normalized by resveratrol intake. Furthermore, it seems
that supplementation increased the relative abundance of Lactobacillus and Bifidobacterium species,
which was in accordance with that observed by Chen et al. [203], thus counteracting the impact of the
high-fructose diet [212]. However, further studies are needed to determine whether such changes can
be directly attributed to the beneficial impact of resveratrol on hypertension.

5.3.4. Resveratrol Analogues and Gut Microbiota

Due to the reported low bioavailability of resveratrol, a few studies have been carried out to
explore the potential effects of analogs such as piceatannol [215], a polyphenol that presents better
bioavailability. However, the studies published so far present differing results. On the one hand,
one group showed that the administration of piceatannol (15 or 45 mg/kg/day for six weeks) to
Zucker (fa/fa) rats has little effect on gut microbiota, as well as no major impact on body weight, body
fat, and glucose and lipid metabolic parameters, other than a decrease in circulating non-esterified
fatty acids and in fecal Clostridium hathewayi, belonging to the butyrate-produce cluster Clostridium
XIVa [210]. On the other hand, another study showed that 0.25% piceatannol supplementation under
a high-fat diet reduced the body weight of C57Bl/6N mice, and that both 0.1% resveratrol and 0.1%
and 0.25% piceatannol were able to partially prevent the increase of body fat content and adipocyte size
compared to a high-fat diet alone [206]. This was accompanied by significant changes in gut microbiota,
where animals supplemented with piceatannol particularly recovered from the alterations caused
by a high-fat diet, which intriguingly consisted of a decreased Firmicutes abundance and increased
Bacteroidetes [206]. The differences in the results between these two studies could be due to a variety
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of reasons, such as different concentrations and length of supplementation, together with different
metagenomic workflow. Furthermore, the results of the latter study, reporting a piceatannol-induced
increase in Firmicutes versus animals on a high-fat diet deserves further confirmation, since it has been
well documented that this dietary intervention, revealing an obese phenotype, is generally associated
to dysbiosis and lower bacterial diversity [197]. Otherwise, the rapid action of piceatannol, which
results in lowering blood glucose 1 h after acute oral administration in db/db mice (50 mg/kg body
weight), indicates that not all the beneficial effects of stilbenoids are mediated by a modulatory action
effect on gut microbiota [144]. Together with the interactions between stilbenoids and bacteria, changes
at the intestinal level and even in other targets, warrant further study regarding the potential of
polyphenols for the chronic treatment of metabolic syndrome. However, such future investigations
should not consider these metabolites as inactive; as mentioned above and as illustrated by the case of
urolithin A, a major ellagitannin metabolite, they are endowed with noticeable health benefits [216].

6. Future Directions

When reflecting on the impact a certain compound has on health, in this case, resveratrol,
and whether its effects may be mediated by gut microbiota, many questions appear: Is gut microbiota
at the base of energy regulation? Could resveratrol be having a significant impact on it, making it
relevant to consider it a prebiotic in the future? Thus, there are still many issues to consider and
investigate in the near future.

As recently reviewed [217], the modulation of gut microbiota is being considered as a key method
to treat obesity. However, it is seen that the efficiency of this strategy is inconsistent due to inherent
differences in gut microbiota among individuals. Furthermore, it is yet to be determined what an
“ideal” gut microbiota composition is and how to effectively manipulate it.

Although the results so far are promising, further studies are warranted in both animals and
humans. It seems that resveratrol does have an effect on gut microbiota that was initially unsuspected
when, more than a decade ago, the stilbenoid was found to modulate energy balance. Now, resveratrol
is considered as a potential prebiotic candidate to promote changes in bacterial composition associated
with a healthy phenotype. However, whether this interaction is involved in several of the beneficial
health effects attributed to this polyphenol is yet to be elucidated. At present, and to the best of our
knowledge, most studies are still observational, and nearly all in animal models, presenting interesting
correlations but few mechanistic clues as to how the resveratrol-gut microbiota-metabolism axis could
be functioning. As discussed above, it seems that in the past 10 years most studies have shown
associations between gut microbiota and health and disease, but they have failed to prove a direct
causal relationship [154]. One of the potential mechanisms put forward by Nohr et al. [218] could
be that resveratrol reverses or inhibits the effects of Gram-negative bacteria-derived LPS in the gut,
thereby preventing an alteration of the intestinal epithelium permeability, and consequently decreasing
endotoxemia of intestinal origin, low-grade inflammation, and obesity. However, more studies are
needed in order to confirm this interesting hypothesis. Another future route of study could be to
analyze the potential effects of resveratrol on SCFA in the gut since recent studies seem to be pointing
to the by-products of resveratrol as the key actors, including SCFA, already known to play a regulatory
role in energy homeostasis.

At this stage, and considering the observations made in different models, we hypothesize two
putative mechanisms of action of resveratrol on the interactions between bacteria and intestinal mucosa.

First, resveratrol may influence the turnover of SCFA and various intraluminal lipids by
modulating both bacterial production and handling in the intestine. Indeed, resveratrol has been
reported to exert an important anti-lipogenic effect on an in vitro model of the human small intestinal
mucosa, in which epithelial cells were treated with LPS with or without prior challenge with
resveratrol [219]. Among the genes found to be regulated by LPS but repressed by resveratrol were
endothelial lipase, acyl-CoA synthetase, and many others involved in lipid synthesis and/or cholesterol
handling. Furthermore, resveratrol has been reported to inhibit lipogenesis in rodent fat cells too, in
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an acute, short-term manner. Taking together these observations, it could be suggested that resveratrol
can directly reduce the activity of enzymes involved in lipogenic pathways, in a concerted manner with
the down-regulatory role it plays on their expression [143]. All these integrated actions of resveratrol
limit LPS bacterial production and its consequences on epithelial transcript factors, reshape intestinal
lipid metabolism, and lead to a reinforcement of the intestinal barrier when challenged by an excess
of lipids. As a consequence of such modulation, the beneficial effects of ingested resveratrol or its
metabolites before and after trans-epithelial absorption seemingly include changes in the intraluminal
microbiota and SCFA levels, gut barrier integrity, and blood cholesterol and triglycerides.

Our second hypothesis is that the antioxidant properties of polyphenols can trigger pleiotropic
responses in both the microbiota and the host. It is worthy to note that NADPH oxidase was
upregulated by LPS but down-regulated by resveratrol in epithelial cells used in the abovementioned
study [219]. NADPH oxidase is a complex membrane-bound enzyme implicated in the immune
response, but it is also recognized as generating superoxides and ROS. Because of their antioxidant
properties, resveratrol and its derivatives can potentially counteract the consequences of ROS produced
by NADPH oxidase and other ROS-generating enzymes. In this sense, we recently confirmed that
resveratrol impairs not only the fate of hydrogen peroxide generated by monoamide oxidase in fat
cells but also the catalytic activity of the oxidase itself [143]. In bacteria, there are amine oxidases
equivalent to those found in mammalian cells. Although their roles are not completely defined, it has
been proposed that they are useful for survival in harsh culture conditions, allowing for diversification
of the sources of nitrogen and provide a growth advantage over competing species (via the hydrogen
peroxide they produce). Noteworthy, the deletion of the Escherichia coli copper amine oxidase (ECAO)
has been demonstrated to alter the growth abilities of its associated strain, with significant metabolic
changes [220]. Many other alterations have been reported among strains expressing (or not) ECAO
and have led to this enzyme being characterized as capable of influencing bacterial growth and
adhesion [220]. Thus, in addition to its well-known antimicrobial properties, resveratrol might reshape
gut bacteria composition by counteracting ROS actions and inhibiting amine oxidase activities, thereby
selecting given bacterial species. However, whether this potential mechanism is different from other
dietary antioxidants and contributes to the specificity of the stilbenoid in reversing gut microbial
dysbiosis remains to be elucidated.

As a final note, it is important to mention that differences in results among the studies discussed
may be due to a variety of reasons: Species (mice vs. rats vs. humans) and disease model (knock-out,
obese, etc.); a wide variety in dosage of resveratrol and duration of supplementation; the administration
route (mixed in diet or drinking water, oral gavage); and the combination with other compounds
(e.g. quercetin), making it difficult to dissect the effects of each. Furthermore, studies also differ
in how they report the changes observed in gut microbiota composition, where differences are
seen in either species, genus, and/or the phylum level, making it tricky to elucidate the impact
of polyphenol-microbiota interactions in the first instance.

7. Conclusions

It is becoming clear that we are moving towards an era in which treatments and strategies,
particularly nutritional interventions such as resveratrol supplementation, to counteract obesity and
metabolic syndrome will need a personalized approach tailored to the individual in order to be as
effective as possible. The gut microbiota composition is an important factor to consider in this equation.
Further studies, together with growing knowledge on the role of gut microbiota composition, will
inevitably provide exciting future directions, as in the case of resveratrol-based supplementations.
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Abstract: Background: Recent studies showed that trans-ε-viniferin (ε-viniferin), a trans-resveratrol
dehydrodimer, has anti-inflammatory and anti-obesity effects in rodents. The main purpose of this
work was to assess the tissue distribution study of ε-viniferin and its metabolites after intraperitoneal
(IP) administration in rat. Methods: After IP injection of 50 mg/kg, ε-viniferin and its metabolites
were identified and quantified in plasma, liver, kidneys, adipose tissues, urine, and faeces by Liquid
Chromatography-High Resolution Mass Spectrometry (LC-HRMS). Results: ε-Viniferin underwent a
rapid hepatic metabolism mostly to glucuronides but also to a lesser extent to sulphate derivatives.
The highest glucuronide concentrations were found in liver followed by plasma and kidneys whereas
only traces amounts were found in adipose tissues. In contrast the highest ε-viniferin areas under
concentration (AUC) and mean residence times (MRT) values were found in white adipose tissues.
Finally, much lower levels of ε-viniferin or its metabolites were found in urine than in faeces,
suggesting that biliary excretion is the main elimination pathway. Conclusion: A rapid and large
metabolism of ε-viniferin and a high bioaccumulation in white adipose tissues were observed. Thus,
these tissues could be a reservoir of the native form of ε-viniferin that could allow its slow release
and a sustained presence within the organism.

Keywords: ε-viniferin; distribution; metabolism; adipose tissue

1. Introduction

Trans-ε-viniferin (ε-viniferin), a stilbene oligomer formed by two units of trans-resveratrol
monomer (Figure 1), is found in various plant families such as Vitaceae, Gnetaceae, Cyperaceae,
Fabaceae or Dipterocarpaceae [1–4]. ε-Viniferin is a major constituent of Vitis species [5]. In dietary
terms, the principal source of ε-viniferin is wine and its amount ranging from 0.2 to 4.3 mg/L [6,7].
It is now considered nowadays as a potential bioactive molecule with promising antioxidant,
anti-inflammatory, and cardioprotective activities [8–11].
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Figure 1. Structural representation of ε-viniferin and its glucuronide and sulphate metabolites.
G: glucuronic acid, S: sulphate, OH: hydroxy group.

Recent studies have reported its strong potential anti-obesity effects and that it acts preventively
against metabolic syndrome. In fact, ε-viniferin (50 μM) has been demonstrated to be able to
inhibit adipogenesis in 3T3-L1 cells by decreasing lipid accumulation and expression of adipogenesis
(PPARgamma) and anti-inflammatory (MCP-1) gene markers. In addition, the same authors showed in
mice that administration over four weeks of a diet containing 0.2% of ε-viniferin significantly reduced
subcutaneous, epididymal, and retroperitoneal adipose tissue weights and consequently the body
weight. Moreover, a significantly decrease in inflammatory and obesity-related gene expression (tumor
necrosis factor alpha, monocyte chemoattractant protein-1, and leptin) was observed in vitro and
in vivo [12]. These results are in accordance with a study in which, ε-viniferin (2.5, 5, and 10 μM)
decreased the size of lipid deposits in vitro. It also reduced the body weight and the weight ratio of
mesenteric fat in mice (10 and 25 mg/kg/day, 5 weeks) [13]. These findings on the potential anti-obesity
properties of ε-viniferin are opening a new and interesting line of research that has received little
attention to date.

The persistent shadow of doubt when working with stilbene is its low bioavailability, which is
often explained by low absorption and an extensive enteric and hepatic phase II metabolism. Generally,
this metabolism results in conversion of the stilbene compound to conjugated metabolites that are
rapidly excreted [14,15]. Recently, we described the in vitro metabolism of ε-viniferin using liver
fractions. We found an intense metabolism in which more than 75% of the ε-viniferin was converted
into glucuronide and sulphate metabolites in rat and human [16]. Mao and co-workers described
the pharmacokinetic profile of δ-viniferin, another dehydrodimer of trans-resveratrol, in rats [17].
They found a total absorption of 31.5% for δ-viniferin and its glucuronide and sulphate metabolites
and reported an absolute oral bioavailability of 2.3% for unchanged δ-viniferin, assuming a high
metabolism [17]. Moreover, the apparent volume of distribution value in this study suggested that
δ-viniferin and its metabolites could disseminate extensively into organs and tissues.

The biological activity of ε-viniferin may depend highly on its ability to be distributed in target
tissues. To our knowledge, the only study that investigated the pharmacokinetic parameters of
ε-viniferin was performed in mice [18]. The authors reported a low oral bioavailability of 0.771% and a
high IP bioavailability of more than 85%. However, they did not study the metabolism and the tissue
distribution of ε-viniferin.

Given the anti-obesity potential of ε-viniferin and that the onset and evolution of obesity depend
on of the regional distribution of adipose tissue, it would be worth exploring the distribution of
ε-viniferin and its metabolites in superficial and deep white adipose deposit [19,20]. Thus, the objective
of our study was to describe the tissue distribution and excretion of ε-viniferin and its glucuronide
and sulphate metabolites after IP injection in rat. A sensitive liquid chromatography-high resolution
mass spectrometry (LC-HRMS) Orbitrap mass spectrometer was used to quantify ε-viniferin and its
metabolites in plasma, liver, kidneys, adipose tissues, urine and faeces.
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2. Materials and Methods

2.1. Material and Reagents

ε-Viniferin (purity ≥ 95%) was extracted and purified from grapevine shoot extract in our
laboratory as described previously [21]. The chemical structure was confirmed by 1H NMR,
and high-resolution mass spectrometry [22]. High pressure liquid chromatography (HPLC)-grade
acetonitrile, methanol, ethanol, ethyl acetate and formic acid were purchased from Fisher Scientific
(Illkirch, France). Ultrapure water used was obtained using a Purelab Ultra System (Elga Lab Water,
High Wycombe, UK).

2.2. Pharmacokinetic Studies

The study was approved by the Bordeaux University Institutional Ethics Committee for
Animal Research (IEC-AR/ MESR approval n◦00289.0). All experiments were conducted in
accordance with Directive 2010/63/EU on the protection of animals used for scientific purposes.
The animals (male Wistar rats) were purchased from Janvier-LABS (Saint-Berthevin, France) (agreement
n◦A33063917, University of Bordeaux, France). Thirty-six male Wistar rats (250–300 g, 7 weeks old)
were maintained in controlled conditions (12 h light/12 h dark cycle, humidity 50–60% and ambient
temperature 24 ± 1 ◦C) and had free access to food and water. ε-Viniferin was dissolved in
H2O/ethanol (90/10) and administrated intraperitoneally at a dose of 50 mg/kg in a total volume of
1 mL/rat. For the distribution study, rats were sacrificed by a deep anesthesia with isoflurane followed
by a rapid exsanguination in random groups of 6 rats at the following periods of time points: 15 and
30 min, and 1, 2, 4 h post-injection. Blood samples (500 μL) were collected in heparinised tubes and
plasma was harvested by centrifugation at 4 ◦C and 10,000 g for 5 min. Rats were then perfused with
saline prior to collecting and weighing liver, kidneys, interscapular brown adipose tissue (IBAT) and
epididymal (EWAT) and retroperitoneal (RWAT) white adipose tissues. All biological samples were
stored at −80 ◦C until analysis. For the excretion study, 6 rats were housed individually in metabolic
cages fitted with urine/faeces separators. Urine and faeces (24 h) were collected after ε-viniferin
intraperitoneal IP administration. Urine volumes were measured and faecal samples were weighed.
All the samples were rapidly frozen at −80 ◦C until analysis.

2.3. Extraction of ε-Viniferin and its Metabolites from Plasma, Urine and Faeces

An aliquot of 100 μL of plasma was mixed with 300 μL of methanol. After vortex-mixing for 3 min
and centrifugation at 12,000 g for 30 min at 4 ◦C, the supernatant was evaporated using a SpeedVac
concentrator (Thermo Fisher Scientific, Waltham, MA USA). Four millilitres of urine were vortex-mixed
with ethyl acetate (3 mL) for 1 min. After centrifugation at 12,000 g for 10 min at 4 ◦C, the supernatant
was recovered and the residue was extracted again using ethyl acetate (3 mL). Both supernatants were
combined and evaporated using a SpeedVac concentrator. Faeces were lyophilized, weighed and
100 mg of dried sample were mixed with 800 μL of methanol. The mixture was gently vortexed
for 3 min and centrifuged at 12,000 g for 10 min at 4 ◦C. Finally, the supernatant was evaporated.
The residue of plasma, urine and faeces extraction was reconstituted in 200 μL H2O/methanol (90/10)
and filtered through a 0.45 μm PTFE filter (Millex, Darmstadt, Germany) prior to LC-HRMS Orbitrap
mass spectrometer analysis.

2.4. Extraction of ε-Viniferin and its Metabolites from Tissues

An aliquot of rat tissue (lower than 0.6 g) was homogenized in 3 mL of methanol/H2O (80/20)
using an Ultra-Turrax homogenizer (IKA, Staufen, Deutschland). Extraction was performed for 1 min
in an ultrasonic bath, followed by vortex-mixing for 3 min. After centrifugation at 12,000 g for 20 min at
4 ◦C, the supernatant was recovered and the residue was extracted again using 3 mL of methanol/H2O
(80/20). Both supernatants were combined, evaporated, reconstituted in 1 mL H2O/methanol (90/10)
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and filtered through a 0.45 μm PTFE filter. Some samples were diluted prior to LC-HRMS Orbitrap
mass spectrometer analysis.

2.5. LC-HRMS Quantitation of ε-Viniferin and its Metabolites

The LC-HRMS platform consisted of an HTC PAL autosampler (CTC Analytics AG, Zwingen,
Switzerland), an Accela U-HPLC system with quaternary pumps and an Exactive benchtop Orbitrap
mass spectrometer equipped with a heated electrospray ionization (HESI) probe (both from Thermo
Fisher Scientific, Bremen, Germany). For liquid chromatography separation, a C18 column was used
as the stationary phase (BEH C18 2.1 mm × 100 mm, 1.7 μm particle size, Waters, Guyancourt, France).
The mobile phases were (A) water and (B) acetonitrile both acidified with 0.1% formic acid. The flow
rate was 450 μL/min and eluent B varied as follows: 0 min, 25%; 0.5 min, 25%; 3.6 min, 50%; 3.9 min,
50%; 4 min, 100%; 5.7 min, 100%; 5.8 min, 25%; 7 min, 25%. The injection volume was 5 μL. Data were
acquired in negative Fourier transform mass spectrometry (FTMS) ionization mode at a unit resolution
of 25,000 (m/Δm, full width at half maximum (FWHM) at 200 u). The sheath and auxiliary gas
flows (both nitrogen) were optimized at 75 and 18 arbitrary units, respectively. The HESI probe and
capillary temperatures were 320 ◦C and 350 ◦C, respectively. The electrospray voltage was set to −3 kV,
the capillary voltage to −60 V, the tube lens voltage offset to −135 V and the skimmer voltage to −26 V.
Mass spectra were recorded from 100 to 1800 Th, with an AGC value of 3 × 106. Before each series of
analysis, the spectrometer was calibrated using Pierce® ESI Negative Ion Calibration solution (Thermo
Fisher Scientific).

All data were processed using Qualbrowser and Quanbrowser applications from Xcalibur
version 2.1 (Thermo Fisher Scientific, Waltham, MA USA). Peak areas were determined by automatic
integration from the extracted ion chromatogram built for the deprotonated ion of ε-viniferin
(m/z 453.1343 u), ε-viniferin glucuronide (m/z 629.1664 u) and ε-viniferin sulphate (m/z 533.0912 u) in a
5-ppm window. The ε-viniferin calibration curve was obtained by injections of standard solutions in
a range of concentrations varying from 100 ng/L to 2 mg/L showing a good linearity (R2 = 0.9971)
with recovery ratio calculated between 89% and 104%. The quantification limit was set at 10 μg/L
according to the methodology described by De Paepe et al. (2013) [23]. Injection of 5 replicates
of calibration samples at 10 ug/L and 1 mg/L showed relative standard deviation (RDS) less than
7 and 5%, respectively. Metabolite concentrations were expressed as an equivalent of the ε-viniferin
standard curve.

2.6. Data Analysis

Variables measured were expressed as mean ± SD of 6 rats for each timepoint. Maximum
concentration (Cmax) and time to reach Cmax (Tmax) were recorded directly. Pharmacokinetic
parameters such as area under concentration-time curve from time zero to the last point (AUC0–t),
area under concentration-time curve from time zero to infinity (AUC0–∞), elimination half-life (T1/2),
and mean residence time (MRT) were analyzed by non-compartmental modelling using the PKSolver
program [24].

3. Results

The plasma and tissue kinetic profiles of ε-viniferin and its metabolites (Figure 1) were assessed
in rats. Animals were administered an IP bolus of 50 mg/kg ε-viniferin and were euthanized at
different timepoints (15, 30 min, 1, 2 and 4 h) to obtain blood samples, and to collect the liver, kidneys,
IBAT, EWAT and RWAT. ε-Viniferin and its metabolites were identified and quantified by LC-HRMS.
The plasma and tissue concentrations of ε-viniferin and its metabolites are illustrated in Figure 2,
and the relevant pharmacokinetic parameters are presented in Table 1.
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Figure 2. Kinetic profiles of ε-viniferin and its total glucuronide and total sulphate metabolites (n = 6).
Concentrations were expressed in nmol/mL for plasma and nmol/g for the tissues. Interscapular
brown adipose tissue (IBAT), epididymal white adipose tissue (EWAT), retroperitoneal white adipose
tissue (RWAT).

Table 1. Pharmacokinetic parameters of ε-viniferin and metabolites in plasma and collected tissues.

Parameters Plasma Liver Kidney IBAT EWAT RWAT

ε-Viniferin
Tmax 1.00 0.25 1.00 0.50 0.25 0.25
Cmax 6.80 13.41 12.30 0.76 47.78 48.32
T1/2 0.95 0.74 1.00 1.01 2.74 2.86

AUC0-t 12.52 20.05 15.86 1.58 84.16 109.02
AUC0-∞ 13.49 20.70 17.53 1.71 130.27 177.02

MRT 1.53 1.24 1.62 1.64 3.86 4.13

ε-Viniferin Glucuronides
Tmax 1.00 1.00 1.00 nq nq 1.00
Cmax 8.20 58.17 3.30 nq nq 0.52
T1/2 0.90 0.65 1.08 nq nq 5.79

AUC0-t 10.14 85.01 8.42 nq nq 1.61
AUC0–∞ 11.00 87.31 9.27 nq nq 4.67

MRT 1.66 1.52 2.03 nq nq 8.81

ε-Viniferin Sulphates
Tmax 1.00 1.00 1.00 nq nq nq
Cmax 0.38 3.82 0.74 nq nq nq
T1/2 0.49 0.35 0.72 nq nq nq

AUC0-t 0.44 5.31 1.50 nq nq nq
AUC0-∞ 0.44 5.31 1.55 nq nq nq

MRT 1.22 1.37 1.69 nq nq nq

Tmax, T1/2 and mean residence time (MRT) were expressed in h. Cmax were expressed in nmol/mL and AUC in
nmol/mL×h for plasma, and nmol/g and nmol/g×h for the tissues. nq = non quantified. Interscapular brown
adipose tissue (IBAT), epididymal white adipose tissue (EWAT), retroperitoneal white adipose tissue (RWAT).

Regarding ε-viniferin, we found a rapid and wide distribution of the native molecule in tissue
within the time course examined (Figure 2). Plasma and tissue concentrations of ε-viniferin rapidly
increased and reached a maximum concentration between 15 to 60 min after IP injection. The Tmax
values for ε-viniferin were 15 min for EWAT and RWAT and liver, followed by IBAT (30 min) and
by plasma and kidneys (1 h), as depicted in Table 1. Thereafter, ε-viniferin concentrations rapidly
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decreased within 4 h in plasma, liver, kidneys and IBAT. Interestingly, 4 h after injection, a high
concentration of ε-viniferin still remained in both white adipose tissues (EWAT and RWAT) in which
the MRT and T1/2 were the longest (3.86 and 4.13 h; 2.74 and 2.86 h, respectively). These values were
more than 2-fold higher for white adipose tissue than for plasma, liver and kidneys (Table 1). Similarly,
the highest AUC0–t were found for EWAT and RWAT (84.16 and 109.02 nmol/g×h, respectively),
which were from 4- to 8-fold higher than the values for plasma, liver and kidney (12.52, 20.05 and
15.86 nmol/g×h, respectively).

To obtain an accurate description of the pharmacokinetic profile of ε-viniferin in rat, its metabolism
was studied. The mass spectra obtained from plasma and tissue analysis showed the presence of
ε-viniferin phase-II metabolites: glucuronide and sulphate conjugates. These metabolites, previously
characterized in our laboratory, were identified as being V1G, V2G, V3G and V4G for glucuronides
and V1S, V2S, V3S, and V4S for sulphates (Figure 1) [16]. The plasma and tissue concentration-time
profiles of total glucuronides and of total sulphates are shown in Figure 2.

Sulphate metabolite levels were lower than those of glucuronide metabolites in plasma and tissues.
Glucuronides appeared rapidly in plasma, liver and kidneys and reached a maximum concentration
after 60 min (Figure 2). Thereafter, they rapidly decreased both in plasma and liver, but slowly in
kidneys. AUC0–t values showed that glucuronides were mainly located in liver, followed by plasma
and kidneys (85.01 nmol/mL×h, 10.14 and 8.42 nmol/g×h, respectively) (Table 1). Only traces of
glucuronides were detectable in IBAT and EWAT while they were measurable in RWAT. In all tissues
and plasma, the major metabolite was V2G, which represented more than 70% of the eight metabolites
studied while total sulphates accounted for less than 10%. LC-HRMS chromatograms of ε-viniferin
and its metabolites quantified in plasma, liver and kidney are presented in Figure 3.

Figure 3. Liquid chromatography-high resolution mass spectrometry (LC-HRMS) extracted ions
chromatograms of plasma, liver and kidney extracts from rat 1h after IP administration. (a) ε-viniferin
(m/z 453.1343), (b) glucuronide metabolites (m/z 629.1664) and (c) sulphate metabolites (m/z 533.0912).
For each tissue, the intensity was expressed relative to the ε-viniferin maximum (%).

The difference in tissue distribution is highlighted in Figure 4, which shows the 1 h time
point (Tmax of ε-viniferin in plasma) for ε-viniferin and its glucurono- and sulpho-conjugates
concentrations. Higher ε-viniferin concentrations were found in EWAT and RWAT (23.46 and
34.46 nmol/g, respectively) than in plasma, liver or kidneys (6.80, 11.02 and 12.30 nmol/g, respectively).
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Regarding glucuronides, the highest concentrations were found in liver followed by plasma and
kidneys, whereas only trace amounts were found in adipose tissues. Sulpho-conjugates were found
only in very low levels in liver, kidney and plasma.

Figure 4. Concentrations ε-viniferin and its total glucuronide and total sulphate metabolites in plasma
and organs 1 h after IP administration (n = 6). Concentrations were expressed in nmol/mL for plasma
and nmol/g for the tissues.

Urine and faeces were collected 24 h after IP administration of 50 mg/kg ε-viniferin. In urine,
ε-viniferin and its metabolites were detected but at less than 0.001% of the administered dose,
while 9.7% of the administered dose was excreted in faeces. The major form of dehydrodimer in
faeces was unchanged ε-viniferin, with 7.7 ± 1.2% of the initial dose. Glucuronides and sulphates
were 0.6 ± 0.2% and 1.4 ± 0.4%, respectively.

4. Discussion

After IP injection, the appearance of the administered molecule requires a certain time to reach the
systemic blood circulation. In this study, we observed that ε-viniferin was present in the plasma as early
as 15 min after administration. Its concentration slowly increased during 1 h and then rapidly declined.
This could be due to its rapid biotransformation in the liver (Tmax 15 min). Indeed, ε-viniferin
glucuronides appeared as early as 15 min in liver and were present in much greater concentrations
than ε-viniferin and the sulphate forms (Table 1). In plasma, kidneys and RWAT, glucuronides were
also the main metabolites. Regarding another dehydrodimer of trans-resveratrol, δ-viniferin, Mao et al.
(2016) showed in vivo that glucuronides were also much more present than sulphates in plasma after
oral or intravenous administration. In a previous study using rat liver extracts, we showed that the
in vitro metabolism of ε-viniferin produced four glucuronides (V1G, V2G, V3G and V4G) and four
sulphates (V1S, V2S, V3S and V4S), with glucuronides being the major metabolites. V2G and V3G
represented more than 90% of the total glucuronides, whereas sulphates metabolites were present
in equal proportion [16]. We now confirm the same metabolic profile in vivo in rat liver both for
glucuronides and sulphates, which is an important finding (Figure 3). Identification of the metabolic
profile of ε-viniferin will allow us to perform additional studies into potential values of metabolites.

The AUC0–t for ε-viniferin glucuronides in liver were 8.4- and 10.1-fold higher than those
measured in plasma and kidneys, respectively. Moreover, ε-viniferin glucuronides were present in
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faeces but not in the urine. Therefore, glucuronides were eliminated mainly by the hepato-biliary
system, which could explain the low amount measured in plasma, kidneys and urine. Native ε-viniferin
was also found in faeces (7.7% of the administered dose), which could be due to its biliary excretion or
to the cleavage of glucuronide by glucuronidase in the intestinal lumen. The aglycone and glucuronide
forms of trans-resveratrol are known to be eliminated mainly in faeces by the bile tract and not in the
urine [25,26]. Interestingly, when the bile cannula from a bile-donor rat, which received an oral dose
of trans-resveratrol, was diverted to the duodenum of a bile-recipient rat, trans-resveratrol and its
glucuronide were found in the blood-stream of the latter. Therefore, trans-resveratrol could undergo
an entero-hepatic re-circulation [25]. Moreover, Mao (2016) observed a double peak of δ-viniferin
on the concentration-time curve in plasma after oral administration, suggesting the enterohepatic
circulation of δ-viniferin [17]. It might thus be of interest to extend the time of exposure of the
organism to ε-viniferin and lengthen its pharmacological activity. In urine, the amounts of ε-viniferin,
its glucuronides and its sulphates were less than 0.001% of the initial dose, therefore strengthening
the notion of an extremely weak urinary elimination. A recent study found that, after an oral dosage,
δ-viniferin were eliminated in urine under unchanged, glucuronidated and sulphated forms at a low
concentration (<0.05%) [17]. Therefore, urine does not seem to be a major route for eliminating these
trans-resveratrol dehydrodimers.

In this study we collected two types of white adipose tissues: the epididymal (EWAT) and the
retroperitoneal (RWAT), and one brown adipose tissue, the interscapular (IBAT). These two types
do not have the same structures or functions. Brown adipose tissue is involved in thermogenesis
whereas white adipose tissues regulates energy storage and metabolism through endocrine secretion
of adipokines [27]. We report here that, ε-viniferin was found 15 min (Tmax 15 min) after injection in
all adipose tissues, indicating a rapid uptake. In EWAT and RWAT, ε-viniferin Cmax were very high,
even much higher than the concentration found in the other organs studied. Moreover, ε-viniferin
was eliminated slowly, as attested by the high MRT values in EWAT and RWAT (3.83 and 4.13 h,
respectively). Based on these results, we speculated that the large amount of the native ε-viniferin found
in white adipose tissues could be due to its lipophilic characteristics, as confirmed by its poor aqueous
solubility and a high octanol-water ratio partition coefficient (log p value 4.60) which promote rapid
incorporation in unilocular lipid droplets of adipocytes. Surprisingly, the ε-viniferin concentration
in IBAT was very low as compared to that in white adipose tissue. Indeed, brown adipocytes are
multilocular with small lipid droplets, surrounded by many mitochondries with a high metabolic
activity. This is not conducive to the accumulation of lipophilic compounds that occurs in white
adipose tissue.

The very low levels of metabolites detected in each different adipose tissues studied could be
due to one of the principal functions of the first pass metabolism, which enhance the hydrophilic
characteristics of a compound in order to facilitate its elimination. The low level of glucuronidated and
sulphated forms detected in these depots together with the high value of MRT of ε-viniferin suggests
that ε-viniferin is not metabolized (or at a very low rate) and that its metabolites are not distributed in
white adipose tissues.

Few studies have been conducted on the presence of polyphenols and their metabolites in adipose
tissues after administration, and to our knowledge, no one concerning ε-viniferin. It was reported
that after oral administration of a grape extract enriched in polyphenols, the unmodified flavanols
were the major forms accumulated in mesenteric white adipose tissue. These authors suggested
that white adipose tissue acts as a storage compartment for non-metabolized polyphenols [28,29].
To our knowledge, only two studies to date have quantified trans-resveratrol in adipose tissues.
Trans-resveratrol was not present in the adipose tissue of rats, which received it in their diet
(30 mg/kg/day) for 6 weeks, while several glucuronide and sulphate metabolites were detected [30].
On the other hand, trans-resveratrol and some of its metabolites were detected in pig 6 h after
6.25 mg/kg intragastric administration [31].
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In other studies, ε-viniferin decreased the accumulation of lipids and inhibited of the enzyme
HMG-CoA reductase, an enzyme involved in cholesterol synthesis, for a concentration range of
2.5 to 50 μM in 3T3-L1 adipocytes [12,13]. Thus, despite the weak adipose concentrations of
ε-viniferin observed in our study as compared to those reported to exert an anti-adipogenic effect
in vitro, we believe they are sufficient to induce an anti-adipogenic effect in vivo. Indeed, for a
given compound, the effective in vitro concentrations are often far higher than the effective in vivo
concentrations. Moreover, studies mentioned above also reported that an oral administration of
ε-viniferin was found to limit weight gain in mice fed a hypercaloric diet without decreasing their food
intake. The authors explained the weight loss by a decrease in the mass of mesenteric white adipose
tissue [12,13]. This suggests that the rage of concentrations found in adipose tissue in our study may
be responsible for the effect observed in studies in mice. Thus, white adipose tissue may be both a
target organ for ε-viniferin and a reservoir of the native form, which might allow its slow release,
thereby ensuring that the organism remains exposed to it. This is of interest because this phenomenon
could lengthen its biological activity both in adipose tissue and in other organs.

5. Conclusions

This is the first demonstration that even if ε-viniferin is highly and rapidly metabolized, it is also
bioaccumulated in its native form in white adipose tissues after IP injection in rats. These findings
offer a new opportunity to develop innovative strategies to increase the bioavailability of ε-viniferin.
Considering its potential in the fight against obesity, this bioaccumulation of ε-viniferin in adipose
tissues warrants further investigations. If this lipid-lowering potential were to be confirmed, it
would pave the way for new strategies aiming at the prevention or reduction of obesity and related
metabolic disorders.
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Abstract: The renin-angiotensin system (RAS), especially the angiotensin II (Ang II)/angiotensin
II type 1 receptor (AT1R) axis, plays an important role in the aging process of the kidney, through
increased tissue reactive oxygen species production and progressively increased oxidative stress.
In contrast, the angiotensin 1-7 (Ang 1-7)/Mas receptor (MasR) axis, which counteracts the effects of
Ang II, is protective for end-organ damage. To evaluate the ability of resveratrol (RSV) to modulate
the RAS in aging kidneys, eighteen-month-old male C57BL/6 mice were divided into two groups that
received either normal mouse chow or chow containing resveratrol, for six months. Renal expressions
of RAS components, as well as pro- and antioxidant enzymes, were measured and mouse kidneys were
isolated for histopathology. Resveratrol-treated mice demonstrated better renal function and reduced
albuminuria, with improved renal histologic findings. Resveratrol suppressed the Ang II/AT1R
axis and enhanced the AT2R/Ang 1-7/MasR axis. Additionally, the expression of nicotinamide
adenine dinucleotide phosphate oxidase 4, 8-hydroxy-2′-deoxyguanosine, 3-nitrotyrosine, collagen
IV, and fibronectin was decreased, while the expression of endothelial nitric oxide synthase and
superoxide dismutase 2 was increased by resveratrol treatment. These findings demonstrate that
resveratrol exerts protective effects on aging kidneys by reducing oxidative stress, inflammation,
and fibrosis, through Ang II suppression and MasR activation.

Keywords: renin-angiotensin system; angiotensin converting enzyme 2; kidney; resveratrol; aging

1. Introduction

Aging causes progressive deterioration of organs, leading to impaired tissue function, increased
vulnerability to stress, and death [1,2]. The kidney is one of the most susceptible target organs of
age-associated tissue damage [3], and the high incidence of chronic kidney disease, in the elderly, is a
health problem, worldwide [4,5].

Various processes are involved in the deterioration seen in aging kidneys, including oxidative
stress, mitochondrial dysfunction, inflammation, altered calcium regulation, and activation of the
renin-angiotensin system (RAS) [6,7]. The RAS modulates cell growth and senescence by activating
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the classic RAS axis—angiotensin converting enzyme (ACE)/Ang II/AT1R. This axis suppresses
pro-survival genes and enhances reactive oxygen species (ROS) and pro-inflammatory cytokines
production, resulting in chronic inflammation and cell senescence [8,9]. In contrast, the ACE2/Ang
1-7/MasR axis acts as a counter-regulator of classic Ang II-mediated effects [10–12].

Resveratrol is a polyphenolic phytoalexin that exists naturally in various plant parts and products,
such as grapes, red wine, berries, and peanut skins, and has numerous beneficial health effects [13,14].
It acts as an activator of silent information regulator 1 (SIRT1) [15,16], exerting anti-senescent
effects, as well as antioxidant and anti-inflammatory activities [17,18]. We previously reported that
resveratrol exerts renal protective effect by activating Nrf2 and SIRT1 signaling pathways [19]. In this
study, we hypothesized that resveratrol would attenuate the aging process in the kidney of mice
by modulating RAS components, especially by the activation of the ACE2/Ang 1-7/MasR axis,
and furthermore, we examined pro-inflammatory and antioxidant molecular changes in kidneys of
aging mice.

2. Materials and Methods

2.1. Study Design and Animals

Eighteen-month-aged male C57BL/6 mice were purchased from the Korea Research Institute
of Bioscience and Biotechnology (Chungcheongbuk-do, Korea). The Animal Care Committee of
the Catholic University of Korea approved the experimental protocol and the experiments were
performed in accordance with our institutional animal care guidelines. Mice were housed in a
controlled temperature and controlled light environment with 12:12-h light-dark cycles and had free
access to water. The aged male C57BL/6 mice were divided into two groups: The control group (n = 7)
received normal mice chow (PicoLab Rodent Diet 20 5053, Labdiet, St. Louis, MO, USA) and the
resveratrol-treated group (n = 7) received normal mice chow mixed with resveratrol (40 mg/kg, Sigma,
St. Louis, MO, USA). The food was changed every 24 h and a calculated regular amount of food was
fed daily, for a six month period. The experimental conditions were set with reference to the article of
Baur et al. [20]. The mice were sacrificed at the age of twenty-four month.

2.2. Evaluation of the Renal Function

Mice were placed in individual mouse metabolic cages (Tecniplast, Gazzada, Italy) with access to
water and food for 24 h. Urine collection was done every four weeks and data from month 18 and 24
was used in this experiment. Albuminuria (Albuwell M, Exocell, Philadelphia, PA, USA) and urine
creatinine concentration (The Creatinine Companion, Exocell, Philadelphia, PA, USA) were measured
using ELISA kits. Serum creatinine concentrations and Blood urea nitrogen were measured using
i-STAT system Cartridges (CHEM8+, Abbott Point of Care, Abbott Park, IL, USA). Creatinine clearance
was calculated using a standard formula (urine creatinine (mg/dL) × urine volume (mL/24 h)/serum
creatinine (mg/dL) × 1440 (min/24 h)).

2.3. Histological Assessment of the Renal Tissue

Kidney tissue samples were fixed in 10% formalin. The tissues were embedded in low-temperature
melting paraffin, and 4 microns, thick sections were processed and stained with a periodic acid–Schiff
(PAS), and Masson’s trichrome. The glomerular volume and mesangial matrix were quantified
for kidney tissue cross-sections, using PAS staining. The relative mesangial area was expressed as
mesangial/glomerular surface area. A finding of tubulointerstitial fibrosis was defined as a matrix-rich
expansion of the interstitium in Masson’s trichrome. Ten randomly selected fields, per section, were
assessed. All of these sections were examined in a blinded manner, using a color-image analyzer
(TDI Scope Eye, Version 3.5 for Windows, Olympus, Tokyo, Japan) and quantified using image J
(Wayne Rasband national institutes of health, Bethesda, MD, USA).
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2.4. Immunohistochemistry

Immunohistochemistry was performed to determine changes of Ang II, angiotensin target
receptors (AT1R, AT2R and MasR) and oxidative stress using 8-hydroxy-deoxyguanosine (8-OHdG)
and 3-nitrotyrosine. Paraffin sections were deparaffinized in xylene and hydrated in ethanol, before
staining, and treated with an antigen-unmasking solution, consisting of 10 mM sodium citrate,
pH 6.0 and then washed with phosphate-buffered saline. Sections were incubated with 3% H2O2, in
methanol, to block the endogenous peroxidase activity. Nonspecific binding was blocked with 10%
normal horse serum. After incubating with the primary antibody to Ang II, AT2R and MasR (Novus
Biologicals, Littleton, CO, USA), AT1R and 3-nitrotyrosine (Santa Cruz Biotechnology, Dallas, TX,
USA), and 8-OHdG (Japan Institute for the Control of Aging, Shizuoka, Japan), at 4 ◦C, overnight,
antibodies were visualized with a peroxidase conjugated secondary antibody, using the Vector Impress
kit (Vector Laboratories, Burlingame, CA, USA). Sections were then dehydrated in ethanol, cleared in
xylene and mounted without counterstaining. All sections were assessed using a color-image analyzer
(TDI Scope Eye, Version 3.5 for Windows, Olympus, Tokyo, Japan).

2.5. Western Blot Analysis

Total protein was extracted from the kidney tissues, using Pro-Prep Protein Extraction
Solution (Intron Biotechnology, Gyeonggi-Do, Korea), according to the manufacturer’s instructions.
Extracted protein was subjected to SDS-polyacrylamide gel electrophoresis and transferred onto a
Nitrocellulose membrane (Amersham Biosciences, Amersham, UK). Membranes blocked with 3%
nonfat milk in Tris-buffered saline (TBS), containing 0.1% Tween-20 for 1 h, at room temperature.
Then membranes were incubated overnight, at 4 ◦C, with primary antibodies in 3% nonfat milk
or 3% BSA in Tris-buffered saline (TBS), containing 0.1%. After that, the membranes were washed
in TBS containing 0.1% Tween-20 and were then incubated with peroxidase-conjugated secondary
antibody, for 2 h, at room temperature. Immunoreactive bands were detected using Amersham ECL
Prime Western Blotting Detection Reagent (Amersham Biosciences, Amersham, UK). Western blot
analysis was performed using the following antibodies—transforming growth factor-β (TGF-β, R&D
Systems, Minneapolis, MN, USA), collagen IV (Abcam, Cambridge, UK), fibronectin (Proteintech
Group Inc, Chicago, IL, USA), ACE (Santa Cruz Biotechnology, Dallas, TX, USA), ACE2 (R&D
Systems, Minneapolis, MN, USA), AT1R (Santa Cruz Biotechnology, Dallas, TX, USA), AT2R (Novus
Biologicals, Littleton, CO, USA), prorenin receptor (PRR, Sigma life science, St. Louis, MO, USA), MasR
(Novus Biologicals, Littleton, CO, USA), endothelial nitric oxide synthase (eNOS, Cell Signaling
Technology Inc., Beverly, MA, USA), phosphorylated (phospho)-Ser1177 eNOS (Cell Signaling
Technology Inc., Beverly, MA, USA), Nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2,
BD Biosciences, Mountain View, MD, USA), Nicotinamide adenine dinucleotide phosphate oxidase 4
(NOX4, Santa Cruz Biotechnology, Dallas, TX, USA), superoxide dismutase 1 (SOD1, Enzo Life Sciences,
Farmingdale, NY, USA), superoxide dismutase 2 (SOD2, Abcam, Cambridge, UK), and β-actin (Sigma
Life Science, St. Louis, MO, USA).

2.6. Enzyme Immunoassay

Levels of Ang II and Ang 1-7 in Serum and renal tissue homogenates were measured
using competitive enzyme immunoassay (Cusabio Biotech Co., Wuhan, China), according to the
manufacturer’s protocols.

2.7. Statistical Analysis

Data are expressed as means ± standard deviation (SD). Differences between the groups were
examined for statistical significance, using ANOVA and unpaired t-test (SPSS v. 19.0, IBM, Armonk,
NY, USA). p values of less than 0.05 were considered significant.
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3. Results

3.1. Effects of Resveratrol on Renal Function in Aging Mice

Changes in renal function of aging mice were measured, before and after resveratrol treatment,
and the results were compared with control mice. Serum creatinine was decreased in resveratrol-treated
mice, compared with the control group mice (control 0.53 ± 0.05 vs. resveratrol 0.25 ± 0.02 mg/dL,
Figure 1a). Creatinine clearance was significantly greater in the resveratrol-treated group than the
control group (control 0.10 ± 0.01 vs. resveratrol 0.27 ± 0.03 mL/min, Figure 1b). Twenty-four hour
albuminuria was significantly decreased in the resveratrol-treated group, compared with the control
group (control 47.60 ± 1.97 vs. resveratrol 29.47 ± 5.85 μg/24 h, Figure 1c). These results show that
resveratrol reduces albuminuria and, thus, improves kidney function in aging mice.

Figure 1. Effects of resveratrol on renal function of eighteen-month-old male C57BL/6 mice.
Compared to the control group, resveratrol group showed (a) lower serum creatinine, (b) increased
creatinine clearance, and (c) reduced 24 h albuminuria (* p < 0.05, *** p < 0.001).

3.2. Effects of Resveratrol on the Renal Histological Changes in Aging Mice

Histological examination demonstrated that the fractional mesangial area was reduced
in the resveratrol-treated group, as compared to the control group (control 52.75 ± 2.18 vs.
resveratrol 41.03 ± 0.92%, Figure 2a,c). Additionally, tubulointerstitial fibrosis was substantially
less in the resveratrol-treated group than in the control group (control 14.68 ± 2.69 vs. resveratrol
4.89 ± 1.11%, Figure 2b,d). Thus, renal histological deterioration induced by aging was improved by
resveratrol treatment.

Figure 2. Cont.
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Figure 2. Effects of resveratrol on aging-related histological renal injury. (a) Representative
photomicrographs of the periodic acid–Schiff-(PAS)-stained kidney showed less expansion of the
mesangial area in the RSV group (original magnification 400×). (b) Representative sections of the
Masson’s trichrome-stained kidney showed significantly less tubulointerstitial fibrosis in the RSV
group (original magnification 200×). (c) Quantitative assessments of the areas of extracellular matrix
in the glomerulus. (d) Quantitative assessment of the areas of tubulointerstitial fibrosis in the control
and RSV groups (** p < 0.01, *** p < 0.001).

3.3. Resveratrol Inhibits the Ang II/AT1R Axis in Aging Mice

The RAS plays an important role in the aging process of kidneys, through increased tissue ROS
production and progressively increased oxidative stress. Expression of the PRR, ACE, and Ang
II was measured by western blot analyses. Expression of the PRR decreased significantly in the
resveratrol-treated group, compared with the control group (control 1.00 ± 0.02 vs. resveratrol
0.49 ± 0.02-fold, Figure 3).

Figure 3. Effects of resveratrol on the expression of prorenin receptors. (a) Representative western
blot analysis of prorenin receptors expression. (b) Prorenin receptors levels were decreased in the RSV
group. Quantitative analysis of the results is shown (**** p < 0.0001).

The expression of ACE, which converts Ang I to Ang II, was decreased significantly in the
resveratrol-treated group, compared to the control group (control 1.00 ± 0.01 vs. resveratrol
0.62 ± 0.02-fold, Figure 4a,b).
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Figure 4. Effects of resveratrol on the angiotensin converting enzyme (ACE) and ACEII protein
expressions. (a) Representative western blots of ACE and ACEII protein levels. (b) The protein levels
of ACE were lower in the RSV group than in the control (Cont.) group. (c) The protein levels of ACEII
were higher in the RSV group than in the control group. Quantitative analysis of the results is shown
(* p < 0.05).

Consequently, Ang II was also decreased in the resveratrol-treated group, compared with the
control group; immunohistochemistry for Ang II showed decreased Ang II-positive areas (control
1.18 ± 0.49 vs. resveratrol 0.17 ± 0.08%, Figure 5a,c). enzyme immunoassay demonstrated significantly
reduced renal Ang II levels (control 40.09 ± 3.76 vs. resveratrol 29.06 ± 2.85 pg/mL, Figure 5b)
as well as decreased serum levels of Ang II (control 40.67 ± 1.16 vs. resveratrol 20.00 ± 2.43 pg/mL,
Figure 5d).

Figure 5. Effects of resveratrol on the Ang II. (a) Representative images of immunohistochemical
staining with Ang II in aging kidney glomerulus (original magnification 200×). (b) The expression of
Ang II in kidney was significantly decreased in the RSV group. (c) Ang II-positive area in kidney were
observed to be significantly smaller in the RSV group; (d) The expression of Ang II in serum was also
significantly decreased in the RSV group (* p < 0.05, *** p < 0.001, **** p < 0.0001).

Furthermore, the expression of AT1R was decreased significantly (control 1.00 ± 0.06 vs.
resveratrol 0.76 ± 0.05-fold, Figure 6a,b), as well as AT1R-positive areas, by immunohistochemistry
(control 7.02 ± 2.88 vs. resveratrol 0.84 ± 1.19%, Figure 6d,e).
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Figure 6. Effects of resveratrol on the AT1R and AT2R. (a) Representative western blots of AT1R and
AT2R. (b) The expression of AT1R was significantly decreased in the RSV group. (c) The expression of
AT2R was significantly increased in the RSV group. (d) Representative images of immunohistochemistry
for AT1R and AT2R, in the aging kidney glomerulus (original magnification × 200). (e) The expression
of AT1R-positive area in the kidney was markedly decreased in the RSV group. (f) The expression
of AT2R-positive area in the kidney was markedly increased in the RSV group (* p < 0.05, ** p < 0.01,
**** p < 0.0001).

3.4. Resveratrol Stimulates Angiotensin II Type 2 Receptors (AT2R) and Mas Receptor in Aging Mice

The RAS has another pathway comprised of ACE2, Ang 1-7, and MasRs that exerts a
counter-regulatory function to Ang II activity. The expression of ACE2, which converts Ang II
to Ang 1-7, was significantly increased in the resveratrol-treated group, compared to the control group
(control 1.00 ± 0.04 vs. resveratrol 1.32 ± 0.16-fold, Figure 4a,c). Renal and serum levels of Ang
1-7 were analyzed by an enzyme immunoassay. Both the renal and serum levels of Ang 1-7 were
significantly increased in the resveratrol-treated group, compared to the control group (control 618 ± 6
vs. resveratrol 632 ± 10 pg/mL, Figure 7a; and control 15.09 ± 0.91 vs. resveratrol 19.16 ± 2.18 pg/mL,
Figure 7b; respectively).

Figure 7. ELISA for serum and kidney levels of Ang 1-7. (a) Renal levels of Ang 1-7 significantly
increased in the RSV group, compared to Cont. groups. (b) Serum levels of Ang 1-7 significantly
increased in the RSV group, compared to Cont. groups. Quantitative analysis of the results is shown
(* p < 0.05).
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Accordingly, MasR, the effecter of Ang 1-7, was also significantly increased (control 1.00 ± 0.02 vs.
resveratrol 1.19 ± 0.01-fold, Figure 8b,d).

 

Figure 8. Effects of resveratrol on MasR. (a) Representative images of immunohistochemical staining of
MasR in the aging kidney glomerulus (original magnification 200×). (b) Representative western blots
of MasR. (c) MasR-positive area in the kidney was significantly increased in the RSV group. (d) The
expression of MasR was significantly increased in the RSV group (* p < 0.05, **** p < 0.0001).

The expression of AT2R, the negative regulator of AT1R, was increased significantly in the
resveratrol-treated group, compared with the control group (control 1.00 ± 0.05 vs. resveratrol
1.27 ± 0.06-fold, Figure 6a,c). Immunohistochemistry for AT2R and MasR was performed and the
results reinforced these findings. AT2R- and MasR-positive areas increased in the resveratrol-treated
group (control 0.37 ± 0.27 vs. resveratrol 11.28 ± 1.28%, p < 0.001, Figure 6d,f; and control 0.57 ± 0.39
vs. resveratrol 6.86 ± 2.72%, p < 0.001, Figure 8a,c, respectively). These results showed that resveratrol
inhibited the ACE/AT1R axis and that the ACEII/AT2R/MasR axis was activated.

3.5. Effects of the Resveratrol on the Oxidative Stress Marker

Previous reports show that oxidative stress and chronic exposure to ROS are key steps to
age-related kidney changes [7,21,22]. Using western blot analyses, we examined the changes of
the ROS generators NOX2 and NOX4. The expression of NOX2 tended to decrease without any
statistical significance, while NOX4 was decreased significantly, in the resveratrol-treated group
(control 1.00 ± 0.07 vs. resveratrol 0.64 ± 0.20-fold, Figure 9).

To evaluate changes in oxidative stress markers, immunohistochemical analyses of 8-OHdG and
3-nitrotyrosine were performed. The positive area of 8-OHdG (control 4.93 ± 1.41 vs. resveratrol
1.10 ± 0.55%, Figure 10a) and 3-nitrotyrosine (control 4.13 ± 1.22 vs. resveratrol 0.39 ± 0.17, Figure 10b)
were significantly decreased in the resveratrol—treated group, compared with the control group.
These findings indicated that resveratrol diminished the renal oxidative stress in the aging mice.
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Figure 9. Effects of resveratrol on NOX2 and NOX4. (a) Representative western blots of NOX2 and
NOX4 levels. (b) The expression of NOX2 showed a tendency of decrease in the RSV group, compared
with the Cont. group, but it was not statistically significant. (c) The expression of Nox4 was significantly
decreased in the RSV group. Quantitative analysis of the results is shown (** p < 0.01).

Figure 10. Effects of resveratrol on renal oxidative stress. (a) Representative images of
immunohistochemistry for 8-OHdG in aging kidney glomerulus (original magnification 200×). (b) The
positive area expression of 8-OHdG in the renal tissue was decreased in the RSV group, compared
to that in the Cont. group. (c) Representative images of immunohistochemistry for 3-Nitrotyrosine
in the aging kidney glomerulus (original magnification 200×). (d) The positive area expression of
3-Nitrotyrosine in the renal tissue was also decreased in the RSV group (**** p < 0.0001).

3.6. Effects of Resveratrol on the Antioxidant Enzyme

The influence of resveratrol on eNOS and the antioxidant enzymes SOD1 and SOD2 was examined
by western blot analyses. The ratio of phospho-Ser1177 eNOS to the total eNOS was increased in the
resveratrol-treated mice (control 1.00 ± 0.07 vs. resveratrol 1.27 ± 0.19-fold, Figure 11).
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Figure 11. Effects of resveratrol on phospho-Ser1177eNOS/eNOS. (a) Representative western blots
of phospho-Ser1177eNOS/eNOS levels. (b) The expression of phospho-Ser1177eNOS/eNOS was
significantly increased in the RSV group. Quantitative analysis of the results is shown (* p < 0.05).

SOD2 protein levels were increased in the resveratrol-treated mice (control 1.00 ± 0.02 vs.
resveratrol 1.23 ± 0.06-fold, Figure 12).

 
Figure 12. Effects of resveratrol on SOD1 and SOD2. (a) Representative western blots of SOD1 and
SOD2 levels. (b) The expression of SOD1 showed a tendency of increase in the RSV group, compared
with the Cont. group, but it was not statistically significant. (c) The expression of SOD2 was significantly
increased in the RSV group. Quantitative analysis of the results is shown (* p < 0.05).

3.7. Anti-Inflammatory Effects of Resveratrol

To evaluate the anti-inflammatory effects of resveratrol, we examined the expression of TGF-β,
collagen IV, and fibronectin in kidneys, using a western blot analyses. TGF-β expression was decreased
non-significantly in the resveratrol-treated group. The expression of collagen IV (control 1.00 ± 0.08 vs.
resveratrol 0.66 ± 0.08-fold) and fibronectin (control 1.00 ± 0.19 vs. resveratrol 0.64 ± 0.21-fold) were
decreased significantly by the resveratrol (Figure 13).
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Figure 13. Effects of resveratrol on the TGF-β, collagen IV and fibronectin. (a) Representative western
blots of TGF-β, collagen IV and fibronectin levels. (b) The expression of TGF-β showed a tendency
of decrease in the RSV group, compared with the Cont. group, but it was not statistically significant.
(c,d) The expression of collagen IV and fibronectin was significantly decreased in the RSV group.
Quantitative analysis of the results is shown (* p < 0.05).

4. Discussion

In this study, we investigated the beneficial effects of resveratrol on the kidneys of aging
mice. A six-month treatment with resveratrol resulted in a reduced albuminuria, better renal
function, and improved renal histological changes, including diminished tubulointerstitial fibrosis,
glomerulosclerosis, and inflammatory cell infiltration. Positive changes of the RAS were also observed
in the resveratrol-treated aging mice. Specifically, the expression of ACE, Ang II, and AT1R was
suppressed, while the expression of ACE2, Ang 1-7, AT2R, and particularly, MAS was stimulated.
Furthermore, the expression of oxidative stress markers (NOX4, 8-OhdG, 3-nitrotyrosine) and
inflammation markers (collagen IV, fibronectin) was improved in the resveratrol-treated mice.
The novel finding of the present study is that resveratrol not only inhibits ACE, Ang II, and AT1R,
the well-known classic axis, but also stimulates the ACE2/Ang 1-7/MasR axis in the aging
kidneys. The altered expression of RAS components was confirmed by the western blot, as well as
immunohistochemical assays.

Aging is a complex, multifactorial process, characterized by gradual deterioration of function
and progressive structural changes [6,7]. Various possible mechanisms for aging and consequent
anti-aging therapies have been studied including the free radical theory, immunological theory and
mitochondrial theory, but the exact mechanism is still obscure [2,23–25]. Among potential mechanisms
of aging, changes in the RAS, especially activation of the Ang II axis and inhibition of the MasR axis,
are particularly important [26,27]. Previous reports have shown that chronic RAS activation promotes
end-organ damage associated with aging [9,28] and the RAS blockade protects against renal aging
caused by increasing the tissue and mitochondrial oxidative stress [29,30].

Recently, multiple lines of evidence suggested an association between an increased ACE2 signaling
and improvements in the aging-related tissue injury. First, activation of ACE2 improved metabolic
profiles during aging [31]. Second, endothelial dysfunction with aging was augmented in the
ACE2-deficient mice [32]. Third, administration of an Ang 1-7 analogue was associated with improved
aging-related neuroinflammation [33].

Numerous studies have reported that aging induces changes in the RAS [26,27]. For example,
the baseline plasma renin level decreases and plasma renin activity is reduced with aging,
which is associated with a reduction in both renin synthesis and release in the juxtaglomerular
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apparatuses [34,35]. This suppression of the systemic RAS leads to an impaired response to RAS
stimuli, as well as to RAS inhibition [36]. Despite the decline in RAS activity, local secretion of Ang II, in
the aging kidney, is markedly increased [37] and responsiveness to Ang II is enhanced [38]. In contrast,
the ACE2/Ang 1-7/MasR axis is reduced with aging. Decreased expression of ACE2 and MasR is
observed in the aortas of aging mice [39] and lower Ang 1-7 levels, in the mouse brains, are noted
during aging [31]. Together, these events lead to age-associated functional and structural changes in
the kidney. Many studies searching for anti-senescence antioxidants have been conducted. Resveratrol,
a polyphenolic compound that occurs in many plants and plant products with potent antioxidant
and anti-inflammatory activities, is among the numerous agents tested [13,40,41]. Resveratrol is a
known activator of the AMP-activated protein kinase and SIRT1, which downregulate the expression of
AT1R [42–45]. Previously, Miyasaki et al. reported that, in rat vascular smooth muscle cells, resveratrol
downregulated the expression of AT1R via the activation of SIRT1 [46]. While Kim et al. revealed
that inflammation, fibrosis, and oxidative stress in the aging aorta were attenuated by a resveratrol
treatment, through regulation of the systemic and tissue-specific RAS [47]. Similarly, the results of the
present study showed that resveratrol treatment attenuated oxidative stress, inflammation and fibrosis
in the aging kidney, and modulated age-associated changes in the RAS components, by suppressing
the PRR/ACE/Ang II axis and activating the ACE2/Ang 1–7/AT2R/MasR axis, in the mouse kidney.

Many of the molecular and cellular effects of Ang II are mediated by stimulating the production
of ROS. Of the many types of ROS generated, NOX is considered as the prime producer [48,49].
To date, seven isoforms of NOX have been identified (NOX1–5, dual oxidase 1 and 2). NOX1, NOX2,
and NOX4 are found in the kidney. NOX4 is the predominant renal form, whereas NOX1 and NOX2
have less functional importance [50,51]. Ang II is a potent stimulator of NOX. It activates the enzyme,
increases expression of NOX subunits, and stimulates superoxide production [52–54]. Increased
NOX activity and overproduction of mitochondrial ROS underlie the oxidative stress associated
with aging and promote inflammation and tissue damage [55–57]. To date, numerous studies have
been conducted about the organ-protective effect of the ACE2/Ang 1-7/MasR axis, through NOX
suppression. Lo et al. reported that an infusion of the recombinant ACE2, lowered plasma Ang
II, and increased the plasma Ang 1-7 levels, resulting in a significantly reduced NOX4, along with
a lowered blood pressure [58]. In addition, Tanno et al. found that AT1R blockade enhanced the
ACE2/Ang 1-7/MasR axis and suppressed the NOX4 expression, resulting in improved cardiac
hypertrophy [59]. Our results congruently noted that a suppressed NOX4 expression, after the
resveratrol treatment, was accompanied by an activation of the ACE2/Ang 1-7/MasR axis.

5. Conclusions

Our results demonstrated that the resveratrol treatment improves kidney function, albuminuria,
glomerulosclerosis, tubular interstitial fibrosis, inflammation, and oxidative stress of age-related renal
injury. These changes occur through decreases in the PRR/ACE/Ang II/AT1R axis and increases
in the ACE2/Ang 1-7/MasR axis. A therapeutic strategy targeting the ACE2/Ang 1-7/MasR axis
with resveratrol may postpone age-related renal structural and functional deterioration, through
its antioxidant and antifibrotic effects. However, additional clinical investigations of the safety and
anti-aging efficacy of resveratrol, are necessary.
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Abstract: Bioactive compounds such as polyphenols have increased in importance in recent years,
and among them, resveratrol (3,5,4′-trihydroxy-trans-stilbene) has generated great interest as
an anti-obesity agent. Recent investigations have highlighted the importance of leptin signaling
in lipid metabolism in peripheral organs. The aims of this study were (1) to investigate whether
resveratrol can reduce fat accumulation in peripheral tissues by increasing their leptin sensitivity
and (2) to identify which resveratrol-derived circulating metabolites are potentially involved in these
metabolic effects. Serum leptin levels and the leptin signaling pathway were assessed in diet-induced
obese rats. Moreover, serum metabolites of resveratrol were studied by ultra-high performance
liquid chromatography–mass spectrometry (UHPLC-MSn). The daily consumption of 200 mg/kg
of resveratrol, but not doses of 50 and 100 mg/kg, reduced body weight and fat accumulation in
obese rats and restored leptin sensitivity in the periphery. These effects were due to increases in
sirtuin 1 activity in the liver, leptin receptors in muscle and protection against endoplasmic reticulum
(ER)-stress in adipose tissue. In general, the resveratrol metabolites associated with these beneficial
effects were derived from both phase II and microbiota metabolism, although only those derived
from microbiota increased proportionally with the administered dose of resveratrol. In conclusion,
resveratrol reversed leptin resistance caused by diet-induced obesity in peripheral organs using
tissue-specific mechanisms.

Keywords: cafeteria diet; leptin resistance; metabolites; microbiota; obesity; sirtuin

1. Introduction

Obesity, defined by the World Health Organization (WHO) as excessive fat accumulation,
has been increasing in recent decades and is now reaching epidemic proportions [1]. The increased
consumption of energy-dense foods and the significant reduction of physical activity in our daily
lives have led to the dysregulation of the homeostatic control of energy balance and, consequently,
body weight [2]. The current options for body weight management are energy restriction and physical
activity [3]. However, compliance with these treatments is frequently poor, especially in the long
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term, and thus they are less successful than expected [4]. In this context, the scientific community is
interested in naturally occurring bioactive compounds such as polyphenols that may be useful in body
weight management [5]. Among these molecules, resveratrol (3,5,4′-trihydroxy-trans-stilbene, RSV),
a 14-carbon skeleton stilbene consisting of two aromatic rings with hydroxyl groups in position 3, 5,
and 4′, joined by a double styrene bond, has been found to provide a wide range of benefits for many
metabolic diseases, including cardiovascular and neurological protective, thermogenic, antioxidant,
anti-inflammatory, antiviral and anticancer activities [6–11]. Over recent years, these properties
have been widely studied in animal and human models, both in vitro and in vivo. Additionally,
in most studies in rodent models of diet-induced obesity, RSV alleviated the effects of this dietary
pattern [12–14]. In addition, RSV is a well-described activator of NAD+-dependent deacetylase sirtuin 1
(SIRT1) [15] and adenosine monophosphate-(AMP)-activated protein kinase (AMPK) [16], both of
which are considered metabolic sensors that act on gene expression according to the metabolic state of
the cell and are closely linked with the benefits of caloric restriction [17].

Leptin, a hormone secreted mainly from white adipose tissue, is the main messenger that carries
information about peripheral energy stores to the hypothalamus [18]. The interaction of leptin with
its longest receptor isoform (ObRb) promotes the phosphorylation of signal transducer and activator
of transcription-3 (STAT3). Subsequently, STAT3 dimerizes and translocates from the cytoplasm
into the nucleus, stimulating anorexigenic factors and reducing body weight [19]. For this reason,
the role of leptin in controlling energy homeostasis has thus far focused on hypothalamic receptors and
neuroendocrine signaling pathways [20,21]. However, accumulating evidence indicates that leptin’s
effects on energy balance are also mediated by direct peripheral actions on key metabolic organs such
as the liver, skeletal muscle, and adipose tissue [22]. In fact, several studies have recently indicated
that peripheral leptin signaling regulates cellular lipid balance to stimulate lipolysis and fatty acid
oxidation in white adipose tissues [22–24] and skeletal muscle [22,25], decrease triglyceride content
and secretion rates in liver [22,26], and even suppress insulin expression and secretion in pancreatic
β-cells [22]. However, leptin is unable to exert its effect during diet-induced obesity, and several
molecular alterations have been associated with attenuated leptin/STAT3 signaling. These include
enhanced endoplasmic reticulum stress (ER-stress) and inflammation, impaired SIRT1 activity and
the overexpression of inhibitory factors such as suppressor of cytokine signaling 3 (SOCS3) and
protein-tyrosine phosphatase (PTP1B) [19,27].

In this context, we previously showed that a polyphenol-rich extract from grape seeds could
improve peripheral and central leptin signaling by increasing SIRT1 functionality and protecting
against neuroinflammation [28]. However, to the best of our knowledge, RSV has not been previously
studied for its impact on leptin signaling in these organs. Therefore, the aim of the present study was
to examine whether RSV exerts part of its anti-obesity effect by modulating leptin sensitivity in the
liver, skeletal muscle and adipose tissue. Thus, both serum leptin concentrations and the leptin/STAT3
signaling pathway were evaluated in diet-induced obese animals to investigate the effects of this
compound in hyperleptinemic animals with impaired leptin signaling. In addition, as RSV is quickly
metabolized by both phase II enzymes and gut microbiota, it was necessary to simultaneously analyze
its derived circulating metabolites to obtain a better understanding of the mechanism of action of
this compound.

2. Materials and Methods

2.1. Animal Handling

The study was conducted in accordance with the Declaration of Helsinki and was approved by
the Ethics Review Committee for Animal Experimentation of the Universitat Rovira i Virgili (reference
number 4249 by Generalitat de Catalunya). Male Wistar rats (n = 30; 200 ± 50 g body weight) were
purchased from Charles River Laboratories (Barcelona, Spain). The animals were housed in pairs
under a 12 h light-dark cycle at 22 ◦C, fed a standard chow diet (Panlab A04, Barcelona, Spain) ad
libitum, and were provided access to tap water during the adaptation week. Then, the animals were
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distributed into equal groups composed of 6 rats. One group was fed a standard chow diet (STD group)
with a calorie breakdown of 14% protein, 8% fat and 73% carbohydrates, while the others were fed
an STD plus cafeteria diet (CAF group). The CAF diet was composed of 14% protein, 35% fat and 51%
carbohydrates and consisted of bacon, carrots, cookies, foie gras, cupcakes, cheese and sugary milk.
Nine weeks later, an oral treatment with RSV (Fagron Iberica, Barcelona, Spain) was administered
together with the CAF diet for 22 days. The treatment groups were supplemented daily with 50, 100
or 200 mg/kg body weight of RSV dissolved in low-fat sugary milk diluted 1:1 in water. The STD
and CAF diet groups were supplemented with the same quantity of vehicle (750 μL) (Figure S1,
Supplemental Data). Before supplementation, all rats were trained to voluntarily lick the milk to avoid
oral gavage. On the day of sacrifice, the rats received vehicle or RSV and then were fasted for 3 h before
sacrifice by decapitation. Blood was collected, and the serum was obtained by centrifugation (1500× g,
4 ◦C and 15 min) and stored at −80 ◦C. Metabolic tissues such as the liver, calf skeletal muscle and
epididymal and retroperitoneal white adipose tissues (eWAT and rWAT, respectively) were excised,
weighed, immediately frozen in liquid nitrogen and stored at −80 ◦C until further analysis.

2.2. Body Weight and Composition Analysis

Body weight was monitored weekly until the end of the experiment. In addition, the day before
sacrifice, total body composition in live animals was assessed by nuclear magnetic resonance (NMR)
using an EchoMRI-700 system (Echo Medical Systems, Houston, TX, USA). Direct measurements of fat
mass were obtained in triplicate for each animal, and the results were expressed as a percentage of
total body weight.

2.3. Hormonal and Metabolic Serum Parameters

Serum glucose (Ref. #998282), total cholesterol (TC) (Ref. #995280) and triacylglycerol (TAG)
(Ref. #992320) were measured by enzymatic colorimetric kits (QCA, Barcelona, Spain). Serum leptin
(Ref. #EZRL-83K) and insulin (Ref. #EZRMI-13K) concentrations were measured using ELISA kits
(Millipore, Madrid, Spain) according to the manufacturer’s instructions.

2.4. Tissue Lipid Analysis

The total lipid content in liver, calf skeletal muscle and eWAT was extracted using the Folch
method [29]. Briefly, 0.5 g of either liver or eWAT or 0.1 g of calf skeletal muscle was homogenized with
0.45% NaCl in chloroform:methanol (2:1) in an orbital shaker at 4 ◦C overnight. Then, the homogenate
was filtered and washed with 0.45% NaCl solution and 0.9% NaCl solution. An aliquot of each extract
was subjected to gravimetric analysis to measure the total lipid concentration. The remainder was
allowed to evaporate under nitrogen flow, dissolved in isopropanol and stored at −80 ◦C until further
analysis. The TAG and TC concentrations from the extracts were also measured using QCA enzymatic
colorimetric kits (QCA).

2.5. Leptin Signaling Analysis

Leptin signaling in the liver, calf skeletal muscle and eWAT was assessed by calculating the
activation of STAT3 using an ELISA kit (Abcam, Cambridge, UK)with a phospho-specific antibody
for STAT3 phosphorylation (pSTAT3) at tyrosine 705. Briefly, 100 μL of the positive control or sample
homogenate was added to wells in duplicate and incubated at room temperature for 2.5 h on an orbital
microtiter plate shaker. After washing, 100 μL of the anti-pSTAT3 antibody was applied, and the plate
was sealed and incubated for 1 h with shaking. After washing, 100 μL of horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG against rabbit anti-pSTAT3 was applied, and the plate was sealed and
incubated for 1 h with shaking. Then, the wells were washed, and the 3,3′,5,5′-tetramethylbenzidine
(TMB) one-step substrate reagent was incubated for 30 min in the dark. Finally, 50 μL of the stop
solution was added, and the plates were immediately read at 450 nm on an microplate automatic plate
reader (BioTek, Winooski, VT, USA).
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2.6. Leptin Sensitivity Index

As cellular pSTAT3 levels are mainly attributable to leptin action in peripheral tissues, leptin
sensitivity in the liver, calf skeletal muscle and eWAT was objectively estimated as the ratio of pSTAT3
levels in each tissue to the leptin concentration in serum.

2.7. qRT-PCR Analysis

Total RNA was extracted from the liver, calf skeletal muscle and eWAT using TRIzol LS Reagent
(Thermo Fisher, Madrid, Spain) and RNeasy Mini Kit (Qiagen, Madrid, Spain) according to the
manufacturers’ protocols. The quantity and purity of RNA were measured using a NanoDrop
1000 Spectrophotometer (Thermo Scientific, Madrid, Spain). Only samples with an adequate RNA
concentration (A260/A280 ≥ 1.8) and purity (A230/A260 ≥ 2.0) were selected for reverse transcription.
Complementary DNA (cDNA) was generated using the High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher), and 10 ng was subjected to quantitative PCR (qPCR) with iTaq Universal SYBR
Green Supermix (Bio-Rad, Barcelona, Spain) using the 7900HT Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA). The thermal profile settings were 50 ◦C for 2 min, 95 ◦C for 2 min,
and then 40 cycles at 95 ◦C for 15 s and 60 ◦C for 2 min. The forward (FW) and reverse (RV) primers
used in this study were obtained from Biomers.net (Ulm, Germany) and can be found in Table S1 in
the Supplemental Data. A cycle threshold (Ct) value was generated by setting the threshold during
the geometric phase of the cDNA sample amplification. The relative expression of each gene was
calculated by referring to cyclophilin peptidylprolyl isomerase A (Ppia) mRNA levels and normalized
to the STD group. The ΔΔCt method was used and corrected for primer efficiency [30]. Only samples
with a quantification cycle lower than 35 were used for fold change calculation.

2.8. Western Blot Analysis

Protein levels of the ObRb leptin receptor isoform in the liver, calf skeletal muscle and eWAT
were determined by western blot analysis. Tissues were homogenized at 4 ◦C in 800–1000μL of
radio-immunoprecipitation assay (RIPA) lysis buffer (100 mM Tris-HCl and 300 mM NaCl pH 7.4, 10%
Tween, 10% Na-Deox) containing protease and phosphatase inhibitor cocktails using a TissueLyser
LT (Qiagen, Madrid, Spain). The homogenate was incubated for 30 min at 4 ◦C and then centrifuged
at 12,000× g for 20 min at 4 ◦C. The supernatant was placed in fresh tubes and used to determine
total protein and for immunoblotting analyses. The total protein content of the supernatant was
measured using the Pierce bicinchoninic acid assay (BCA) protein assay kit (Thermo Scientific, Madrid,
Spain). Samples were denatured by mixing with loading buffer solution (Tris-HCl 0.5 M pH 6.8,
glycerol, sodium dodecyl sulfate (SDS), β-mercaptoethanol and Bromophenol Blue) and then heated
at 99 ◦C for 5 min in a thermocycler (Multigen Labnet, Barcelona, Spain). Acrylamide gels were
prepared using TGX Fast Cast Acrylamide Kit(Bio-Rad, Barcelona, Spain), and 25 μg of protein
was subjected to SDS-polyacrylamide gel electrophoresis (PAGE) in electrophoresis buffer (glycine
192 mM, Tris base 25 mM and 1% SDS). Proteins were electrotransferred onto supported polyvinylidene
difluoride (PVDF) membranes (Trans-Blot Turbo Mini PVDF Transfer Packs, Bio-Rad). After blocking
with 5% non-fat dried milk, the membranes were incubated with gentle agitation overnight at 4 ◦C
with a specific antibody for ObRb (ab177469, Abcam, Cambridge, UK) diluted 1:1000. For β-actin
analysis as a loading control, membranes were incubated with a rabbit anti-actin primary antibody
(A2066, Sigma-Aldrich, Madrid, Spain) diluted 1:1000. Finally, membranes were incubated with
anti-rabbit horseradish peroxidase secondary antibody (NA9344, GE Healthcare, Barcelona, Spain)
diluted 1:10,000. Protein levels were detected with the chemiluminescent detection reagent ECL Select
(GE Healthcare, Barcelona, Spain) and GeneSys image acquisition software (G:Box series, Syngene,
Barcelona, Spain). The protein bands were quantitated by densitometry using ImageJ software (W.S
Rasband, Bethesda, MD, USA), and each band was normalized by the corresponding β-actin band,
and finally, the treatment groups were normalized by the STD group.
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2.9. SIRT1 Activity Assay

The SIRT1 activity in liver, calf skeletal muscles and eWAT was determined using
a SIRT1 direct fluorescent screening assay kit (Cayman, Ann Arbor, MI, USA) as previously
described [31]. Briefly, a total of 25μL of assay buffer (50 mM Tris-HCl, pH 8.0, containing
137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2), 5μL of tissue extract (1.5 mg/mL), and 15μL of
substrate (Arg-His-Lys-Lys(ε-acetyl)–7-amino-4-methylcoumarin) solution were added to all wells.
The fluorescence intensity was monitored every 2 min for 1 h using a BertholdTech TriStar2S
fluorescence plate reader (Berthold Technologies, Bad Wildbad, Germany) at an excitation wavelength
of 355 nm and an emission wavelength of 460 nm. The results were expressed as the rate of reaction
for the first 30 min, when there was a linear relationship between fluorescence and time.

2.10. Resveratrol Metabolite Extraction from Serum Samples

Serum samples were extracted as previously reported by Savi et al. [32] with minor modifications.
Briefly, 300 μL of serum was diluted with 1 mL of acidified acetonitrile (2% formic acid, Sigma-Aldrich,
Madrid, Spain). The samples were vortexed vigorously, ultrasonicated for 10 min, and centrifuged
at 12,000 rpm for 5 min. Then, the supernatant was dried under vacuum by rotary evaporation,
and the pellet was suspended in 100 μL of methanol 50% (v/v) acidified with formic acid 0.1%
(v/v) and centrifuged at 12,000 rpm for 5 min prior to analysis by ultra-high performance liquid
chromatography–mass spectrometry (UHPLC-MS).

2.11. UHPLC-MSn Analysis

Samples were analyzed by an Accela UHPLC 1250 coupled to a linear ion trap-mass spectrometer
(LTQ XL, Thermo Fisher Scientific Inc., San Jose, CA, USA) fitted with a heated-electrospray ionization
source (H-ESI-II; Thermo Fisher Scientific Inc., Madrid, Spain). The chromatographic and ionization
parameters for the analysis of the samples were set as previously described [33]. Metabolite
identification was performed by comparing the retention time with authentic standards and/or MSn

fragmentation patterns in negative ionization mode (Table S2 in Supplemental Data). The glucuronide
forms of RSV and dihydroresveratrol (DRSV) were fragmented using a collision-induced dissociation
(CID) value of 16 (arbitrary units), whereas aglycones and sulfate conjugates required CID values of
34 and 23, respectively. Pure helium gas was used for CID. Data processing was performed using
Xcalibur software from Thermo Scientific (Madrid, Spain). Quantification was performed using
specific MS2 full scans and calibration curves of pure standards in the case of RSV, resveratrol-3-sulfate
(R3S), resveratrol-4′-sulfate (R4S), resveratrol-3-glucuronide (R3G) and DRSV. Calibration curves were
prepared, in the range of expected concentrations, by supplementation with known concentrations of
available standards. When a standard was not available, the conjugated metabolites were quantified
based on the most structurally similar compound and expressed as their equivalents. All of them were
quantified using a nine-point calibration curve which ranged from 0.1 to 100 μM. Spiked samples
were extracted and subsequently analysed by using the same procedure as the serum samples.
The calibration curves were finally generated for each standard by plotting the peak abundance
versus the concentration and fitting to a linear regression. Quality parameters were determined to
validate and evaluate the suitability of the developed quantitative method as was done previously [33].

2.12. Statistical Analysis

The data are expressed as the means ± standard errors of the means (SEM). Groups were
compared by Student’s t-test or two-way ANOVA and Bonferroni’s test. Outliers were determined
by Grubbs’ test. MetaboAnalyst (Xia Lab, McGill University, Montréal, Quebec, Canada) was used to
perform multivariate statistical analyses. Correlation analysis was performed using the nonparametric
Spearman test. Statistical analyses were performed using XLSTAT 2017 (Addinsoft, Paris, France).
Graphics were prepared using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). p < 0.05
was considered statistically significant, and p < 0.1 was considered to indicate a tendency.
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3. Results

3.1. RSV Attenuates Diet-Induced Body Fat Increase, Hypertriglyceridemia and Hyperleptinemia

The CAF diet for 12 weeks consistently resulted in obesity, as indicated by the significantly higher
body weight gain (50.1% higher) and total body fat mass (124.3% higher, assessed by NMR scanning)
compared to the STD group. Notably, the body weight gain was 17% lower in animals supplemented
with RSV at 200 mg/kg daily compared to the CAF group (Figure 1A), and this reduction was
associated with a significant decrease in total body fat mass (Figure 1B). Notably, at this dose, no
differences were found among groups in food intake (data not shown). Importantly, the consumption
of 200 mg/kg of RSV partially reversed the hyperleptinemia induced by CAF diet (40.1% lower)
(Figure 1C), reinforcing the robust metabolic correlation between leptin levels and total body fat
mass in our experimental model (ρ = 0.93, p < 0.05). In addition, at this dose, RSV was also effective
in normalizing serum concentrations of TAG, glucose and insulin in a fasting state (Figure 1D–F),
indicating that RSV has an insulin-sensitizing effect in diet-induced obesity. By contrast, the daily
consumption of 50 and 100 mg/kg of RSV for 22 days did not exert any beneficial effects with respect
to body weight, total body fat accumulation and hormonal and metabolic serum parameters.

Figure 1. Metabolic parameters. The rats were fed the STD or CAF diet for 9 weeks. Then, the rats
in the STD and CAF groups were treated orally with RSV (50, 100 or 200 mg per kg of body weight)
or vehicle for 3 weeks. (A) Body weight gain (g) from the first day of the experiment until the last
day; (B) Body composition (%) assessed by NMR, including fat and lean content; Serological levels of
(C) leptin, (D) TAG, (E) glucose and (F) insulin. (G) and (H) are PCAs representing the clusters between
the different groups according to the studied biometric parameters. Data are expressed as the mean ±
SEM, n = 6. * denotes p < 0.05, Student’s t-test comparing the CAF group to the STD group. # denotes
p < 0.05 and ε p < 0.1, Student’s t-test comparing the RSV group to the CAF group. CAF: cafeteria diet;
NMR: nuclear magnetic resonance; RSV: resveratrol; STD: standard chow diet; TAG: triacylglycerol.
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3.2. Multivariate Analysis Shows That RSV Partially Reverses the Metabolic Alterations Induced by the
Cafeteria Diet

To further evaluate the effect of RSV from a multivariate point of view, principal component
analysis (PCA) was performed to analyze globally the distribution of animals among all
anthropometric, metabolic and biochemical variables. Accordingly, the PCA score plot for the STD
and CAF groups accounted for 91.6% of the variance of the original matrix, and each animal was
clearly clustered according to their diet (Figure 1G). In addition, when the multivariate analysis was
used to evaluate the effect of RSV consumption on diet-induced obesity, we observed that animals
treated at doses of 50 and 100 mg/kg could not be clustered separately with respect to CAF animals,
and only animals daily supplemented at a dose of 200 mg/kg were clustered in an intermediate
position between the CAF and STD groups, indicating that RSV at this dose could exert a tendency
to reverse the metabolic alterations induced by an obesogenic diet and a return to the basal situation
(Figure 1H).

3.3. RSV Decreases Diet-Induced Lipid Content in Liver, Skeletal Muscle and Adipose Tissues

To assess the contribution of visceral fat accumulation to the decrease in total body fat mass,
we next evaluated the effect of RSV on fat deposition in three important metabolic peripheral tissues:
visceral white adipose tissue, liver and skeletal muscle. Again, the CAF diet for 12 weeks resulted
in a significant increase in two different visceral WAT depots compared to the STD group, including
eWAT (18.6 ± 1.4 vs. 8.9 ± 0.9 g, respectively) and retroperitoneal WAT (rWAT, 8.4 ± 0.9 vs. 3.6 ± 0.1
g, respectively). Notably, at a dose of 200 mg/kg, RSV elicited a significant decrease in the weights of
these depots compared with CAF animals, and this effect was more evident in eWAT (14.6 ± 1.4 g,
21% lower) than in rWAT (7.1 ± 0.7 g, 16% lower). In addition, RSV also tended to reduce the total
fat content in eWAT (Figure 2A) and significantly in the liver (Figure 2B), but above all in the skeletal
muscle, although not in a dose-dependent manner (Figure 2C). Interestingly, this decrease in fat depots
in peripheral organs was directly associated with significant reductions of both cholesterol and TAG
content (Table S3, Supplemental Data), and in turn, it was positively and significantly related to serum
leptin levels in the liver (ρ = 0.54, p < 0.05) and eWAT (ρ = 0.43, p < 0.05 in eWAT), implicating leptin in
the regulation of lipid metabolism in peripheral tissues.

3.4. RSV Directly Down-Regulates Leptin Transcription in Adipose Tissues

To further examine the mechanism by which RSV regulates lipid accumulation in peripheral
tissues, we assessed the gene expression of lipid-regulating enzymes by RT-qPCR in the liver, skeletal
muscle and eWAT. Completely contrary to our expectations, we found that the expression levels of
genes involved in lipogenesis but not fatty acid oxidation, such as Acc, Scd1 and Fas, were significantly
increased in the liver of animals supplemented with 50 and 100 mg/kg of RSV (Figure 2D). By contrast,
no significant changes were observed in the expression of genes encoding enzymes for lipogenesis,
whereas RSV down-regulated fatty acid oxidation in eWAT (Figure 2E). Moreover, we did not observe
any significant changes in thermogenesis, mitochondrial biogenesis and fatty acid oxidation in skeletal
muscle (Figure 2F). Importantly, in eWAT and rWAT, at a dose of 200 mg/kg, RSV consumption tended
to down-regulate leptin mRNA levels compared with CAF animals (Figure 2G,H), indicating that
animals undergoing RSV treatment more efficiently regulated leptin production and secretion in these
tissues than those in the CAF group.
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Figure 2. Lipid profile. The rats were fed the STD or CAF diet for 9 weeks. Then, the rats in the STD
and CAF groups were treated orally with RSV (50, 100 or 200 mg per kg of body weight) for 3 weeks.
Total lipids in (A) eWAT, (B) liver and (C) calf skeletal muscle in mg for each g of tissue. (D) Expression
in the liver of genes related to lipogenesis (Acc, Scd1 and Fas) and β-oxidation (Ppara and Cpt1b).
(E) Expression in eWAT of genes related to lipogenesis (Acc, Scd1 and Fas) and β-oxidation (Ppara and
Cpt1b). (F) Expression in calf skeletal muscle of genes related to β-oxidation (Cpt1b), mitochondrial
biogenesis (Pgc1a) and thermogenesis (Ucp2 and Ucp3). Leptin gene expression in (G) eWAT and
(H) rWAT. Data are expressed as the mean ± SEM, n = 6. * denotes p < 0.05, Student’s t-test comparing
the CAF group to the STD group. # indicates p < 0.05 and ε p < 0.1, Student’s t-test comparing the
RSV group to the CAF group. CAF: cafeteria diet; eWAT: epididymal white adipose tissue; RSV:
resveratrol; rWAT: retroperitoneal white adipose tissue; STD: standard chow diet. Acc (acetyl-CoA
carboxylase); Cpt1b (carnitine palmitoyltransferase 1b); Fas (fatty acid synthase); Pgc1a (peroxisome
proliferator-activated receptor gamma coactivator 1-alpha), Ppara (peroxisome proliferator activated
receptor alpha); Scd1 (stearoyl-CoA desaturase 1); Ucp2 (mitochondrial uncoupling protein 2); Ucp3
(mitochondrial uncoupling protein 3).

3.5. RSV Potentiates Leptin Sensitivity in Liver, Skeletal Muscle and Adipose Tissue

To determine if the observed decreases in leptin production and circulating levels could indicate
that RSV directly affects leptin signaling in peripheral tissues, we assessed leptin sensitivity in liver,
skeletal muscle and eWAT by detecting STAT3 activation (pSTAT3). Because pSTAT3 levels are mainly
attributable to leptin action in theses tissues, we assessed the ratio of tissue-specific levels of pSTAT3 to
the circulating leptin concentration to estimate the degree of sensitivity of each tissue to this hormone.
In this context, the leptin sensitivity of CAF animals was significantly reduced compared to the STD
group in all three tissues studied, and importantly, when RSV was administered at dose of 200 mg/kg,
the leptin sensitivity significantly increased to basal levels, indicating partial reversion of the situation
observed in CAF animals (Figure 3A). By contrast, no significant effects on leptin sensitivity were
observed at lower doses in any of the tissues assessed.
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Next, we studied the gene expression levels of Socs3 and Ptp1b, negative feedback regulatory
molecules involved in leptin signaling, by qRT-PCR. However, Socs3 and Ptp1b mRNA levels were not
significantly altered by RSV consumption (Figure S2, Supplemental Data). Finally, we also investigated
the impact of RSV on two metabolic processes closely associated with leptin signaling disruption: local
inflammation and ER stress. However, iNos mRNA expression levels were not significantly regulated
in any tissue (Figure S3, Supplemental Data). In a similar manner, in liver and muscle, transcripts
related to ER stress were not modulated in any group of animals undergoing RSV supplementation
(Figure S4, Supplemental Data). Interestingly, a significant decrease in ER-stress markers was observed
in eWAT in animals under the highest dose of RSV (Figure 3B).

Figure 3. Leptin sensitivity and signaling. The rats were fed the STD or CAF diet for 9 weeks.
Then, the STD and CAF rats were treated orally with RSV (50, 100 or 200 mg per kg of body wt) or
vehicle for 3 weeks. (A) The leptin sensitivity index. (B) Gene expression of ER-stress markers in eWAT.
(C) SIRT1 activity. (D) WB results for ObRb. Data are expressed as the mean ± SEM, n = 6. * p < 0.05
and ϕ p < 0.1, Student’s t-test comparing the CAF group with the STD group. # p < 0.05 and ε p < 0.1,
Student’s t-test comparing the RSV group with the CAF group. CAF: cafeteria diet; ER: endoplasmic
reticulum; eWAT: epididymal white adipose tissue; LSI: leptin sensitivity index; ObRb: leptin receptor
isoform b; RSV: resveratrol; SIRT1: NAD+-dependent deacetylase sirtuin-1; STD: standard chow diet;
VH: vehicle; WB: western blot; wt: weight. Atf4 (activating transcription factor 4), Chop (DNA damage
inducible transcript 3), sXbp1 (spliced x-box binding protein 1).

3.6. RSV Distinctively Modulates Sirtuin-1 (SIRT1) Activity and Leptin Receptor (ObRb) Protein Expression
in Peripheral Tissues

To elucidate the molecular mechanisms by which RSV potentially rescues leptin sensitivity in these
tissues, we next evaluated whether RSV consumption could result in enhanced SIRT1 functionality,
which could be an additional mechanism involved in the regulation of leptin signal transduction in
the periphery. Thus, we analyzed the deacetylase activity of SIRT1 in liver, skeletal muscle and eWAT
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(Figure 3C). Notably, robust activation of SIRT1 was observed in the liver of animals supplemented
with 50 and 200 mg/kg of RSV, indicating that a relatively low dose of RSV (50 mg/kg) is sufficient
to efficiently activate this enzyme in the liver. By contrast, at these same doses, SIRT1 activity was
notably decreased in skeletal muscle and was not significantly affected in eWAT, suggesting that if RSV
is a true leptin sensitizer, this activity is not mediated by an increase in SIRT1 functionality in skeletal
muscle and eWAT. Therefore, we also investigated by immunoblotting whether the modulation of
leptin sensitivity in these tissues could also be directly mediated by increasing the cell content of the
long leptin receptor isoform ObRb (Figure 3D). Interestingly, the consumption of RSV resulted in
a dose-dependent significant increase in ObRb protein levels in skeletal muscle, although statistically
significant differences were only observed at a dose of 200 mg/kg. Importantly, in contrast to skeletal
muscle, ObRb protein levels in liver were decreased significantly in animals under RSV at doses of 50
and 200 mg/kg, whereas in eWAT, ObRb protein levels were not significantly affected at any dose.
These results indicate that RSV can modulate different cellular processes in a tissue-specific manner.

3.7. Different RSV Metabolites, Including Microbial and Phase II Conjugates, Could Explain the Body
Fat-Lowering Effects of RSV Consumption

Since the efficacy of orally administered RSV depends on its absorption and metabolism, we next
investigated whether RSV and its metabolites found in the bloodstream can account for the observed
anti-obesity effects after the daily consumption of RSV for 22 days. Table 1 details the serum
concentrations of each metabolite of RSV. The administration of RSV at 50, 100 and 200 mg/kg
led to high serum concentrations of some metabolites, in the range of μM. Interestingly, 10 different
RSV-derived metabolites, but not the parent compound, were detected in serum 3 h after the last
RSV treatment. These metabolites included seven phase II metabolites of RSV (R3G, R4G, RDG, R3S,
R4S, RDS and RSG) and three gut microbiota-derived metabolites, including the glucuronide and
sulfate conjugates of DRSV (DRG, DRS and DRGS). When the serum distribution of these two types
of metabolites was analyzed, phase II RSV metabolites were found to be predominant over DRSV
metabolites derived from microbiota by more than two fold (Figure 4A). Interestingly, the concentration
of microbial DRSV metabolites significantly increased at a dose of 200 mg/kg, whereas the opposite
occurred for phase II RSV metabolites. Thus, the largest circulating levels of microbial metabolites
were found at the highest dose of 200 mg/kg. In addition, total glucuronide metabolites (R3G, R4G,
RDG and DRG) were also detected in higher levels than total sulfate conjugates (R3S, R4S, RDS and
DRS) at all doses (Figure 4B). However, the concentration of glucuronide conjugates tended to decrease
when the RSV dosage was increased, whereas sulfate metabolites significantly increased at doses of
100 and 200 mg/kg.

Figure 4. Serum resveratrol metabolites. The rats were fed the STD or CAF diet for 9 weeks. Then,
the STD and CAF rats were treated orally with RSV (50, 100 or 200 mg per kg of body wt) or vehicle for
3 weeks. The metabolites present in serum were classified as (A) phase II RSV metabolites or microbial
metabolites and as (B) glucuronide or sulfate metabolites. Data are expressed as the mean ± SEM, n = 6.
a,b denote significant differences between groups (p < 0.05; two-way ANOVA and Bonferroni’s test).
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Table 1. The results obtained for each metabolite (μM) present in serum respect each group of rats
treated with RSV.

RSV Metabolites (μM) 50 mg/Kg 100 mg/Kg 200 mg/Kg

Phase II

R4G 18.52 ± 4.54 15.45 ± 1.69 20.53 ± 7.73
R3G 12.44 ± 4.85 8.43 ± 3.79 1.84 ± 0.61 *
RDG 0.19 ± 0.04 0.29 ± 0.09 0.23 ± 0.04
R4S 0.12 ± 0.02 0.16 ± 0.05 0.27 ± 0.09
R3S 7.06 ± 2.66 5.69 ± 1.21 5.59 ± 2.04
RDS 0.80 ± 0.31 1.39 ± 0.31 0.66 ± 0.09
RSG 0.83 ± 0.15 1.00 ± 0.14 0.83 ± 0.21

Microbiota
DRG 3.95 ± 0.60 2.72 ± 0.66 9.43 ± 2.28 *
DRS 1.15 ± 0.46 1.24 ± 0.63 3.92 ± 1.30

DRSG 0.11 ± 0.02 0.15 ± 0.04 0.21 ± 0.06

Abbreviations: R4G: resveratrol-4′-glucuronide; R3G: resveratrol-3-glucuronide; R3S: resveratrol-3-sulfate;
R4S: resveratrol-4′-sulfate; RDS: resveratrol-disulfate; RDG: resveratrol-diglucoronide; RSG: resveratrol-sulfate-
glucuronide; DRG: dihydroresveratrol-glucuronide; DRS: dihydroresveratrol-sulfate; DRSG: dihydroresveratrol-
sulfate-glucuronide. * p < 0.05.

Finally, to determine which blood RSV metabolites could potentially be involved in the anti-obesity
effects of RSV, we used the Spearman’s correlation test to evaluate the relationship of RSV metabolites
with body and fat mass as well as with leptin sensitivity in each peripheral tissue (Table S4,
Supplemental Data). R4G and R3S were the only phase II RSV metabolites that showed significant and
negative correlations with total body fat mass (ρ = −0.67 and −0.76, p = 0.033 and 0.011, respectively)
and circulating leptin levels (ρ = −0.66 and −0.60, p = 0.038 and 0.067, respectively). In addition,
R4G was also positively associated with leptin sensitivity in liver (ρ = 0.72, p = 0.03), skeletal muscle
(ρ = 0.69, p = 0.05) and adipose tissue (ρ = 0.79, p = 0.021), whereas R4S was positively associated
with leptin sensitivity in skeletal muscle (ρ = 0.81, p = 0.015) and adipose tissue (ρ = 0.79, p = 0.021).
When the correlation coefficients were analyzed for the microbial DRSV metabolites, only DRSG
presented a negative and significant correlation with diet-induced body weight increase (ρ = 0.66,
p = 0.038). In addition, DRSG was related to leptin sensitivity in skeletal muscle (ρ = 0.81, p = 0.015)
and adipose tissue (ρ = 0.71, p = 0.047), whereas DRS was related to leptin sensitivity in skeletal muscle
(ρ = 0.69, p = 0.05).

4. Discussion

Previous studies by our group indicated that chronic consumption of grape-seed
proanthocyanidins for three weeks by diet-induced obese rats significantly decreased both hepatic
fat content and circulating plasmatic leptin levels, presumably by restoring SIRT1 functionality and
leptin signaling in both the hypothalamus and liver [28,31]. Nonetheless, studies of other compounds
with complementary or more powerful effects are necessary to combat metabolic diseases associated
with leptin dysfunction, such as obesity. Accordingly, in the present study, we demonstrated that
RSV, a dietary non-flavonoid polyphenol found in grapes and red wine, decreased body fat mass and
leptinemia by restoring leptin sensitivity in the liver, skeletal muscle and adipose tissue.

Leptin is a pleiotropic hormone with a variety of functions within the organism and activity
in different tissues. Liver and skeletal muscle are the tissues with greatest metabolic activity
and, together with adipose tissue, constitute important targets for the leptin regulation of lipid
metabolism [34,35]. However, pathological states such as obesity have been related to peripheral
leptin resistance development, and dietary components have been proposed to modulate leptin actions
in these peripheral tissues, suggesting that leptin resistance may also result from specific nutrient
intake [36,37]. In this sense, our CAF-induced obesity rat model exhibited body weight/fat increase,
hyperleptinemia and peripheral leptin resistance as indicated by the impairment of leptin-induced
STAT3 phosphorylation in these tissues. pSTAT3 levels are widely studied to evaluate leptin sensitivity
as STAT3 is proportionally activated by leptin concentrations in these tissues [38].
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Remarkably, our results showed an ability of RSV at 200 mg/kg to normalize tissue fat content
and leptin expression and secretion as well as to enhance peripheral leptin sensitivity, highlighting
the overall beneficial effect of RSV in the modulation of diet-induced obesity at this dose. Conversely,
RSV did not regulate the gene expression of enzymes directly involved in peripheral lipid metabolism,
such as Acc, Fas, Cpt1b and Scd1. Nevertheless, other possibilities cannot be discarded, such as that
RSV could regulate the proteins involved in fatty acid oxidation by post-transcriptional mechanisms
that are not detectable by qRT-PCR analysis, or that RSV could induce lipid oxidation in tissues other
than those examined in this study. Alternatively, RSV could also induce the catabolism of fatty acids
to ketone bodies as previously suggested in Csbm/m mice fed a standard diet supplemented with
100 mg/kgchow RSV ad libitum [39]. In addition, RSV did not down-regulate the gene expression of
relevant enzymes involved in leptin signaling, such as Socs3 and Ptp1b. Contradictory results have
been published about the effect of RSV on these markers of leptin signaling in different tissues [40–42],
indicating that the duration of the treatment and the grade of obesity achieved can directly influence
the effect of RSV in these tissues.

The daily consumption of 50 and 100 mg/kg of RSV for 22 days in combination with the CAF
diet did not change any metabolic parameter or leptin sensitivity in our experimental model. Some
contradictory results have been published about the effectiveness of RSV on metabolic alterations
in rodents. Andrade et al. reported that the consumption of 30 mg/kg of RSV by FVN/N mice for
60 days in combination with a CAF-rich diet exerted beneficial effects on body fat and weight [43].
By contrast, supplementation of diet-induced obese C57BL/6J mice with 22.5 and 45 mg/kg of RSV
for 12 weeks [44] or 200 mg/kg for 20 weeks [45] did not cause any significant change in body weight,
indicating that the effect of RSV in rodents might depend on the treatment length, RSV dosage and
the percentage of fat present in the diet. In our study, the impact of the CAF diet was too robust,
as the lowest doses of RSV administered could not counteract the diet-induced dysregulation of lipid
metabolism and leptin signaling.

Other mechanisms have been proposed to explain the effects of phenolic compounds on body
weight in mammals, including their inhibitory effects on food intake and fat absorption as well as on
intestinal permeability and gut microbiota. However, as we did not evaluate the effect of RSV on all of
these mechanisms, we cannot be completely sure that the consumption of this compound exclusively
prevents fat accumulation through the leptin signaling activation in peripheral tissues. Thus, more
studies are needed that elucidate the molecular mechanisms involved in this beneficial effect.

The induction of peripheral leptin resistance in diet-induced models has been primarily attributed
to the induction of pro-inflammatory signaling and ER stress [27]. However, in this study, we did not
find significant differences in inflammatory status in any of the three tissues studied as indicated by the
iNos gene expression levels, but important anti-inflammatory effects of RSV in these animals cannot be
excluded. In this sense, in contrast to our results, Kimbrough et al. observed the down-regulation of
iNos by RSV in hepatocytes in an inflammatory experimental model [46], as did Centeno-Baez et al.
in muscle and WAT in lipopolysaccharide (LPS)-treated C57BL6 mice [47]. Conversely, our results
showed a significant reduction of sXBP1 gene expression in adipose tissue, suggesting that this local
decrease in ER stress in adipocytes is one of the mechanisms by which RSV re-establishes appropriate
leptin sensitivity in this tissue. In addition, SIRT1 functionality and ObRb levels have been highlighted
as mediators of leptin action in peripheral organs. Thus, both the overexpression of Sirt1 in the liver
and the enhanced ObRb protein content in skeletal muscle induced by RSV could be mechanisms by
which this compound increases leptin signaling in these tissues. In fact, this beneficial effect of RSV
on SIRT1 activity in the liver is in accordance with a previous report [48]. However, the different
responses of the liver, muscle and adipose to RSV suggest different functions of SIRT1 and ObRb in
peripheral tissues, and thus further studies are required to clarify the molecular mechanism by which
RSV regulates leptin signaling in each tissue under obesogenic conditions.

The efficacy of orally administered RSV depends on its absorption and metabolism. RSV is quickly
absorbed in the intestine via simple intestinal transepithelial transport and by ATP-dependent binding

139



Nutrients 2018, 10, 1757

cassette transporters, but most RSV undergoes rapid and extensive phase II metabolism in enterocytes
before entering the blood and further into the liver [49,50]. Accordingly, RSV is mainly converted into
glucuronide and sulfate metabolites. Interestingly, in the present study, we detected RSV metabolites
but not RSV. Our results are in line with some previously published findings of RSV metabolites but not
free RSV in different peripheral tissues when rats were supplemented with 300 [51] or 60 mg/kg [52].
In addition, total glucuronide RSV metabolites (R3G, R4G and RDG) were also detected in higher
levels than total sulfate RSV conjugates (R3S, R4S and RDS) at all doses. Similarly, in a previous
study using male Sprague–Dawley rats, Marier et al. observed 46 times more glucuronidated forms in
plasma than other metabolites 4 h after oral administration of 50 mg/kg of RSV [53]. However, other
researchers have reported that the sulfate forms were prevalent over glucuronides in male Wistar rats
orally supplemented with 300 mg/kg of RSV for 8 weeks, whereas no RSV conjugates were detected
in the group with a dose of 50 mg/kg [51].

Notably, in our study, the concentration of glucuronide RSV conjugates tended to decrease as the
RSV dosage increased, whereas the sulfate RSV metabolites increased at the highest doses. Similarly,
Andres-Lacueva et al. observed that as the dose of RSV in rats increased (6, 30 and 60 mg/kg/day for
6 weeks), there was an increase in the sulfate forms compared with the glucuronides [52]. These results
may suggest that glucuronidation but not sulfation could be a saturable metabolic pathway, at least in
the range of doses used in the present study. Nevertheless, the potential degradation of glucuronide
metabolites cannot be discarded. Consequently, further studies are needed to better elucidate this issue.

Only a few studies have considered the determination of RSV-derived microbial metabolites after
RSV consumption. Consequently, we also assessed DRSV concentrations in serum in free form or as
glucuronide and sulfate conjugates. Notably, in our study, the largest circulating levels of microbial
metabolites were found at the highest dose of 200 mg/kg. These data could provide a clue to explain
the protective effects on body fat accumulation and leptin sensitivity observed only at this dose of
RSV. In fact, our results showed negative correlations of levels of DRSG metabolites from microbiota
with body fat mass, circulating leptin levels and body weight gain. However, the levels of most of
these DRSV metabolites detected in serum were low in comparison to RSV metabolites, and thus it
is difficult to understand how they contributed to the effects observed. In addition, some studies
also showed that, in 3T3-L1 cells, R3S, R3G and R4G decreased both mRNA and leptin secretion [54],
increased the expression of Atgl, Cpt1, Sirt1 and Pgc1a, and decreased the expression of Fas [55].
Consequently, more studies are needed to explain the in vivo effects induced by this polyphenol after
long-term treatment.

5. Conclusions

In summary, we can conclude that RSV can reverse the disruption of metabolic parameters and
the lipid profile in a diet-induced obese rat model. This beneficial effect could be explained by the
restoration of leptin sensitivity in the three peripheral organs described as more metabolically active.
In the liver, RSV could act via a SIRT1-dependent manner, whereas in muscle and adipose tissue,
its action was mediated by increasing ObRb content and protecting against ER stress, respectively.
However, further studies are required to clarify the molecular mechanisms by which RSV regulates
leptin signaling in obesity. Finally, the metabolites derived from the gut microbiota may partially
explain the contribution of the highest dose of RSV to reducing the metabolic alteration caused
by obesity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/11/
1757/s1, Table S1: A summary of the rat-specific primer sequences used for qRT-PCR analysis, Table S2:
Chromatographic and fragmentation characteristics of RSV metabolites identified by UHPLC-MSn in serum
samples, Table S3: Different biochemical parameters of liver, calf skeletal muscle and eWAT, Table S4. Correlation
analysis of the most relevant biochemical parameters and the metabolites concentrations of RSV present in the
serum of rats treated with 50, 100 or 200 mg/kg RSV, Figure S1: A scheme of the distribution of animals in the
study, Figure S2: Inhibitors of the leptin signaling, Figure S3: iNos gene expression, Figure S4: Gene expression
analysis of ER-stress markers.
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Abstract: Although the link between diet and cancer is complex, epidemiological data confirm that
diet is a risk factor for prostate cancer and indicate a reduced prostate cancer incidence associated
with a diet rich in vegetables and fruits. Because of the known protective effect of grape seed extract
(GSE) against prostate cancer, we evaluated the effects of grape powder extract (GPE) on cell viability,
proliferation, and metastatic capability. Importantly, we explored the possible novel mechanism
of GPE through metastasis-associated protein 1 (MTA1) downregulation in prostate cancer, since
our previous studies indicated resveratrol (Res)- and pterostilbene (Pter)-induced MTA1-mediated
anticancer activities in prostate cancer. We found that GPE inhibited the cell viability and growth
of prostate cancer cells only at high 100 μg/mL concentrations. However, at low 1.5–15 μg/mL
concentrations, GPE significantly reduced the colony formation and wound healing capabilities of
both DU145 and PC3M cells. Moreover, we found that GPE inhibited MTA1 in a dose-dependent
manner in these cells, albeit with considerably less potency than Res and Pter. These results indicate
that stilbenes such as Res and Pter specifically and potently inhibit MTA1 and MTA1-associated
proteins compared to GPE, which contains low concentrations of Res and mainly consists of other
flavonoids and anthocyanidins. Our findings support continued interest in GPE as a chemopreventive
and anti-cancer agent against prostate cancer but also emphasize the unique and specific properties
of stilbenes on MTA1-mediated anticancer effects on prostate cancer.

Keywords: grape powder extract; prostate cancer; MTA1

1. Introduction

Despite progresses in understanding the molecular mechanisms of prostate cancer (PCa), it is
still the most frequently diagnosed cancer in men in the United States, specifically in recent years,
in which life expectancy has increased. Most men acquire PCa during their lifetime because of risk
factors such as age and diet. Dietary bioactive polyphenols with anti-inflammatory, antioxidant, and
anticancer properties have been of intense interest for use as chemopreventive agents against PCa.
Particularly, stilbenes such as resveratrol (trans-3,5,4’-trihydroxystilbene, Res) and its natural analogs
including pterostilbene (trans-3,5-dimethoxystilbene, Pter), found in grapes and berries [1,2], have
attracted attention as potential pharmacological approaches for primary and clinical chemoprevention
of PCa [3–16].

However, only limited studies support separate polyphenol(s) use in human chemoprevention
due to their low bioavailability and rapid metabolism [17–19]. Therefore, grape extract, which contains
a mix of various polyphenols including stilbenes, might present improved pharmacokinetics and
superior pharmacological potency to stilbenes alone and may hold greater potential as a natural
product drug. Grape seed extract (GSE), which is actively available as a health food supplement,
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has been shown to have strong antioxidant capabilities [20], cardiac benefits [21,22], neurological
effects [23], and cancer preventive and anticancer activities [24–30]. Particularly, it has been shown
that GSE has anticancer effects against PCa in vitro and in vivo [24,28,29,31]. Importantly, specific
signaling pathways were identified as GSE-regulated, including androgen receptor (AR)-mediated
transcription of genes [24] and inhibition of the activation of extracellular signal-regulated kinase 1/2
(ERK 1/2) with associated apoptotic effects [28].

Our interest includes AR-independent pathways that play a role in the progression of PCa. One of
these pathways is represented by an overexpression of metastasis-associated protein 1 (MTA1) and the
subsequent activation of MTA1-mediated pro-oncogenic signaling associated with the progression of
PCa to metastasis [3,11–13,16,32–36]. Clinical studies have demonstrated the correlation of high MTA1
expression in prostate tissues with aggressive clinicopathological characteristics of tumors, signifying
MTA1 as a potential therapeutic target in PCa. Therefore, we have intensively investigated and
reported on the MTA1-mediated anticancer properties of Res and Pter in PCa in vitro and in vivo [3,4,
7,8,11–14,16].

The present study aimed to investigate the anticancer efficacy and MTA1 targeting ability of grape
powder extract (GPE) in PCa cell lines. Grape powder extract consists of seven flavonoids, including
resveratrol and three anthocyanidins (Table 1) [37]. We performed cell-based assays with GPE in
two PCa cell lines using Res and Pter as reference compounds. Our results indicate that GPE has
anticancer and antimetastatic effects in PCa, while stilbenes such as Res and Pter have the strongest
MTA1 inhibitory action. Therefore, grape extract enriched for stilbenes through unique extraction
procedures may represent an effective dietary agent for chemopreventive and therapeutic activity
against PCa.

Table 1. Liquid Chromatography with tandem mass spectrometry (LC-MS/MS) analysis of the GPE
(grape powder extract) and chemical structures of its compounds.

Class Compound Chemical Structure Content (ppm)

Phenols

Catechin 4014

Epicatechin

 

1268

Flavonols

Quercetin 3429

Kaempferol 429
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Table 1. Cont.

Class Compound Chemical Structure Content (ppm)

Isorhamnetin 346

Taxifolin 656

Stilbenes Resveratrol 88.5

Anthocyanins

Cyanidin 508

Peonidin 5034

Malvidin 2811

2. Materials and Methods

2.1. Compounds

Grape powder, which is a proportional representation of the different varieties of table grapes
grown in California, was obtained from the California Table Grape Commission. The grape powder
extract (GPE) was prepared and standardized as described previously [37] and was a generous gift
from Dr. Richard van Breemen (Linus Pauling Institute, Oregon State University, Corvallis, OR, USA).
Resveratrol and pterostilbene were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were
dissolved in dimethyl sulfoxide (DMSO) for the in vitro experiments.

146



Nutrients 2018, 10, 1804

2.2. Cell Culture

Prostate cancer cells, DU145 and PC3M, were maintained in RPMI-1640 media containing 10%
FBS in an incubator at 37 ◦C with 5% CO2 as described previously [3,6,8–16,33,34,36]. Cells were
authenticated using short tandem repeat profiling at Research Technology Support Facility, Michigan
State University.

2.3. MTT Assay

Cell viability of DU145 and PC3M cells was measured after treatment with GPE (2–200 μg/mL),
Res (5–100 μM), and Pter (5–100 μM) using MTT assay (Sigma-Aldrich, St. Louis, MO, USA) as
described previously [6,16]. Briefly, the cells were seeded in 96-well plates and treated with vehicle,
GPE, Res, or Pter. Absorbance of the formazan was measured using BioTek Synergy-4 plate reader
(BioTek, Winooski, VT, USA) after 72 h of treatment. The % cell viability was calculated assuming 100%
viability in vehicle-treated (control) wells.

2.4. Proliferation Assay

DU145 and PC3M cells (2 × 103) were seeded in a 35-mm cell culture dish. The media with
appropriate compound (GPE, Res, or Pter) was changed every other day. The proliferation of the cells
was determined by counting the cells every other day over a period of 10 days.

2.5. Colony Formation Assay

Colony formation assay was performed as described previously [33]. Briefly, cells (5 × 103) were
seeded in a 35 mm cell culture dish for a 21-day observation time. The media with appropriate
compound was changed every other day. When colonies were freely visible (>50 cells/colony)
in vehicle-treated dish, cells were fixed with formaldehyde and stained with 0.1% crystal violet
solution. Colonies were visualized by imaging each dish using Amersham Imager 600 (GE Healthcare
Bio-Sciences, Pittsburg, PA, USA). ImageQuant TL software (GE Healthcare Bio-Sciences, Pittsburg,
PA, USA) was used for counting the number of colonies in each dish.

2.6. Wound-Healing Assay

Wound-healing assay was performed as described previously [33,36]. Briefly, 95% confluent cells
seeded in 6-well plates were starved in low serum media (0.1% serum) overnight, after which three
separate wounds were scratched across the well. The media with appropriate compound was changed
every other day. The wound was imaged daily until the wounds of vehicle-treated (control) cells were
completely closed using the EVOS XL Core microscope (ThermoFisher Scientific, Waltham, MA, USA).
Wound area was calculated using the ImageJ software (NIH, Bethesda, MD, USA). % wound area was
quantitated assuming 100% for vehicle-treated cells at 0 h.

2.7. Western Blot

Western blot analysis was carried out as previously described [33,36]. Briefly, cells were treated
with various concentrations of GPE (25–200 μg/mL), Res (50 μM), or Pter (50 μM) for 24 h, and total
protein was extracted. Protein concentration was measured using Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Hercules, CA, USA). An equal amount of protein was resolved in 10–15% gels
and transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking the membranes
for non-specificity, they were probed with MTA1 (1:2000), p21 (1:1000), cleaved caspase 3 (1:1000),
PTEN (1:1000), Cyclin D1 (1:1000), and pAkt (1:1000) (Cell Signaling Technology, Danvers, MA, USA)
primary antibodies. β-actin antibody (1:2500) (Santa Cruz, Dallas, TX, USA) was used as a loading
control. Signals were visualized using enhanced chemoluminescence. Densitometry was performed
using Image J software (NIH, Bethesda, MD, USA).
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2.8. Statistical Analysis

The differences between the groups were analyzed by one-way analysis of variance (ANOVA).
All statistics were performed using GraphPad Prism 7 software (GraphPad Software, La Jolla, CA,
USA). The statistical significance was set as p < 0.05. All data are cumulative of at least three
independent experiments.

3. Results

The cytotoxic effects of GPE were evaluated and compared to those of Res and Pter by MTT cell
viability assay in DU145 and PC3M aggressive prostate cancer cell lines. The cells were treated with
various concentrations of GPE (5–200 μg/mL), Res (5–100 μM or 1.14–22.8 μg/mL), and Pter (5–100 μM
or 1.28–25.6 μg/mL) for 72 h. As shown in Figure 1A, treatment with GPE had a modest cytotoxic
effect even at high 200 μg/mL dose, whereas Res and Pter significantly inhibited the DU145 and PC3M
cells’ viability in relatively low concentrations. The IC50 values of Res and Pter in DU145 and PC3M
cells were in accordance with our previous reports [10], while GPE showed very low activity in both
cell lines, with IC50 values of 107 μg/mL in DU145 cells. We were not able to determine IC50 values for
GPE doses (5–200 μg/mL) used in PC3M cells. To further investigate the inhibition of cell proliferation
by GPE, we performed cell-counting assay upon treatment with compounds. We counted cell numbers
every other day for 10 days and found that GPE significantly inhibited cell proliferation compared to
control untreated cells in all concentrations tested in both DU145 and PC3M cells (Figure 1B). In DU145
cells, higher concentrations of GPE (15 and 100 μg/mL) were significantly more potent at inhibiting
cell growth (p < 0.01; p < 0.0001) than Res but not Pter. In PC3M cells, GPE at high doses (15 and
100 μg/mL) as well as Res and Pter showed significant differences compared to control vehicle-treated
cells (p < 0.001; p < 0.0001).

Figure 1. Effects of GPE on cell viability and cell proliferation. (A) Cell viability analysis of DU145
(left) and PC3M (right) prostate cancer cells treated with GPE (2–200 μg/mL), Res (1.14–22.8 μg/mL),
and Pter (1.28–25.6 μg/mL). Data represent the mean ± scanning electron microscopy (SEM) of three
independent sets of experiments. (B) Proliferation assay of DU145 (left) and PC3M (right) cells after
treatment with GPE (1.5; 15; 100 μg/mL) and Res and Pter (1.5 μg/mL) for 10 days. Data represent
the mean ± SEM of three independent sets of experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001 (one-way analysis of variance (ANOVA)) were assessed as significant differences between
treated and Ctrl vehicle cells.
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To characterize the anti-metastatic capacity of GPE, we examined the effect of GPE on the colony
formation and wound healing in DU145 and PC3M cells. As shown in Figure 2A, colony-forming ability
was decreased in DU145 cells, with an increased GPE concentration gradient reaching significance
at 15 μg/mL (p < 0.001) and 100 μg/mL (p < 0.0001). In more aggressive PC3M cells, GPE treatment
at only a high (100 μg/mL) dose caused a significant reduction of colony-forming ability (p < 0.0001)
(Figure 2B). However, these results indicated that only the effects of the highest concentration of
GPE (100 μg/mL) were comparable with the effects of Res and Pter alone at a relatively low dose
(1.5 μg/mL). After this, a wound-healing assay was performed in order to measure the effects of
GPE treatment on tumor cell migration. The migration of DU145 and PC3M cells was decreased
with an increased GPE concentration gradient (Figure 3A,B). As shown in Figure 3A, reduction in
the cell migration of GPE-treated DU145 cells was highly significant (p < 0.001) in a dose-dependent
manner, compared to control vehicle-treated cells. Interestingly, GPE-treated PC3M cells, which are
characterized as more aggressive than DU145 cells, were affected in their migration capabilities by
GPE treatment stronger than DU145 cells. These results indicated that GPE could reduce migration
of aggressive prostate cancer cells in a dose-dependent manner starting at as low as 1.5 μg/mL dose.
Once again, Res and Pter also showed strong ability to reduce migration of prostate cancer cells at 1.5
μg/mL dose.

Figure 2. GPE reduces colony formation in DU145 and PC3M prostate cancer cells. Representative
images of colony formation ability of (A) DU145 and (B) PC3M cells after treatment with GPE (1.5;
15; 100 μg/mL) and Res and Pter (1.5 μg/mL). Data represent the mean ± SEM of three independent
experiments with duplicate wells. *** p < 0.001 and **** p < 0.0001 (one-way ANOVA) were assessed as
significant differences between treated and Ctrl vehicle cells.
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Figure 3. GPE reduces migration of DU145 and PC3M prostate cancer cells. Representative images of
migration ability of (A) DU145 and (B) PC3M cells after treatment with GPE (1.5; 15; 100 μg/mL) and
Res and Pter (1.5 μg/mL). Right: quantitation of wound widths, as % wound area is shown for each
cell line. Data represent the mean ± SEM of six separate wounds and three independent experiments.
*** p < 0.001 and **** p < 0.0001 (one-way ANOVA) were assessed as significant differences between
treated and Ctrl vehicle cells.

We have shown previously that Res and Pter inhibit MTA1-mediated PCa progression in vitro
and in vivo [3,7,8,11,13,16]. Therefore, we next measured the effect of GPE treatment on MTA1
protein expression in DU145 and PC3M cells. Cells were treated with GPE at various concentrations
(25–200 μg/mL) and with Res and Pter (50 μM~12 μg/mL) for 24 h, after which the total protein was
isolated and a western blot was performed. As indicated in Figure 4A,B, GPE downregulated MTA1
in a dose-dependent manner in DU145 cells and PC3M cells, respectively, but with considerably less
potency than Res and Pter. We also sought to investigate the effect of GPE on certain MTA1-associated
proteins in DU145 and PC3M cells, which we previously identified using ChIP-Seq [11]. We have
shown that MTA1 directly regulates CyclinD1 and pAkt and negatively associates with PTEN [11,13].
As seen in Figure 5A,B, there was downregulation of Cyclin D1 and a slight upregulation of PTEN in
DU145 cells treated with GPE. pAkt levels were affected by GPE treatment in PC3M cells (Figure 5C,D).
Because p21 expression represents an important biomarker of apoptosis, we examined its expression
after treatment with GPE. Results show that p21 was induced in a dose-dependent manner upon GPE
treatment in PC3M cells (Figure 5C,D).
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Figure 4. GPE inhibits MTA1 protein expression in a dose-dependent manner in DU145 and PC3M
prostate cancer cells. Immunoblots of MTA1 expression in (A) DU145 and (B) PC3M cells (top panels).
β-actin was used as a loading control. Western blots were repeated three times and representative blots
are shown. Quantitation of immunoblot signals (lower panels). * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001 (one-way ANOVA) were assessed as significant differences between treated and
Ctrl vehicle cells.

Figure 5. Effects of GPE treatment on MTA1-associated protein levels. (A) Immunoblots of MTA1,
Cyclin D1, and PTEN expression, in DU145 cells treated with GPE. β-actin was used as a loading
control. (B) Quantitation of immunoblot signals of MTA1-associated proteins, Cyclin D1, and PTEN,
in cells treated with 150 μg/mL GPE. (C) Immunoblots of MTA1, Cyclin D1, pAkt, and p21 expression,
in PC3M cells treated with GPE. β-actin was used as a loading control. (D) Quantitation of immunoblot
signals of MTA1-associated proteins, Cyclin D1, pAkt, and p21, in cells treated with 150 μg/mL
GPE. Western blots were repeated three times for each protein, and representative blots are shown.
*** p < 0.001 and **** p < 0.0001 (one-way ANOVA) were assessed as significant differences between
150 μg/mL GPE-treated vs. Ctrl vehicle-treated cells.

4. Discussion

Numerous studies have demonstrated that diet is a risk factor for PCa and consumption of plant
foods may reduce the incidence of PCa [38–40]. Dietary phytochemicals such as quercetin, curcumin,
genistein, selenium, resveratrol, and pterostilbene have been shown to possess anti-inflammatory,
antioxidative, cardioprotective, and anticancer activities [4]. These polyphenols individually
act through various genetic and epigenetic mechanisms to control numerous biochemical and
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molecular pathways, influencing cell growth, differentiation, cell cycle, senescence, apoptosis,
epithelial-to-mesenchymal transition, and metastasis. While it is necessary to understand the
mechanisms of action for individual bioactive molecules, the composition of dietary sources such as
fruits or vegetables consists of various polyphenols, represented by different classes of phytochemicals
that provide health benefits in unison. However, at the molecular level, the interaction of these
molecules may cause the activation or inhibition of certain molecular pathways.

Published studies have demonstrated the prostate anticancer activity of GSE, which is comprised
of high phenolic content. However, the total content might differ with possible active compounds
depending on the method of extraction [28]. In the present study, we used grape powder extract (GPE),
which is an organic solvent extract of freeze-dried whole table grapes. The varieties of grapes include a
proportional representation of table grapes grown in California. Most table grapes grown in California
are seedless, but some seeded grapes are produced and were included. After freeze drying, the grape
skins and seeds remained and were ground to produce powder.

In this study, we demonstrated that GPE treatment caused growth inhibition and reduced the
colony formation and migration ability of DU145 and PC3M prostate cancer cells. Less aggressive
DU145 cells showed more sensitivity to the antiproliferative and anti-colony formation effects of GPE
than to that of the PC3M cells. Because of our long-standing interest in targeting MTA1 signaling,
we asked whether GPE acts through inhibition of MTA1 oncogenic protein in prostate cancer, as we
have shown for Res and Pter, which has significant MTA1-mediated anticancer effects [3,7,8,11,13,16].
Our results suggest that although GPE downregulated MTA1 protein levels in a dose-dependent
manner (p.6. 11–1128), the inhibition was not significant, possibly due to low nanomolar concentration
of Res in GPE. As expected, Res and mainly Pter alone at 50 μM dose showed a marked inhibition of
MTA1, suggesting a unique stilbenes–MTA1 relationship.

Taken together, GPE demonstrated anticancer effects in prostate cancer cell lines. Because of strong
evidence for the involvement of MTA1 signaling in all stages of PCa progression, we explored a chance
of MTA1 inhibition by GPE. Since we detected more potent MTA1 inhibition by stilbenes compared
to mixture of polyphenols in GPE, there is a possibility that stilbenes and no other phytochemicals
directly bind to MTA1 (unpublished data). Whether or not combination of various stilbenes will be
most effective at inhibiting MTA1 and MTA1-guided signaling in PCa is unknown and remains to
be elucidated.

In summary, our preclinical in vitro findings support continued interest in GPE as an anticancer
agent against PCa. However, in vivo studies and especially clinical trials are needed to explore the
chemopreventive and therapeutic effects of GPE. Two recent clinical trials of muscadine grape skin
extract containing ellagic acid, quercetin, and resveratrol in men with biochemically recurrent PCa
showed the safety of two different doses (500 mg and 4 g) but no significant differences in predictive
biomarkers [41,42]. Nevertheless, recent advances in personalized medicine are very promising and
may make the translational application of chemoprevention by natural products a distinct possibility
in target-stratified patient populations.
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Abstract: Resveratrol (RV) is a natural non-flavonoid polyphenol and phytoalexin produced by
a number of plants such as peanuts, grapes, red wine and berries. Numerous in vitro studies
have shown promising results of resveratrol usage as antioxidant, antiplatelet or anti-inflammatory
agent. Beneficial effects of resveratrol activity probably result from its ability to purify the body
from ROS (reactive oxygen species), inhibition of COX (cyclooxygenase) and activation of many
anti-inflammatory pathways. Administration of the polyphenol has a potential to slow down
the development of CVD (cardiovascular disease) by influencing on certain risk factors such as
development of diabetes or atherosclerosis. Resveratrol induced an increase in Sirtuin-1 level, which
by disrupting the TLR4/NF-κB/STAT signal cascade (toll-like receptor 4/nuclear factor κ-light-chain
enhancer of activated B cells/signal transducer and activator of transcription) reduces production of
cytokines in activated microglia. Resveratrol caused an attenuation of macrophage/mast cell-derived
pro-inflammatory factors such as PAF (platelet-activating factor), TNF-α (tumour necrosis factor-α
and histamine. Endothelial and anti-oxidative effect of resveratrol may contribute to better outcomes
in stroke management. By increasing BDNF (brain-derived neurotrophic factor) serum concentration
and inducing NOS-3 (nitric oxide synthase-3) activity resveratrol may have possible therapeutical
effects on cognitive impairments and dementias especially in those characterized by defective
cerebrovascular blood flow.

Keywords: resveratrol; cardiovascular; inflammation; cytokines; pathways

1. Introduction

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a natural non-flavonoid polyphenol and
phytoalexin produced by a considerable number of plants in response to stress factors such as
pathogens or injury [1,2]. The substance can be found in peanuts, grapes, red wine and some berries [3].
It has been proven to be a potent antioxidant [4], antiplatelet [5,6] and anti-inflammatory agent [7]
in vitro. Despite numerous studies, mechanisms of resveratrol action have not been clearly identified.
According to the results of pharmacokinetic analysis, resveratrol undergoes rapid metabolism in
the body, its bioavailability after oral administration is very low despite of absorption reaching
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70%, which undermines the physiological significance of the high concentrations used in in vitro
studies [6]. Mentioned effects are probably a result of its ability to purify the body from ROS [8,9],
inhibition of COX [10,11] and activation of many anti-inflammatory pathways, including among others:
SIRT-1 (Sirtuin-1) [12]. SIRT-1 disrupts the TLR4/NF-κB/STAT signal which subsequently leads to
the reduction of produced cytokines in activated microglia [13], or macrophage/mast cell-derived
pro-inflammatory factors such as platelet-activating factor PAF, TNF-α and histamine [14].

Cardiovascular diseases are the most common cause of death in the world, it is estimated that
about 18 million people died because of CVD in 2016. It is 31% of all deaths worldwide. Over 17 million
(39%) of premature deaths (under 70 years) due to non-communicable diseases are caused by CVD [15].
Regardless of the significant improvement and great emphasis on CVD treatment, the statistics show
that searching for new ways to help cardiovascular patients is essential. Resveratrol has a potential to
slow down the development of CVD by influencing on certain risk factors. In this article, the authors
present the potential mechanisms of resveratrol’s activity (presented in Figure 1).

Figure 1. Proposed mechanisms of resveratrol activity. COX-1: cyclooxygenase type 1; cAMP: cyclic
adenosine monophosphate; PDE: phosphodiesterase; SIRT-1: sirtuin-1; NOS-3: Nitric oxide synthase,
ROS: reactive oxygen species, NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells;
TxA2: thromboxane A2; VSMCs: vascular smooth muscle cells; ↓: a decrease; ↑: an increase.

2. Inflammation

Atherosclerosis is a multifactorial disease of the vascular walls leading to the development
of plaques and consequent stenosis of the arteries [16,17]. Current progress in basic science has
signified essential role of inflammation in initiation, progression and finally possible thromboembolic
complications of the disease. Atherosclerosis-related inflammation is mediated by various cytokines
which include among others: TNF-α, interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1)
as well as factors inducing the expression of intercellular adhesion molecule 1 (ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1) and E-selectin adhesion molecules. Long-term studies in humans
conducted by Tomé Carneiro et al., and Militaru C. et al., imply that resveratrol corrected the
lipid profile, inflammatory status and quality of life of patients undergoing primary prevention
of CVD [18–20]. It can be connected with its influence in many potential pathways.

Inflammation associated with atherosclerosis is to a large extent regulated by the NF-κB pathway.
It is logical to postulate that agents inhibiting or triggering the activation of this factor may play a
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significant role in atherogenesis [21]. The NF-κB itself is connected to various signalling agents by
which can be activated and subsequently provoke inflammatory cascade. Studies in animals implicate
that SIRT-1 is a potential target to focus on during the search for new solutions against atherosclerosis.
The process of SIRT-1 upregulation may have a substantial impact on the activation of endothelium
and its homeostasis [22,23]. SIRT1 is highly expressed in endothelial cells where it exercises control of
angiogenesis through a wide variety of transcription regulators.

Resveratrol seems to be promising in its action limiting the inflammatory response at various
levels. Experimental studies proved that resveratrol usage elevates the serum concentration of
SIRT1 [24]. Pre-treatment of human vascular smooth muscle cells (VSMCs) at a dose 3–100 μM
considerably enhanced SIRT1 expression [25]. Kao et al. [26] also noticed an augmentation of SIRT1
mRNA in human umbilical vein endothelial cells after pre-treatment with various doses of resveratrol
(10–100 μM). Mechanism of sirtuin’s influence at molecular level have been linked to the prevention
of atherosclerosis in many proposed models. It is postulated that sirtuin-1 moderates transcription
factor RelA/p65 at K310 by deacetylation. What follows is suppression of its binding to naked
DNA in human aortic endothelial cells. The changes eventually interfere with NF-κB signalling
pathway activation, thereby restraining the expression of genes coding cell adhesion molecules:
VCAM-1 and ICAM-1 [26,27]. What is more, SIRT-1-related suppression of NF-κB signalling pathway
results in inhibition of synthesis of a number of pro-inflammatory cytokine, including: TNF-α, IL-1β,
IL-6 and MCP-1 [28]. Interestingly, SIRT-1 upregulation is also able to lower angiotensin II type I
receptor expression in VSMCs. Such changes may cause limitation in vessel contractility contributing
to the prevention against hypertension and thereby anti-sclerotic effect [29]. Thus, an increase in
SIRT-1 activity has been connected with a decrease in atherosclerotic lesion size and macrophage
content in aortic arches [28]. Furthermore, SIRT1 transgenic apolipoprotein E null (apoE–/–) mice
had fewer atherosclerotic lesions [30]. Zhang QJ et al., suggested that SIRT-1 overexpression may
impede atherogenesis by influencing endothelial function through the alterations involving nitric oxide
synthase (NOS-3) [31]. The explicit mechanism of SIRT1 activation by resveratrol remains unspecified,
however it is considered that abovementioned polyphenol activates SIRT1 indirectly [31,32]. One of
the potential mechanisms is the induction of AMPK (5′ adenosine monophosphate-activated protein
kinase). This kinase affects the intracellular AMP-to-ATP concentration ratio, which indirectly increases
the level of nicotinamide adenine dinucleotide (NAD+). Increased concentrations of NAD+ are able to
enhance SIRT1 activity, considering that NAD+ is substrate for the enzyme [33].

Low levels of adiponectin in serum have been associated with weight gain and visceral fat increase.
A noticeable reduction of adiponectin serum concentrations in obese and insulin-resistant states has
been observed [34]. Observational human studies imply that a decrease in adiponectin levels may
contribute to a development of cardiometabolic disorders [35]. This conclusion may result from certain
evidence presenting adiponectin deficit as a risk factor of atherosclerosis [36]. Studies in animals
ascribe to adiponectin an ability to restrain formation of atherosclerotic lesions [21,37]. Induction
of adiponectin expression by resveratrol was described in animal studies, nevertheless some of the
results remain contradicted. On the one hand, month long 10 mg/kg resveratrol pre-treatment of
Wistar rats significantly heightened the level of adiponectin in blood serum [24]. Similar results have
been obtained by Rivera et al. [38] in obese Zucker rats. They achieved an increase in the adiponectin
serum concentrations after 8 weeks of 10 mg/kg resveratrol daily pre-treatment. This escalation was
not observed in lean heterozygous littermates [39]. Following studies exploiting experimental rat
models proved that 6 weeks of both high-dose resveratrol administration (200 mg/kg daily) and
smaller dosage (6 weeks of 15 mg/kg) [40] are able to elevate the adiponectin concentration and
its release from adipose tissue (Table 1). On the other hand, Palsamy and Subramanian [41] have
not received a significant change of plasma adiponectin levels after 30 days of low-dose resveratrol
treatment (5 mg/kg) in a healthy population of Wistar rats, although the raise were noticeable in a
diabetic subjects [41]. The exact molecular mechanisms of adiponectin beneficial actions are not fully
clarified but it can be assumed that moderating inflammatory response serves a crucial role once again.
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Studies show that adiponectin suppresses the nuclear translocation of NF-κB lowering the endothelial
synthesis of pro-inflammatory chemokine IL-8 [42], TNF-α-induced expression of adhesion molecules
on vascular endothelial cells and prevents monocyte adhesion which constitutes the initial step of
atherogenesis [35].

Table 1. Oral administration of resveratrol in vivo trials.

Authors Subject of Study Dose Result

Tomé Carneiro
et al. [19]

Human with coronary
artery disease

Polyphenolic composition + 8.1 ± 0.5 mg
resveratrol per capsule. 1 capsule/day in
the morning for the first 6 months and 2
capsules/day for the following 6 months

↑ serum adiponectin
↓ (PAI-1)

Militaru C. et al. [20]
Human with stable

angina pectoris 20 mg/day of resveratrol ↓ hs-CRP, ↓ NT-proBNP, ↓ total
cholesterol, ↑ quality of life

Bhatt et al. [43] Human with DM2 250 mg/day of resveratrol ↓ HbA1c, ↓ SBP,
↓ total cholesterol

Brasnyó et al. [44] Human with DM2 2 × 5mg/day of resveratrol ↓ insulin resistance,
↑ pAkt: Akt

Wiciński et al. [2] Wistar rats 10 mg/kg of resveratrol per day ↑ serum BDNF

Wiciński et al. [24] Wistar rats 10 mg/kg of resveratrol per day ↑ serum adiponectin

Rivera et al. [38] Zucker rats 10 mg/kg of resveratrol per day ↑ serum adiponectin

Beaudoin et al. [39] Zucker rats 200 mg/kg of resveratrol per day ↑ serum adiponectin and its
release

Thirunavukkarasu et al.
[45]

streptozotocin induced
diabetic rats 2.5 mg/kg of resveratrol per day ↓ glucose level

Dong et al. [46] Balb/c mice 50 mg/kg of resveratrol per day ↓ infract size after stroke, recover
of neurologic function

Huang et al. [47] Long-Evans rats 10−6–10−9 g/kg of resveratrol intravenous ↓ infract size after stroke

Sinha et al. [48] Wistar rats 20 mg/kg of resveratrol intraperitoneal
prevents motor impairment,

↑ MDA, ↓ glutathione, ↓ infract
size after stroke

Fukuda et al. [49] Rats 10 mg/kg of resveratrol per day ↑ VEGF, ↑ Flk-1,3, ↑ NOS

Della-Morte
et al. [50]

Rats 10–100 mg/kg of resveratrol intraperitoneal ↑ SIRT-1, ↓ UCP2

Wang et al. [51] Mongolian gerbils 30 mg/kg of resveratrol intraperitoneal ↓ DND, ↓ glial activation

Polyphenolic composition is (~25 mg anthocyanins, ~1 mg flavonols, ~40 mg procyanidins and ~0.8 mg
hydroxycinnamic acids), ↓—reduction, ↑—increase, PAI-1—Plasminogen activator inhibitor-1, hs-CRP—high-sensitivity
C Reactive Protein, NTproBNP—N-terminal prohormone of brain natriuretic peptide, quality of life—measured in
the number of angina pectoris episodes and the amount of nitroglycerin used, HbA1c—Glycated haemoglobin A1c,
SBP—systolic blood pressure, BDNF—brain-derived neurotrophic factor, MDA—Malondialdehyde, VEGF—vascular
endothelial growth factor, Flk-1,3—tyrosine kinase receptor of VEGF , NOS—nitric-oxide synthase, SIRT1—sirtuin 1,
DND—delayed neuronal cell death, UCP2—mitochondrial uncoupling protein 2.

Abovementioned aspects contributing to the limitation of inflammatory response by resveratrol
may be linked to each other at the transcriptional level. RV is considered to upregulate SIRT1, FoxO1
and adiponectin transcription via interconnecting gene modulation pathways [52]. What is more,
adiponectin may be correlated with a SIRT1-independent mechanism acting by induction of the
AMPK, or as a FoxO1 activator through phosphoinositide-dependent kinase 1/protein kinase B
signalling downregulation. Additionally, resveratrol effects on adiponectin indirectly by altering level
of disulphide bond-A oxidoreductase-like protein [53].

3. Anti-Platelets Effect

One of the major causes of cardiovascular diseases such as myocardial infarction, stroke or acute
limb ischemia is a thromboembolic event provoked by excessive or abnormal platelet aggregation.
Antiplatelet drugs are widely used in the prevention of the above-mentioned diseases [54]. Research
conducted on resveratrol suggest its antiplatelet properties both in vitro [5,55] as well as in vivo.
It seems that the mechanism of resveratrol activity on platelets is to a large extent focused on
the stronger inhibition of COX-1 in relation to COX-2 [56]. Selective inhibition of COX-1 results
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in reduced synthesis of TxA2 (thromboxane A2), which is a potent triggering factor of platelet
aggregation [57]. COX-2, per contra, occurring inter alia in vascular endothelial cells, synthesizes
prostacyclin, which is an antiplatelet aggregator [6,58]. In this case, selective COX-1 inhibition appears
to be the reason for the antiplatelet action. Interestingly, in Dutra et al.,’s study from 2017 [59]
concerning derivatives of resveratrol, researchers created a resveratrol-furoxan hybrid compound
able to release NO (nitric oxide) and inhibit platelet aggregation in the ADP agonist, collagen and
arachidonic agonist pathway. Administration of this compound was connected with reduced bleeding
time compared to acetylsalicylic acid (ASA) and protected up to 80% against thrombotic events in vivo
(performed on mice). The above study shows the meaningfulness of further research and efforts to
synthesize new resveratrol derivatives with much better properties.

4. Vascular Reactivity

Vascular contractility is a significant factor in atherogenesis, as it is considered clinically relevant
that arterial hypertension aggravates atherosclerosis [60]. Peripheral vascular resistance serves an
influential role in pathogenesis of primary hypertension (also called essential or idiopathic). Arteries in
patients suffering from hypertension often present augmented reactivity to contractive stimulus
in comparison to healthy individuals. The exact cause of the phenomenon, however, remains
unclear [61,62]. Due to hypertension, oxidative stress in the vascular wall increases which contributes
to changes in metabolism and induces endothelium dysfunction, cell migration and proliferation of
VSMCs [60]. Furthermore, the level of acute-phase proteins circulating in the bloodstream increases,
which have been proven to activate the inflammation process through TLR-4 signalling pathways [61].
In various studies vascular contractile reactivity was evaluated and the mechanisms responsible for
the reduction of the aforementioned atherogenic factors were assessed. It has been revealed that
resveratrol may inhibit Ca2+/calmodulin cyclic nucleotide PDE (phosphodiesterase) and contribute to
diminishment of VSMCs contractile response in partially PDE1 dependent manner.

Research conducted in rat models suggest that hypertension may be correlated with the increase
of PDE1 expression and activation [63]. It has been stated that inhibition of PDE1 leads to decrease
of arterial contractile response as consequence of intracellular cGMP concentration increase [64].
The subtype 1C of PDE is expressed in proliferating smooth muscle cells and may be potentially
involved in atherogenesis [65]. If the inhibition of PDE1C by resveratrol is presented to be relevant in
treatment, one additional advantageous effects would be a slowdown of VSMCs proliferation which
remains the one of the fundamental elements of atherosclerotic plaque development [66]. Park et al.,
described resveratrol [67] to be a potent antagonist of cAMP PDEs (including PDE1-4) that inhibits
these enzymes directly in a concentration-dependent manner. Kline and Karpinski [68] observed
resveratrol’s ability to induce NOS-3 in direct and indirect manners through AMPK, SIRT1 and nuclear
factor erythroid 2-related factor 2 pathways. Additionally, they noticed that resveratrol acts directly on
VSMCs by blocking the L-type calcium channel resulting in limitation of intracellular Ca2+ release.

5. Resveratrol Influence on Diabetes

There exists a close connection between DM (diabetes mellitus) and CVDs, which are the most
common causes of morbidity and mortality in diabetic patients. Type 2 diabetes is a condition where
persistent hyperglycaemia and hyperinsulinemia are associated with chronic low-grade inflammation.
As the consequence, the amount of ROS increases [69] which can have an impact on cell damage.
Affected can be also neurons [70]. Bhatt et al. [43] in their studies in a group of 62 patients with
type II diabetes compared the use of standard antidiabetic therapy with a combination of this
therapy and resveratrol. After three months of treatment, the results in both groups were evaluated.
The combination had a statistically significant advantage in positive effect. It caused a decrease in
HbA1c (glycated haemoglobin A1c), lowered the systolic blood pressure, as well as total cholesterol
level. It did not, however, have a statistically significant effect on body weight and respective
lipoprotein fractions. Thirunavukkarasu et al. [45] achieved a reduction in glycaemia in the group
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of rats with DM2 receiving resveratrol. On the other hand, in a randomized, double-blind study of
Bo et al. [71] conducted on a group of 192 people suffering from DM2, the use of resveratrol did not
bring any statistically significant changes in biochemical markers such as: CRP (C-reactive-protein),
BMI (Body Mass Index), blood pressure, HbA1c and others. In the work of Öztürk et al. [72] which has
collected a dozen clinical trials investigating the effect of resveratrol on DM2, researchers have noticed
the pleiotropic effects of resveratrol. In attempt to describe potential mechanisms of its profitable
actions a broad number of factors have to be considered.

One of the possible mechanisms once more focused on the activation of abovementioned
SIRT-1 [73]. Studies have shown a significant reduction in its expression and activity both in vitro and
in vivo in the course of DM2 [74,75]. Some of the positive effects of resveratrol may be explained by
activation of AMPK. Mentioned kinase regulates intracellular processes such as energy metabolism,
mitochondrial functions and cellular homeostasis. AMPK dysregulation correlated with insulin
resistance and hyperglycaemia-associated tissue damage suggesting the role of AMPK in DM2 [72,76].
Furthermore, it is hypothesized that the beneficial effect in diabetes can also be explained by the
activation by the SIRT-1 of the PGC-1α cascade (peroxisome proliferator-activated receptor gamma
coactivator 1-alpha) [76]. PGC-1α, as a transcriptional coactivator, regulates genes involved in energy
metabolism. It is one of the main regulators of mitochondrial biogenesis [77]. Mootha et al. [78] in
their studies described a reduced level of transcription of the PPARGC1 gene (gene encoding PGC-1α)
in calf muscles of diabetic patients. What is more, impaired mitochondrial function (associated with
less PGC-1α activity) promoting fatty acid accumulation, as opposed to oxidation, can significantly
contribute to intracellular lipid accumulation, which is associated with insulin resistance in DM2 in
humans [79]. Based on resveratrol PGC-1α cascade activating abilities, some positive influence od RV
may be assumed.

In DM2, pancreatic β-cell damage is related to increased creation of free radicals [80,81].
One possible mechanism of resveratrol usage in DM2 may be its antioxidant effect. In the studies of
Brasnyó et al. [44] a decrease in insulin resistance in patients receiving resveratrol has been shown.
Researchers linked it to increased activation of the Akt signalling pathway. In addition to direct
antioxidative activity, it is suggested that resveratrol may affect the expression of genes regulating pro
and antioxidant mechanisms by reducing the expression of enzymes responsible for the production of
free radicals and increasing the production of those involved in scavenging of ROS as NADPH oxidase
(Nox) and its products: SOD (superoxide dismutase) and GPx1 (glutathione peroxidase 1) [82].

Another potentially advantageous action of resveratrol in DM2 is an attenuation of the NF-κB
signalling pathway [83–85]. NF-κB is a protein complex that regulates the immune response and can
be considered as prototypical proinflammatory factor in many diseases [86]. Researchers [87] propose
a model in which activation of NF-κB results in increased production of IL-6, which induces insulin
resistance in hepatocytes [88,89]. In this case, resveratrol reducing the activation of this pathway
could affect the decrease of insulin resistance in the tissues. DM2 is often associated with abdominal
obesity [90], which can lead to metabolic syndrome, abdominal adiposity and hepatic steatosis (fatty
liver). All the states result in persistent low-grade inflammation being a cause of oxidative stress [89].
Cai et al. [89] in their study found that the NF-κB pathway is activated in rodent livers by two obesity
models: HFD (High Fat Diet) and genetic hyperphagia.

Chronic hyperglycaemia generates AGEs (advanced glycation end products) and their RAGE
receptors [91]. RAGEs activation is another trigger factor of NF-κB transcription cascade [92].
This suggests that activation of NF-κB in diabetic patients correlates with the quality of glycaemic
control [93]. The reduction of NF-κB activity by resveratrol in numerous ways provides a potential
protection line against lasting hyperglycaemia. Interdependence of described numerous mechanisms
is evident, what brings both many opportunities and obstacles.
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6. Cerebral Blood Flow

Chronic systemic diseases are thought to impair vasorelaxation with the consequence that cerebral
blood flow is diminished [94]. Cognitive impairment and dementia are characterized by defective
cerebrovascular blood flow which is considered to be a significant element in their pathogenesis.
Moreover, Araya et al., state that cerebrovascular abnormalities, especially in cerebral microvessels,
potentially lead to neuronal dysfunction and cognitive impairment [94,95]. Maintenance of cerebral
blood flow at both stable and sufficient levels seems to be a potential target in the pharmacological
prevention of neurodegeneration. Beneficial effect of resveratrol treatment has been shown in
disorders such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral
sclerosis [96] and vascular dementia [97].

Resveratrol increases BDNF serum concentrations which, according to literature, reflects an
increase of BDNF in brain parenchyma. Potentially, the aforementioned neurotrophin constitutes
the link in maintaining cerebral blood flow in response to hypoxic stress. Guo et al., suggest that
BDNF seems to be serving a major role in the neurovascular unit of brain. Their results confirm that
cerebrovascular endothelium can secrete potent neuroprotective agents [98]. BDNF is involved in the
differentiation and maturation of nerve cells in the central nervous system. The neurotrophin is also
associated with increased ratio of growth, formation of new neuronal connections and nerve branching,
as well as induction of synaptic transmission [99–101]. The diminishment of serum BDNF levels may
result in aggravation and poor outcome in neurodegenerative diseases [102–105]. Accordingly, agents
like resveratrol that induce the expression of BDNF are believed to reproduce the biological effects of
the neurotrophin.

Induction of BDNF expression in brain structures following an administration of naturally
existing plant-derived polyphenols was previously described by Jeon et al. [106]. Zhang et al.,
found that resveratrol induces BDNF release from astroglia in rat primary astroglia-enriched
cultures suggesting that resveratrol administration may be more efficient than direct treatment with
neurotrophic factors [107]. The mechanism of BDNF upregulation by resveratrol has not been explained
comprehensively yet. According to Goggi et al., the release of BDNF depends on the concentrations of
both extracellular and intracellular calcium. They have also noticed that BDNF release is link to the
activation of IP3 (inositol trisphosphate) mediated Ca2+ release from intracellular stores. BDNF was
also modulated by receptors coupled to adenylate cyclase. Another probable mechanism is activation
of the CREB and ERK1/2 signalling pathways which result in an increased production of neurotropic
factors [107].

Resveratrol has the ability to induce NOS-3 in both a direct and indirect manner through AMPK,
SIRT1 and Nrf2 pathways and, as a result, it positively affects vasorelaxation in cerebral arteries [108].
Results presented in study of Leblais et al., state that resveratrol may directly act on VSMCs promoting
pulmonary artery relaxation via different mechanisms including induction of guanylyl cyclase, inhibition
of protein kinase C, activation of smooth muscle K+ channels, or acting via Ca2+ [109]. Direct reduction of
VSMC contractility by resveratrol may be a meaningful mechanism in neuroprotection since pathogenesis
of neurodegenerative diseases is also matched with vasoconstriction [110]

One of the most prevalent CV illness is stroke [111]. During ischemia, the increased production of
free radicals by mitochondria becomes responsible for endothelial dysfunction and causes excitation
contraction coupling impairment in VSMCs [112]. The direct cell damage resulting from ischemia leads
to death, apoptosis or metabolic changes. Insults caused by stroke must be distinguished between
primary and secondary. The former cause unavoidable damage in the centre of the ischemic area.
Secondary ones result from processes lasting days in the tissues surrounding the primary injury.
Induced oedema, release of lethal calcium ions amounts, epigenetic changes and agents created by
activated microglia are directly or indirectly toxic to neurons and initiate progressive damage [113,114].
In experimental studies on the mouse model, WenPeng Dong and co-workers assessed the effect of
resveratrol on the extent of damage caused by ischemia and reperfusion. [46] (Table 1). The area
of ischemia and microcirculatory injuries were significantly smaller compared to the control group
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not receiving resveratrol. Similar results were obtained by Huang et al., and Sinha K. et al., where
resveratrol managed to reduce infarct volume and prevented impairments in motor function in
rats. [47–49].

Although mechanisms underlying the beneficial effects are yet still to be elucidated, there exist
a supposition that angiogenesis mediated by VEGF and MMP-2 might be responsible for insult
limitation [50]. Ischemic cerebral regions showed significantly higher concentrations of abovementioned
proteins. [114]. What is more, the alteration of mitochondrial function via SIRT-1 target mitochondrial
uncoupling protein 2 (UCP2) caused by RV may be a way to mimic ischemic preconditioning [115].
UCP2–/– mice were described to be less vulnerable to microglia activation and consequent unfavourable
effect [116]. Since SIRT 1 inhibitor tended to prevent UCP2 upregulation, the hypothesis of sirtuin
involvement in the neuroprotection seems reasonable [115]. Anti-inflammatory effects where presented
in work of Wang Q et al., in which RV diminished neuronal cell death and glial activation in the
hippocampus of gerbils after artificially induced common carotid artery occlusion [51].

Above all, the most anticipated still remains a perspective of therapeutical application in human.
Long-term observation of the influence of the administration of resveratrol on secondary prevention of
stroke confirmed its beneficial effects (both in the 100 mg dose and 200 mg/day) on a number of risk
factors for recurrence [116]. There was a significant improvement in glucose profile, lipidogram and
arterial pressure. During the 12 months of the study, Katalin Fodor et al., they did not detect a single
vascular incident [117].

7. Conclusions

The information presented above allows for considering resveratrol as a promising drug in the
treatment of cardiovascular conditions. The moderation of free radicals creation and proinflammatory
response diminishment may prove to be helpful in slowing down atherosclerosis development
as well as in limiting the changes connected to chronic hyperglycaemia. Potential properties
stimulating neuronal renewal, if proven, would find application in the treatment of various forms
of dementia. If resveratrol is demonstrated to have clinically meaningful anti-sclerotic activity in
humans, one potential application may be to reduce the burden of certain neurodegenerative disorders.
In perspective of future findings, it is worth to consider the use of not only resveratrol alone but also its
derivatives with preferable effects. Studies assessing beneficial effects of RV on cardiovascular system
need to be strengthened in order to plausibly evaluate its usability. Wide spread of dosage used with
similar effect makes it difficult to determine the proper dose. Additional studies are essential to verify
efficacy of resveratrol in conditions specified in the paper.
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Abstract: Inflammation has been described as an initiator event of major diseases with significant
impacts in terms of public health including in cardiovascular disease, autoimmune disorders, eye
diseases, age-related diseases, and the occurrence of cancers. A preventive action to reduce the key
processes leading to inflammation could be an advantageous approach to reducing these associated
pathologies. Many studies have reported the value of polyphenols such as resveratrol in counteracting
pro-inflammatory cytokines. We have previously shown the potential of red wine extract (RWE) and
the value of its qualitative and quantitative polyphenolic composition to prevent the carcinogenesis
process. In this study, we addressed a new effect of RWE in inflammation through a modulation of
IL-1β secretion and the NLRP3 inflammasome pathway. NLRP3 inflammasome requires two signals,
priming to increase the synthesis of NLRP3 and pro-IL-1β proteins and activation, which activates
NLRP3. Inflammasome formation is triggered by a range of substances such as lipopolysaccharide
(LPS). Using two different macrophages, one of which does not express the adaptor protein ASC
(apoptosis-associated speck-like protein containing a CARD), which is essential to form active
inflammasome complexes that produce IL-1β, we show that RWE decreases IL-1 β secretion and
gene expression whatever line is used. Moreover, this strong reduction of pro-inflammatory IL-1β is
associated with a decrease of NLRP3 and, in J774A, ASC protein expression, which depends on the
choice of activator ATP or nigericin.
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1. Introduction

For several years, numerous epidemiological studies have maintained that a moderate
consumption of wine lowered the risks of mortality, in particular due to coronary diseases, compared
to the risk observed with wine abstinence. [1,2]. In France, as compared with other western countries
with a fat-containing-diet, the strikingly low incidence of coronary heart diseases is partly attributed to
the moderate consumption of red wine [3]. In our previous studies, we have shown an improvement
of blood parameters with the decrease in total cholesterol and LDL and the increase in erythrocyte
membrane fluidity and antioxidant status on a group of selected post-myocardial infarct patients
receiving 250 mL/day of red wine over 2 weeks in comparison to patients receiving water [4]. These
cardiovascular benefit effects are commonly attributed to red wine’s rich content in polyphenols,
particularly resveratrol, as an important source of antioxidants [5]. Interestingly, other epidemiological
studies reveal that micronutrients such as resveratrol could protect against cancers [1]. However,
resveratrol does not seem to be the only bioactive compound present in wine, which contains numerous
other polyphenols [6]. Indeed, some studies have highlighted that other polyphenols of red wine such
as quercetin [7], catechin [8], and gallic acid [9] could present potential chemopreventive properties.
Various case–control studies have shown that moderate red wine consumption exerts a protective
effect on colorectal cancer in both men and women [10,11]. Moreover, other case–control studies have
studied the association between wine and the Mediterranean diet, showing a lower risk of colon
cancer compared to other diets [12–14]. Nevertheless, one study did not find an inverse association
between moderate red wine intake and the risk of colorectal cancer [15] or breast cancer [16]. This
controversy may result from the amount and quality of polyphenols present in red wine. Indeed, red
wine contains a range of biologically active polyphenols, including phenolic acids, trihydroxystilbenes,
and flavonoids. In previous studies, we have shown both that a mixture of polyphenols extracted from
vine shoots presents a better antiproliferative activity on colon cancer cells than resveratrol alone due
to a synergism between polyphenols [17] and that the quantity and quality of the polyphenols present
in the wine also played an important role. We showed that the wine making procedure can increase
the quantities of certain polyphenols, especially lengthening the maceration time, which results in an
improvement of the biological effects of these red wine extracts, which are then able to slow down
the formation of aberrant crypt foci (ACF) [18] and angiogenesis [19]. But very interestingly, some
polyphenols do not act in a synergistic manner but rather in an additive manner and in some cases they
have opposite effects. These data raise the question of the crucial role of the polyphenol composition of
wine where an imbalance between polyphenolic species may increase or conversely reduce their effects.
The presence of catechin reduces the synergism effect between resveratrol and quercetin, which could
explain the discrepancy between some studies showing a reduction of the risk of colon cancer with
moderate red wine consumption in patient [10,11] or in animal models [19,20] while others showed no
effect [15,21].

To conduct our previous studies, we investigated the potential effects of a red wine extract (RWE)
on a fundamental biological element in the occurrence of various pathologies, in particular cancer,
namely inflammation and more particularly the production of IL-1β.

Inflammation can be initially defined as a set of physiological defense reactions put in place by
the body and more particularly by the cells of innate immunity. These cells play a role in first-line
defense following various traumas caused by infectious agents, chemical substances, physical agents
or even post-traumatic tissue lesions. In contrast, inflammation has been described as an initiator event
of major diseases with a significant impact in terms of public health such as cardiovascular diseases,
autoimmune diseases, eye diseases, age-related diseases, and more particularly neurodegenerative
diseases and the occurrence and development of cancers. More particularly, low-level inflammation
seems crucial in sustaining these processes. Among polyphenols and flavonoids present in the
human diet, resveratrol seems to inhibit NLRP3 inflammasome-derived IL-1β secretion in the J774A.1
murine macrophage cell line and pyroptosis [22]. This point is particularly important because there
is a link between activation/controls of NLRP3 and various pathologies, i.e., atherosclerosis [23],
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Alzheimer’s disease [24], cancers [25], and renal disease [26]. Despite numerous studies showing the
impact of polyphenols alone on the inflammation process, there are still very few data on the effect of
complex mixtures of polyphenols such as red wine extract (RWE). Some studies have pointed out the
potential anti-inflammatory role of RWE in colon cancer cells through a pathway involving both an
activation of the nuclear factor-erythroid 2-related factor-2 (Nrf2) pathway and an inhibition of the
Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway [27] or through a
disruption of colonic NADPH-oxidase NOX1 activation [28]. These effects lead to a decrease of the
pro-inflammatory cytokines Il-6 and IL-8. In view of the importance of the anti-inflammatory potential
of RWE, it is therefore essential to better characterize the effects of a polyphenol-enriched extract
such as RWE on one of the essential pro-inflammatory cytokines, namely IL-1β, on the mechanisms
conducive to its secretion. In this study, we show that RWE was able to strongly decrease IL-1β
secretion through a modulation of the expression of key proteins involved in the inflammasome
complex, i.e., NLRP3 and apoptosis-associated speck-like protein containing a CARD (ASC). Moreover,
we highlight that RWE was able to affect the priming signal and the activating signal leading to
inflammasome activation in macrophages.

2. Materials and Methods

2.1. Cells Culture

The murine macrophage cell line J774A.1 and Raw 264.7 were obtained from the European
Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and from the American Type
Culture Collection (ATCC, Manassas, VA, USA), respectively. Raw 264.7 cells were cultured in RPMI
1640 medium supplemented with 10% FBS and 10,000 U/mL penicillin, 10 mg/mL streptomycin,
25 μg/mL amphotericin at 37 ◦C in a 5% CO2 incubator; therefore, J774A.1 cells were cultured in DMEM
high-glucose medium supplemented with 10% fetal bovine serum (FBS), with 2 mM L-glutamine
and 10,000 U/mL penicillin, 10 mg/mL streptomycin, 25 μg/mL amphotericin at 37 ◦C in a 5% CO2

incubator. Cells were subcultured twice weekly using standard protocols.

2.2. Preparation of Red Wine Extract

Red wine extract (RWE) was obtained from French red wine, Santenay 1er cru Les Gravières 2012
(EARL Capuano-Ferreri Santenay, Côte-d’Or, France) selected by BIVB (Bureau Interprofessionnel des
Vins de Bourgogne, Beaune, France) and provided by CTIVV (Centre Technique Interprofessionnel
de la Vigne et du Vin, Beaune, France). Red wine extract dry powder was prepared and analyzed
as previously described [19]. Briefly, phenolic compounds were adsorbed on a preparative column,
then alcohol desorbed. The alcoholic eluent was gently evaporated, and the concentrated residue was
lyophilized and finely sprayed to obtain the phenolic extract dry powder. Briefly, the alcoholic eluent
and water were gently evaporated using a rotary evaporator set, and the concentrated residue was
deposited on the column (Diainon® HP-20, Supelco, Germany). The reservoir was filled with distilled
water and the flow was adjusted to about 20 drops/min. The polyphenol fraction was eluted with
an ethanol-0.1% glacial acetic acid solution (flow adjusted to 40 drops/min). The individual eluent
fractions were collected and concentrated to dryness using a rotary evaporator set. One liter of red
wine produced 104 g of phenolic extract, which contained 5.04 mg/g of total phenolic compounds
expressed as gallic acid equivalent.

2.3. HPLC Analysis

The phenolic composition of the wine samples was determined by HPLC analysis following
the methods developed by Guererro et al. (2009) [29]. Briefly, HPLC analysis was performed on a
HPLC system equipped with a diode array detector, a fluorescence detector and a C18 column (5 μm,
250 mm × 4.6 mm) for compound separation. For anthocyanins and flavonols, the mobile phase
consisted of water containing 5% formic acid (v/v) and methanol in various proportions at a flow
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rate of 1 mL/min. Anthocyanins were quantified at 520 nm as malvidin-3-glucoside and flavonols
at 360 nm as quercetin-3-rutinoside. Flavan-3-ols and phenolic acids were analyzed using a gradient
containing water with 2% acetic acid (v/v) and methanol–water–acetic acid (90:8:2, v/v/v). Phenolic
acids were quantified at 320 nm as caffeic acid, flavan-3-ols as catechin using the fluorescence signal
(excitation wavelength, 290 nm; emission wavelength, 320 nm) and stilbenes as resveratrol (excitation
wavelength, 330 nm; emission wavelength, 320 nm).

2.4. Reagents

Resveratrol (RSV), LPS (from Escherichia coli 0111: B4, L3024), adenosine 5-triphosphate disodium
salt solution (A6559) and nigericin sodium salt (N7143) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.5. Experimental Protocol

Cells were seeded at the density of 10,000 cells/cm2 and allowed to recover for 24 h. As usually
done, after 24 h, to initiate NLRP3 inflammasome priming, cells were pretreated or not with 100 μg/mL
RWE or 60 μM RSV for 30 min and then primed with 1 μg/mL LPS (5.5 h) and finally exposed for an
additional 30 min to 10 μM nigericin or 5 mM ATP [22]. For the activation signal analyses, cells were
first primed with 1 μg/mL LPS (5.5 h), then treated or not with 100 μg/mL RWE or 60 μM RSV for
30 min and finally with 10 μM of nigericin or 5 mM ATP, as previously described by Chang et al. [22].

Priming and activation are annotated RWE/RSV->LPS->Nig/ATP and LPS->RWE/RSV->Nig/ATP,
respectively.

2.6. Cell Proliferation Assay

Cells were seeded in 96-well flat-bottomed microplates and incubated for 24 h. The medium was
then removed and replaced with fresh medium containing the RWE or RSV to be tested at increasing
concentrations (from 1.9 to 250 μg/mL) at 37 ◦C for 24 h. Each treatment was performed in sixplicate
(in three independent experiments). The activity of compounds was determined using a solution of
crystal violet (Sigma-Aldrich, St. Louis, MO, USA). Absorbance at 540 nm was measured by Biochrom
Asys UVM 340. IC50 (i.e., the half maximum inhibitory concentration representing the concentration
of a substance required for 50% in vitro inhibition) values were calculated using GraphPad 6.0 Prism
software (GraphPad Software, La Jolla, San Diego, CA, USA).

2.7. Western Blotting

Cells were treated according to the experimental protocol described above, then were harvested
for Western blot analysis in RIPA buffer (RadioImmunoPrecipitation Assay buffer; 150 mM sodium
chloride, 50 mM Tris-HCl, 0.1% sodium dodecyl sulfate, 1% NP40, 0.5% sodium deoxycholate)
supplemented with protease inhibitors such as phosphatase inhibitor cocktail (100 μM, Sigma-Aldrich,
St. Louis, MO, USA) and an anti-protease (1x, Roche). The protein concentration of each lysate was
determined in a 96-well plate against BSA standards in PBS (range, 0–12 μg), applying the QuantiPro™
BCA Assay Kit (Sigma-Aldrich, St. Louis, MO, USA), and the total amount of proteins per well was
calculated. Samples were adjusted into Laemmli gel-loading buffer (50 mM Tris-HCl, pH 6.8, 5%
2-mercaptoethanol, 2% sodium dodecyl sulfate, 0.1% bromphenol blue, 10% glycerol) and then heated
for 5 min at 95 ◦C prior to separation. Denatured proteins were separated by SDS-PAGE and transferred
to nitrocellulose membranes (Amershan, GE, Velizy-Villacoublay, France). Membranes were blocked
by incubation with skimmed milk (in TBS-Tween 20 0.5%) 1 h at room temperature. The membranes
were incubated with the respective primary antibody: NLRP3 (clone cryo2, Adipogen®, Liestal,
Switzerland), Asc (clone AL177, Adipogen®, Liestal, Switzerland) overnight at 4 ◦C according to the
manufacturer’s recommendations. Afterwards, the membranes were incubated with HRP-conjugated
secondary antibody, anti-rabbit and anti-mouse for ASC and NRLP3 (Jackson Immunoresearch
Laboratory, Cambridgeshire, UK), respectively, at room temperature for 1 h and developed using
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the ECL reagents (Supersignal West Femto maximum sensitivity substrate, ThermoFisher Scientific,
France). Antibody against housekeeping proteins such as β-actin was used as the loading control
(clone AC-15, Sigma-Aldrich, St. Louis, MO, USA). Digital chemiluminescence images were captured
and analyzed using the ChemiDocTM XRS + imaging system (BioRad, Marnes-la-Coquette, France).
Image processing and analyses were carried out using Image Lab 5.2.1 build 11 Bio-Rad software
(Berkeley, CA, USA).

2.8. Imaging

Cells were seeded on chambered coverglass coated with poly-L-lysin and allowed to recover.
Cells were treated according to the experimental protocol described above. After the treatment,
cells were fixed and permeabilized with 4% PAF for 10 min at 4 ◦C and then incubated with a
blocking buffer (PBS1X-0.2% saponin-3% BSA) for 20 min at room temperature. The blocking
buffer was eliminated, and the diluted antibodies were applied. Cells were incubated overnight
at 4 ◦C in a humid light-tight box. Cells were rinsed thrice with PBS1X (5 min each), then incubated
with the fluorochrome-conjugated secondary antibodies (Alexa488 and Alexa568 for NRLP3 and
ASC, respectively) diluted as indicated on an antibody datasheet for 1 h at room temperature
in a humid light-tight box. Cells were then washed thrice with PBS1X (5 min each time) then
mounted with mounting medium with DAPI (ProLong® antifade with Dapi, Life Technologies,
ThermoFisher Scientific, Strasbourg, France). Confocal imaging was performed using a confocal
laser-scanning microscope (Axio Imager M2, Zeiss) coupled with an Apotome.2 with a ×40 objective
lens, and Zen software (Carl Zeiss Microscopy GmbH, Germany). The samples were excited using
internal microscope lasers and emission intensity was recorded at the appropriate emission wavelength.
Image processing and analyses were carried out using ImageJ software. Negative controls were treated
with the fluorochrome-conjugated secondary antibodies alone.

2.9. IL-1β Secretion

Cells were treated according to the experimental protocol described above. Then IL-1β in
the supernatant was measured using ELISA (Enzyme-Linked Immunosorbent Assay) for Mouse
IL-1-beta®/IL-1F2 DuoSet® ELISA (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s protocol.

2.10. Statistical Analysis

Results are shown as means ± SD for triplicate assay samples (otherwise mentioned), reproduced
independently at least three times. Statistical analysis of data was carried out with Prism GraphPad
6.0 Prism Software (GraphPad Software, Inc. La Jolla, San Diego, CA, USA). The significance of the
differences between mean values was determined by a one-way ANOVA with Holm-Sidak correction.
p-values < 0.05 were considered significant (* p < 0.05, ** p < 0.01 and *** p < 0.001).

3. Results

3.1. RWE Decreases IL-1β Secretion and NLRP3 Expression in Murine Macrophages without Toxicity

The composition of wine is a complex and unique combination due to the various factors such as
the vine, the climate, the country and the year, and varies between white and red wines. The amount of
polyphenols in wine, although varying greatly, is estimated to be around 190–290 mg/L in white wines
and 900–2500 mg/L in red wines. We previously demonstrated that the qualitative and quantitative
composition of a wine in bioactive molecules such as polyphenolic compounds is crucial in the
biological effects that can be observed and that they are antagonistic or synergistic [18]. Also, we first
evaluated the polyphenolic composition of our red wine extract, which contains significant amounts
of anthocyanidins, catechins, and a polyphenol emblematic of the vine and wine, resveratrol, which in
our experience will serve as a reference compound (Table 1). As compared to our previous studies,
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it appears that this polyphenolic extract of red wine is richer in caffeic acid and resveratrol [18].
To specify the potential role of RWE in inflammation, we first studied its effects on classical cellular
models such as macrophages. To do this, we chose to use two murine macrophage lines, Raw264.7
and J774A.1, derived, respectively, from ascites of a male mouse bearing a tumor induced by murine
Abelson leukemia virus and the blood of a tumor-bearing Balb/c female. As we have shown in previous
studies that polyphenolic extracts and RWE induce toxicities in various cell lines, in particular against
cancer cells [18,19] by disrupting their proliferation, we first evaluated the RWE toxicity (Figure 1a).
We observe that after 24 h of treatment with increasing concentrations of RWE, polyphenolic extract
has no impact on the cellular viability of Raw264.7 macrophages despite increasing concentrations
of up to 250 μg/mL. However, in J774A.1 cells, RWE at 250 μg/mL reduced the number of viable
cells by nearly 50%. In the following experiments, RWE was therefore used at 100 μg/mL in both cell
lines. This concentration was chosen both because it is noncytotoxic on macrophages and because it
significantly inhibited tumor growth and the formation of adenomatous polyps, as we have shown
in several in vivo models [18,19]. The experiments were conducted in comparison with the RSV at a
concentration of 60 μM, a concentration that is also noncytotoxic on macrophages and for which recent
studies have shown an effect on NLRP3 [22].

Table 1. Composition of the red wine extract (RWE) obtained from the 2012 Santenay 1er cru
Les Gravières.

mg/L of Wine mg/L RWE

Phenolic acids
Gallic acid 21 5.04

Caftaric acid 53 12.74
Coutaric acid 20 4.80
Caffeic acid 10 2.40
Stilbenes

Piceid 1 0.24
Resveratrol 7 1.68

Anthocyanidins
Delphinidin derivatives 15 3.60

Petunidin derivatives 10 2.40
Peonidin derivatives 14 3.36
Malvidin derivatives 78 18.75

Catechins
Catechin 31 7.45

Epicatechin 8 1.92
Procyanidin dimers 42 10.09

Flavonols
Quercetin derivatives 4 0.96

Inflammation results from an increased production of pro-inflammatory cytokines. Among them,
IL-1β plays a decisive role and its high secretion is responsible for the development of both chronic
inflammation and an acute inflammatory response and its maintenance over time. RWE at 100 μg/mL
is able to strongly decrease the basal secretion of IL-1β in the two macrophage types in a similar
manner of resveratrol (RSV) at 60 μM after 30 min of treatment (Figure 1b). Since IL-1β production
results mainly from the activation of NLRP3 inflammasome, we then studied the impact of a treatment
with RWE. It appeared that RWE was able to slightly decrease NLRP3 protein expression after 6 h of
treatment with 100 μg/mL in Raw264.7 (Figure 1c). Very interestingly, in J774.1, which is the only one
of the two lines expressing the apoptosis-associated, speck-like protein containing a CARD domain
(ASC), which plays a primordial role in inflammasome formation, RWE treatment strongly decreases
ASC protein expression as compared to the control (Figure 1c).
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Figure 1. RWE and Resveratrol (RSV) decrease IL-1β secretion in resting conditions through the
modulation of the protein expression levels of NLRP3 inflammasome components. (a) Cell viability
of Raw 264.7 and J774A.1 was determined by crystal violet staining after 24 h of treatment, with
concentration ranges of RWE (starting concentration 250 μg/mL, 1:2 serial dilutions). Data are
expressed as mean percentages ± s.d. of three independent experiments. p-values were determined
by a one-way ANOVA with Holm-Sidak correction. *** p < 0.001. (b) Secreted IL-1β in supernatants
was analyzed by ELISA after 6 h of treatment with vehicle (DMSO, Co), RWE (100 μg/mL), or RSV (60
μM). Data are expressed as fold changes in secreted IL-1β levels as compared to vehicle-treated cells
(Co) and are mean ± s.d. of three independent experiments. p-values were determined by the multiple
Student t test. ** p < 0.01 (c) Western blot analysis of NLRP3 and ASC protein expression in Raw 264.7
and J774A.1 macrophages after 6.5 h of treatment with vehicle (DMSO, Co), RWE (100 μg/mL) or RSV
(positive control). Left panels: representative blots from three independent experiments are shown.
β-actin was used as loading control. Right panels: densitometry quantifications of representative blots.
Plotted data are fold changes as compared to vehicle-treated cells (Co).
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3.2. RWE Prevents Priming of NLRP3 Inflammasome from LPS in Macrophages

Conventionally, activation of the NLRP3 inflammasome requires two signals: the first a priming
signal and the second an activation signal. The priming signal serves to increase the synthesis of
NLRP3 and pro-IL-1β proteins. This first signal takes place via the activation of TLR by a multitude
of microbial ligands or via the activation of the TNF-α receptor. These activations will trigger the
translocation of NF-κB in the nucleus and thus increase the transcription of NLRP3 and pro-IL-1β. This
channel can be activated by setting the LPS on toll-like receptor 4 [30]. Consequently, we investigated
whether RWE could alter the priming signal from lipopolysaccharides (LPS). To do this, Raw264.7 and
J774A.1 cells were pre-incubated for 30 min with 100 μg/mL of RWE then with LPS (1 μg/mL for 5.5 h)
to induce a priming end and we then measured IL-1β secretion. Secreted IL-1β in cell supernatants
in both experimental conditions was then measured by ELISA. Consistent with the literature, RSV
alone significantly decreased IL-1β secretion in macrophage cell lines (Figure 2a). In a manner similar
to the RSV-positive control, RWE strongly decreased IL-1β production in J774A.1 and much more
slightly in Raw264.7 macrophages (Figure 2a). Since LPS priming controls, at the end of its signaling
cascade, pro-inflammatory IL-1β and NLRP3 transcription and finally their protein expression, we
evaluated the effect of RWE on inflammasome protein expression in basal and priming conditions.
Immunoblotting showed that RSV strongly downregulated NLRP3 protein expression in RAW 264.7,
which was not the case in J774.1, but as previously, in the latter cells, RWE strongly reduced ASC
protein expression as compared to the control when priming was implemented by the LPS (Figure 2b).
We confirm that Raw264.7 macrophages did not express ASC (Figure 2c).

Figure 2. Cont.
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Figure 2. RWE and RSV decrease IL-1β secretion in lipopolysaccharide (LPS)-mediated NLRP3
inflammasome priming conditions. Raw 264.7 (a) and J774A.1 (b) macrophages were pretreated or
not with RWE (100 μg/mL) or RSV (60 μM) for 30 min, prior to NLRP3 inflammasome priming with
1 μg/mL of LPS for 5.5 h. Secreted IL-1β in cell supernatants was analyzed by ELISA at the end
of the treatments. Data are expressed as fold changes in secreted IL-1β levels as compared to cells
treated with LPS alone (Co) and are mean ± s.d. of three independent experiments. p-values were
determined by the multiple Student t test. ** p < 0.01 (c) Western-blot analysis of NLRP3 and ASC
protein expression in Raw 264.7 and J774A.1 macrophages after cell treatments as described above.
Left panels: representative blots from three independent experiments are shown. β-actin was used as
loading control. Right panels: densitometry quantifications of representative blots. Plotted data are
fold changes as compared to LPS-treated cells (Co).

3.3. RWE Decreases IL-1β Secretion after Activation by LPS/Nigericin in Macrophages

After increasing the expression then the synthesis of NLRP3 and pro-IL-1β, the second signal
serves to activate NLRP3, which is deubiquitinated while the adapter protein ASC is phosphorylated
and ubiquitinated [31]. The permeabilization of membranes by toxins such as nigericin is one of the
activation mechanisms of NLRP3 [32]. Therefore, to study the potential effect of RWE on this second
signaling process, we treated J77A.1 cells with RWE (100 μg/mL) or RSV (60 μM) for 30 min before
treatment with LPS for 5.5 h (LPS priming) following incubation with nigericin (10 μM for 30 min).
Very surprisingly, we observed that both RWE and RSV failed to decrease the IL-1β secretion in RAW
264.7 (Figure 3a), which is not the case in J774.1 cells where RWE and RSV completely blocked the
production of IL-1β induced by nigericin (Figure 3b). Concerning the expression of protein involved
in the inflammasome complex, we observed that RSV and RWE decreased NLRP3 protein expression
in RAW 264.7, but only RSV was able to decrease ASC protein expression in J774.1 after nigericin
stimulation (Figure 3c). These results differ from previous results wherein priming conditions, RSV
and RWE were both able to decrease, in J774.1, the expression of two key proteins NLRP3 and ASC,
which was not the case in the second signaling process. It appears from these results that the very
large decrease in IL-1β by RWE in J774.1 macrophages is associated with a strong decrease of NLRP3
protein expression.
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Figure 3. RWE and RSV curtail NLRP3 inflammasome priming and reduce IL-1β secretion, in the
nigericin-mediated activation condition. Raw 264.7 (a) and J774A.1 (b) macrophages were pretreated or
not with RWE (100 μg/mL) or RSV (60 μM) for 30 min, prior to NLRP3 inflammasome priming with
1 μg/mL of LPS for 5.5 h and subsequent activation by 10 μM nigericin for 30 min. Secreted IL-1β in cell
supernatants was analyzed by ELISA at the end of the treatments. Data are expressed as fold changes
in secreted IL-1β levels as compared to cells treated with only LPS + nigericin (Co) and are mean ± s.d.
of three independent experiments. p-values were determined by the multiple Student t test. n.s.: not
significant, *** p < 0.001. (c) Western-blot analysis of NLRP3 and ASC protein expression in Raw 264.7 and
J774A.1 macrophages after cell treatments as described above. Left panels: representative blots from three
independent experiments are shown. β-actin was used as loading control. Right panels: densitometry
quantifications of representative blots. Plotted data are fold changes as compared to LPS-treated cells (Co).

3.4. Crucial Choice of Activators for RWE and RSV Effect on IL-1β Secretion in Macrophages after
LPS Priming

Subsequently, we evaluated the ability of RWE to interfere with the second signal “the activation”.
We first treated macrophages with LPS (1 μg/mL for 5.5 h) and then treated or not with RWE
(100 μg/mL) or RSV (60 μM) for 30 min and finally exposed for an additional 30 min to 10 μM
nigericin. We surprisingly observed that both RSV and RWE failed to decrease IL-1β production as
previously observed (Figure 4a), even though only RWE decreased NLRP3 and ASC protein expression
in both types of macrophages as compared to RSV, which presented no effects (Figure 4c).

Given this very surprising lack of an effect of RSV, whereas Chang et al. previously described
its ability to block IL-1β secretion when macrophages were pretreated with the LPS before RSV
treatment and ATP stimulation [22], we decided to change NLRP3 inflammasome activators. We
consequently conducted the same experiment as before by replacing the nigericin with ATP. In this
second experiment, macrophages were treated with LPS (1 μg/mL for 5.5 h) and then treated or not
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with RWE (100 μg/mL) or RSV (60 μM) for 30 min and finally exposed for an additional 30 min
to 5 mM ATP. We then observed that RSV was able to decrease NLRP3 protein expression without
modulating IL-1β secretion while RWE, in these conditions, both decreased IL-1β production and
NRLP3 protein (Figure 5a,b), suggesting that RWE inhibits the ATP-mediated activation signal of
the NLRP3 inflammasome. The ability of RWE to inhibit IL-1β production was also found when
RAW 264.7 macrophages were pretreated with RSV prior to activation of the NLRP3 inflammasome
by LPS/ATP. In accordance with the first results shown in Figure 3, RWE strongly reduced IL-1β
production and NLRP3 protein expression (Figure 5c,d). Consequently, RWE was able to prevent
priming of NLRP3 inflammasome from LPS in macrophages whether the activator ATP or nigericin
was used. These molecular observations were reinforced in cellulo, where immunofluorescence imaging
revealed that RWE is well able to decrease NLRP3 and ASC expression, as shown by the decrease of
fluorescence of these proteins but also of their colocalization when macrophages are pretreated with
RWE (Figure 6a). The same observations are highlighted when macrophages were pretreated with LPS
before treatment with RWE (Figure 6b).

Figure 4. RWE and RSV failed to block IL-1β secretion when added after the NLRP3 priming step. Raw
264.7 (a) and J774A.1 (b) macrophages were exposed to 1 μg/mL of LPS for 5.5 h, then treated or not
with RWE (100 μg/mL) or RSV (60 μM) for 30 min and finally exposed for an additional 30 min to 10
μM nigericin. Secreted IL-1β in cell supernatants was analyzed by ELISA at the end of the treatments.
Data are expressed as fold changes in secreted IL-1β levels as compared to cells treated only with LPS +
nigericin (Co) and are mean ± s.d. of three independent experiments. p-values were determined by the
multiple Student t test. * p < 0.05, n.s.: not significant. (c) Western blot analysis of NLRP3 and ASC
protein expression in Raw 264.7 and J774A.1 macrophages after cell treatments as described above.
Left panels: representative blots from three independent experiments are shown. β-actin was used as
loading control. Right panels: quantifications by densitometry of representative blots. Plotted data are
fold changes as compared to LPS-treated cells (Co).

180



Nutrients 2018, 10, 1856

Figure 5. RWE prevents both priming and activation from ATP in macrophages. (a) LPS -> RWE/RSV
-> ATP sequence: Raw 264.7 cells were exposed to 1 μg/mL of LPS for 5.5 h, then treated or not with
RWE (100 μg/mL) or RSV (60 μM) for 30 min and finally exposed for an additional 30 min to 5 mM
ATP. Secreted IL-1β in cell supernatants was analyzed by ELISA at the end of the treatments. Data are
expressed as fold changes in secreted IL-1β levels as compared to cells treated only with LPS + ATP
(Co) and are mean ± s.d. of three independent experiments. p-values were determined by the multiple
Student t test. ** p < 0.01, *** p < 0.001, n.s.: not significant. (b) Western blot analysis of NLRP3 and ASC
protein expression in Raw 264.7 macrophages after cell treatments as described in (a). Representative
blots from three independent experiments are shown. β-actin was used as loading control. Histograms:
quantifications by densitometry of representative blots. Plotted data are fold changes as compared to
LPS+ATP-treated cells (Co). (c) RWE/RSV-> LPS -> ATP sequence: Raw 264.7 cells were pretreated
or not with RWE (100 μg/mL) or RSV (60 μM) for 30 min, prior to NLRP3 inflammasome priming
with 1 μg/mL of LPS for 5.5 h and subsequent activation by 5 mM nigericin for 30 min. Secreted IL-1β
in cell supernatants was analyzed by ELISA at the end of the treatments. Data are expressed as fold
changes in secreted IL-1β levels as compared to cells treated only with LPS + ATP (Co) and are mean
± s.d. of three independent experiments. p-values were determined by the multiple Student t test.
** p < 0.01, *** p < 0.001. (d) Western blot analysis of NLRP3 and ASC protein expression in Raw 264.7
macrophages after cell treatments as described in (c). Representative blots from three independent
experiments are shown. β-actin was used as loading control. Histograms: densitometry quantifications
of representative blots. Plotted data are fold changes as compared to LPS+ATP-treated cells (Co).
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Figure 6. RWE and RSV decrease NLRP3 and ASC colocalization in both priming and activation
conditions. (a) RSV and RWE inhibit NLRP3 and ASC formation in priming sequence RWE/RSV->
LPS -> nigericin. J774A.1 macrophages were exposed to 1 μg/mL of LPS for 5.5 h, then treated or not
with RWE (100 μg/mL) or RSV (60 μM) for 30 min and finally exposed for an additional 30 min to
10 μM nigericin. (b) RSV and RWE inhibit NLRP3 and ASC formation in activating sequence LPS ->
RWE/RSV -> nigericin. J774A.1 macrophage cells were exposed to 1 μg/mL of LPS for 5.5 h, then
treated or not with RWE (100 μg/mL) or RSV (60 μM) for 30 min and finally exposed for an additional
30 min to 10 μM nigericin. In (a) and (b) after treatments, cells were fixed and then immunostained for
NLRP3 and ASC proteins using Alexa Fluor® 488 (green staining) and Alexa Fluor® 568 (red staining)
as secondary antibodies, respectively. Cell nuclei were counterstained with DAPI. Representative
confocal images of the staining from three independent experiments are shown (×40 magnification).

4. Discussion and Conclusions

Inflammation can be initially defined as a set of physiological defense reactions put in place
by the body and more particularly by the cells of innate immunity. These cells play a role in the
first line of defense following various injuries caused by infectious agents, chemical substances,
physical agents, or even post-traumatic tissue lesions. In contrast, inflammation has been described
as an initiator event of major diseases with significant impact in terms of public health such as
cardiovascular diseases, autoimmune diseases, eye diseases, age-related diseases, and more particularly
neurodegenerative diseases and the occurrence and development of cancers. A preventive action to
reduce the key processes leading to inflammation could, therefore, be very interesting in order to
reduce the associated pathologies.
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The inflammatory response is often linked to the action of intracellular multiprotein complexes
called inflammasomes. These complexes generally consist of a receptor and an adapter allowing the
recruitment and activation of pro-inflammatory caspases as well as the maturation and secretion of
pro-inflammatory interleukins such as IL-1 [33]. Among these inflammation-inducing complexes,
the NLRP3 inflammasome is the most widely studied complex and is responsible for the production of
interleukin-1. The activation of this NLRP3 complex results mainly from two signals: signal 1 called
priming and signal 2 called activation of NLRP3. The priming step of the NLRP3 inflammasome
corresponds to the pretreatment of the macrophages with bacterial compounds such as LPS, capable of
greatly increasing its activation [34], which could result from an interaction of NLRP3 with the IRAK1
protein [35]. In this sequence, in a basal condition, without pretreatment by LPS, we first showed
that RWE and RSV were able to decrease IL-1β secretion in the two macrophage types associated
with strong decreases of NLRP3 and ASC proteins in J774.1 macrophages. When NLRP3 is activated
by LPS, we observed that pretreatment with RWE and RSV was able to attenuate IL-1β secretion,
more specifically in J774.1, and in all types the key protein expression of NLRP3 and ASC. These
first observations show the capacities of RWE to decrease the pro-inflammatory cytokine IL-1β and
the NLRP3 complex with a better effect than RSV alone, particularly to downregulate ASC protein
expression (Figure 2).

In the second step, we investigated the ability of RWE to modulate the second signal, activation.
Activation of NLRP3 will result in aberrant mitochondrial homeostasis, leading to acetylated α-tubulin
accumulation. This α-tubulin is responsible for the transport of mitochondria and will allow
contact between ASC and NLRP3 [36]. Once formed, the NLRP3 inflammasome causes cleavage
of pro-caspase-1 in active caspase-1, which in turn will cleave pro-IL-1β to IL-1β, which will then be
excreted [37]. The mechanisms leading to the activation of this are not yet clearly defined, but it seems
that some compounds, such as ATP [38] and nigericin [32], could activate the NLRP3 inflammasome.
We thus pretreated macrophages with RWE or RSV and then treated them with LPS for the priming
signal and with nigericin for the activation signal. It appears that only in J774.1 were RSV and RWE able
to decrease IL-1β secretion and NLRP3 inflammasome significantly as compared to RAW macrophages
(Figure 3). Very surprisingly, when the activator is changed and substituted by another such as ATP,
we observed for the same treatment sequence that RWE and RSV are then able to greatly reduce
the production of IL-1β and the expression of NLRP3 proteins (Figure 5c,d). This is much more
complicated when studying the effect of RWE and RSV on the second signal and not on the first and
second signal sequence. Indeed, we observed that RWE decreased NLRP3 and ASC protein expression,
which is not the case for RSV (Figure 4C), but in all cases, both RWE and RSV failed to decrease IL-1β
production, when the activator is nigericin. This is not the case when the activator is ATP, where RWE
strongly decreases IL-1β production and NLRP3 protein expression (Figure 5a,b). The discrepancies
observed between the two results could result from a different mechanism with the two activators.
Indeed, it seems that extracellular ATP binds to its P2X7 receptor and then stimulates intracellular
proton efflux. The result is the creation of Pannexin-1 membrane protons that may allow extracellular
components to enter the cytosol and activate NLRP3 [38]. Some studies have proven that intracellular
ATP is required for cellular functions such as the biosynthesis of pro-inflammatory cytokines and the
maintenance of mitochondrial membrane potential. Therefore, a decrease in these levels might be a
potent signal that activates the NLRP3 inflammasome [39]. According to other studies, the variation
in intracellular potassium would be sufficient to induce the activation of NLRP3. In this way, some
bacterial toxins such as nigericin leading the formation of ports in the plasma membrane also cause
potassium efflux [32]. Further investigations should specify the actors involved in these two distinct
mechanisms where one of the activators, namely ATP, does not require the ASC adapter protein for
activation and secretion of IL-1β.

In addition to highlighting the effects of RWE on the activation of the inflammasome for the
first time, we showed that a complex mixture of polyphenols can exhibit biological effects superior
to a single molecule such as RSV. These new findings on inflammation support those obtained in
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the context of colorectal carcinogenesis where we previously demonstrated that an extract enriched
in polyphenols could exhibit synergistic antiproliferative and antineoplastic effects in models of
chemo-induced cancers in mice [18]. Qualitative and quantitative polyphenolic compositions are
crucial for the determination of biological effects, especially on the occurrence of synergistic effects
and additives seen for some antagonists’ effects. We previously showed that resveratrol and quercetin
combined exhibited a synergistic effect inducing apoptosis, antiproliferative effects, and cell cycle
disruption compared to the compounds alone in colon cancer cells. Interestingly, in this same study,
the combination of resveratrol+catechin or resveratrol+catechin+quercetin produced only an additive
effect on the inhibition of tumor cell proliferation or on cell cycle arrest, and catechin+quercetin
did not induce a synergistic effect on apoptosis [18]. In the present study, we observed that RWE
presented a greater effect than RSV in various conditions, i.e., decreasing ASC protein expression
in basal conditions, decreasing both ASC and NLRP3 protein expression and IL-1β secretion after
priming by LPS, and interfering with the second signal to decrease ASC/NLRP3 protein expression and
IL-1β secretion when ATP is used as an activator. These better effects can again result from synergies
between the various compounds present in the polyphenol red wine extract. Indeed, the analysis of
polyphenolic composition reveals the presence of resveratrol, catechin/epicatechin, and quercetin
derivatives. These compounds are particularly important since separately they have been shown
to exert an action on inflammation. For example, catechin was able to inhibit MSU-IL-1β secretion
and NLRP3 inflammasome activation in THP-1 [40]. Similarly, quercetin was able to inhibit NLRP3
activation by interfering with ASC oligomerization and prevented IL-1β secretion in macrophages [41].
A possible mechanism of synergism could result from quercetin. We previously showed that a
combination of resveratrol+quercetin increases resveratrol uptake by colon carcinoma cells, and in
combination with RWE this combination increases uptake of resveratrol [18]. Similarly, the presence
of quercetin in RWE could increase the uptake of RSV as well as others in macrophages to potentiate
their effects against inflammasome activation.

In conclusion, many studies have highlighted the value of a polyphenol of the grapevine and
wine, resveratrol, to reduce the production of proinflammatory cytokines, especially in the context of
cardiovascular pathologies and cancers. However, resveratrol is not the only polyphenol of interest:
other polyphenols of nutritional interest could play an important role, including those present in
wine. We point out that depending on the activator used, ATP or nigericin, the effects observed can
sometimes differ. In view of these results, experiments will have to be conducted to study if the
modulation of inflammation by polyphenols of the extract can also be related to a modulation of the
immune system, a major player in the production and maintenance of the cytokine balance.
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Abstract: The effect of resveratrol (RV) intake has been reviewed in several studies performed
in humans with different health status. The purpose of this review is to summarize the results
of clinical trials of the last decade, in which RV was determined in biological samples such as
human plasma, urine, and feces. The topics covered include RV bioavailability, pharmacokinetics,
effects on cardiovascular diseases, cognitive diseases, cancer, type 2 diabetes (T2D), oxidative stress,
and inflammation states. The overview of the recent research reveals a clear tendency to identify
RV in plasma, showing that its supplementation is safe. Furthermore, RV bioavailability depends
on several factors such as dose, associated food matrix, or time of ingestion. Notably, enterohepatic
recirculation of RV has been observed, and RV is largely excreted in the urine within the first four
hours after consumption. Much of the research on RV in the last 10 years has focused on its effects
on pathologies related to oxidative stress, inflammatory biomarkers, T2D, cardiovascular diseases,
and neurological diseases.

Keywords: bioavailability; antioxidant; obesity; metabolic diseases

1. Introduction

In the last decades, lifestyle changes, especially in dietary patterns, have been increasingly seen
as a means of preventing and treating chronic diseases. In this context, polyphenols have emerged
as natural compounds with wide-ranging beneficial effects against cardiovascular diseases (CVD)
and cancer [1,2]. Polyphenols are metabolized by the intestine, hepatic cells, or intestinal microbiota.
The intestinal absorption, bioavailability, and pharmacokinetics of polyphenols are conditioned by the
food matrix in which they are ingested [3,4].

Resveratrol (RV), a naturally occurring polyphenol (trans-3,4′,5-trihydroxystilbene), possesses
anti-inflammatory, anti-tumorigenic, and antioxidant properties, which may be harnessed in strategies
against chronic diseases. The main sources of RV include, above all, grapes (Vitis vinifera L.), a variety
of berries, peanuts, medicinal plants such as Japanese knotweed [5], and red wine.

Studies on the health benefits of RV have reported a reduction in age-associated symptoms and the
prevention of early mortality in obese animals [6–8]. The life expectancy of some small organisms has
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been extended by RV via the stimulation of caloric restriction [9] and the delay of specific age-related
phenotypes, e.g., abnormal glucose metabolism [10]. RV is also associated with a slowing down or
prevention of cognitive deterioration [11].

The potential mechanisms of action responsible for the health effects of RV are numerous [5].
As RV triggers the expression of a wide range of antioxidant enzymes, determining the contribution
of each mechanism to an overall decrease in oxidative stress is a complex task [12]. Additionally,
a large number of receptors, kinases, and other enzymes interact with RV, which may influence its
biological effects.

The activities of sirtuin 1 (SIRT1) and adenosine monophosphate-activated protein kinase (AMPK),
enzymatic regulators of metabolism in multiple tissues, are stimulated by RV in vivo [5,13,14]. Some of
the beneficial effects of RV are due to the overexpression of SIRT1 [15]. Moreover, RV has been reported
to be a potent inhibitor of quinone reductase 2 activity, which is associated with neurological disorders,
although more research is required to confirm this hypothesis [16]. The determination of all effects of
RV in humans remains a major challenge.

After oral ingestion, RV is metabolized in the liver to glucuronide and sulphate forms and in the
intestine by hydrogenation of the aliphatic double bond [17,18]. RV has been found in urine samples
of subjects who have drunk a glass of wine per week or three glasses per week three or five days after
the last consumption, respectively [19].

The aim of this review is to summarize the health effects of RV in humans as reported by studies
carried out in the last decade, including the determination of plasma, urine, and feces RV and its
metabolites. The information is presented in two sections: bioavailability and pharmacokinetics of RV
and the effects of RV in different health status.

2. Bioavailability and Pharmacokinetics of Resveratrol

After oral administration, RV is absorbed by passive diffusion or by forming complexes with
membrane transporters followed by release into the bloodstream, where it can be found mainly as a
glucuronide, sulfate, or free [20]. Phase II metabolism of RV or metabolites occurs in the liver, after an
enterohepatic transport in the bile that may lead to some RV return to the small intestine [1].

Human clinical trials with RV showed its rapid metabolism [20,21]; it occurs in the liver and
promotes the production of conjugated glucuronides and sulfate metabolites, which have biological
activity [20]. The metabolites identified were measured by high-performance liquid chromatography
analysis, followed by mass spectrometry.

Different clinical trials have found that the majority of plasma RV metabolites are RV-3-O-sulfate,
RV-4′-O-glucuronide, and RV-3-O-glucuronide. RV-3-O-sulfate circulating levels showed the highest
peak concentration compared to the other conjugated RV metabolites [22–25], except in one study
where RV-3-O-glucuronide presented the highest peak concentration when the dose of RV was
2.5 g [25]. Pharmacokinetic studies revealed that RV concentration in plasma depends on the doses
ingested [22,25–27].

In this section, we address research on the bioavailability and pharmacokinetics of RV in human
clinical trials during the last 10 years. The subsections are organized according to the effects of
different factors.

2.1. Effect of Pharmaceutical Formulation and Particle Size

Different strategies have been developed to improve RV efficacy [28], including pharmaceutical
manipulation. A novel soluble formulation of trans-RV (caplets) was administered to 15 healthy
subjects; the same amount of trans-RV (single dose of 40 mg) was also administered in dry powder
(capsules). There were significant differences in bioavailability between the formulations, being the
Cmax (maximum concentration) in plasma 8.8-fold higher for the soluble formulation [29].

RV can be absorbed, metabolized, and excreted in urine, in which up to 21 metabolites of RV have
been identified [30]. The intake of 4.7 mg of RV in grape extract tablets (as a nutraceutical) resulted in
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a delay of the urinary excretion of RV metabolites up to 4-fold higher compared with the intake of
6.3 mg of RV in red wine [31]. This indicates a delayed absorption of RV when it is ingested in grape
extract tablets. As a consequence, RV stays longer in the gut and could be metabolized by the gut
microbiota. Therefore, RV supplementation can be a good source of this polyphenol.

Furthermore, reducing the size of the chemical particles can increase their absorption and
kinetics [32]. The daily intake of 5 g microparticulate RV with a particle size of less than 5 mm
(SRT501) for 14 days produced a higher peak plasma concentration than the equivalent dose of
non-micronized RV [33], therefore a small particle size improves RV bioavailability.

2.2. Matrix Effect

The food matrix is important for RV bioavailability and pharmakocinetics. The bioavailability of
RV was assessed when it was consumed together with food, quercetin, or ethanol in a study where
2000 mg of trans-RV were administered twice daily for seven days to eight healthy subjects. In this
clinical trial, the combined intake with other phenols such as quercetin and alcohol did not influence
trans-RV pharmacokinetics. However, when RV was ingested within a high-fat breakfast compared
with a standard breakfast, the area under the plasma concentration–time curve and the maximum
plasma concentration were lower (45% and 46% decrease, respectively) [34]. In a two-way crossover
study, 24 healthy subjects were administered 400 mg of trans-RV with a high-fat content meal or in
fasting conditions [35], and it was concluded that the presence of high-fat food delayed the rate of
absorption of trans-RV but not the extent of absorption.

The solubility of trans-RV in water containing dextrose, fructose, ribose, sucrose, or xylitol was
analyzed and compared. The best result was obtained with the ribose solution. A mixture of ribose
and 146 ± 5.5 mg trans-RV was administered to two healthy human participants, leading to a higher
and quicker RV release than that obtained with traditional free RV capsules [36]. A similar result was
demonstrated when 250 mg trans-RV doses were administered with 20 mg of piperine to 23 healthy
adults [23]. In this context, it is possible that the affinity for or the solubility of trans-RV in the presence
of different substances such as soluble formulations, ribose, and piperine improves RV bioavailability
when compared to the classic formulations (capsules).

Furthermore, a study with 36 healthy males ingesting capsules containing 800 mg polyphenols
with protein-rich dairy, soy, fruit-flavored drinks, or water, showed that the intake of polyphenols
incorporated in protein-rich drinks did not change significantly the bioavailability of polyphenols or
their metabolites [37].

A similar result was obtained when 59 high-risk adult subjects at high cardiovascular risk drank
272 mL of red wine (RW, 30 g ethanol/day) or dealcoholized red wine (DRW) every day for four weeks.
The RV effect was independent of the alcohol in the red wine [38].

2.3. Effects of Other Factors

Repeated oral supplementation of trans-RV may influence pharmacokinetic variables. In this
context, 13 doses of 25, 50, 100, or 150 mg trans-RV were administered six times/day to four groups of
eight healthy adults. Differences were observed between the peak trans-RV plasma concentrations
after ingestion of the 1st and 13th dose, demonstrating the highest peak concentration for the latter.
Moreover, trans-RV pharmacokinetic values were higher at 8 am and 12 pm [39], meaning that circadian
variation and repeated doses affected the bioavailability.

It is important to remember that a wide range of factors such as gut microbiota composition,
hormones, gender, and other interindividual differences can modify the structure of RV [40,41]. The gut
microbiota plays an important role in the structure of RV, which can affect human health. In feces of
healthy humans, Slackia Equolifaciens sp. and Adlercreutzia Equolifaciens sp. have been identified as
dihydroresveratrol producers [40].
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2.4. Is It Safe to Consume Resveratrol?

Clinical trials have shown that RV and trans-RV supplementation is safe and well tolerated at
different doses [25,29,33,39,42–45]. However, some participants reported one or more adverse events,
such as gastrointestinal symptoms including nausea, flatulence, bowel motions, abdominal discomfort,
loose stools, and diarrhea, after ingesting a dose of 2.5 to 5 g of RV [22,25,34,42,43].

On the other hand, trans-RV half-life was one to three hours following single doses and two to five
hours following repeated dosing [39]. It is noteworthy that the most important phase of RV excretion
occurs in the first four hours after ingestion. Moreover, there exists a relationship between RV levels in
plasma and in stools, indicating an enterohepatic recirculation [43].

For the above-mentioned reasons, the bioavailability and pharmacokinetics of RV depend on the
doses ingested, the ingestion of food matrix, the particle size, and the role of the gut microbiota in the
metabolism of RV. Last, RV intake is safe at a dose of up to 5 g; however, adverse reactions have been
observed at higher doses, which should be considered in future studies.

Figure 1 recapitulates the bioavailability and pharmacokinetics of RV. The image schematizes
the results of different studies in which RV was identified in urine and blood. Additionally, Table 1
presents the details of the bioavailability and pharmacokinetics of RV in each study considered; it is
organized according to health status and year of publication.

Figure 1. Bioavailability and pharmacokinetics. The image summarizes the results of different studies
that identified resveratrol (RV) in urine and blood.
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3. Different Health Effects of Resveratrol

This section addresses research on the effect of RV in human clinical trials in the last 10 years.
The subsections are organized according to the different health status or diseases under research.

3.1. Effects of Resveratrol on Neurological Diseases and Cognitive Performance

RV is associated with a slowing down or prevention of cognitive deterioration [11]. Although few
clinical trials have focused on the effect of RV on Alzheimer’s disease (AD), two studies suggest that
RV may change some AD biomarkers. Both studies are rated class II because more than two primary
outcomes were designated. A dose of 500 mg RV/day was administered to patients with mild to
moderate AD, with 500 mg increments every 13 weeks up to 52 weeks, ending with 1000 mg twice
daily. In one of the studies, the brain volume decreased in the RV group; however, the mechanisms
of this event were unclear, and cognitive deterioration was not indicated. Both the RV and placebo
group showed a decline of Aβ40 (beta amyloid) levels in the cerebrospinal fluid (CSF) or plasma
at 52 weeks [24]. A subsequent study reported similar results for CSF Aβ40 compared to baseline,
whereas a greater reduction of CSF Aβ42 occurred in the placebo group when compared to the group
receiving the RV treatment, indicating that RV could attenuate the progressive decline of this biomarker
of AD. In plasma, RV increased MMP10 (matrix metalloproteinase) and reduced IL-12P40 (interleukin)
and IL-12P70. Compared to the placebo, the RV treatment reduced MMP9 in CSF [47]. From the
evidence described above, RV may regulate neuro-inflammation in AD patients; however, more studies
are needed to draw conclusions about RV efficacy in AD.

In 36 adult patients with type 2 diabetes (T2D), a single dose of 75 mg of RV ingested at weekly
intervals showed significant changes, enhancing neurovascular coupling capacity and improving
cognitive performance [27].

On the other hand, single doses of 250 and 500 mg trans-RV in two different days, in healthy
subjects, improved cerebral blood flow variables, with increases of total hemoglobin (Hb) and
oxygenated Hb (oxy-Hb) and a reduction of deoxy-Hb concentration; nevertheless, it did not produce
any change in cognitive performance variables [48]. In a consecutive study, a similar result was
reported with 23 healthy adults who ingested two capsules with a dose of 250 mg trans-RV and 20 mg
of piperine (a pepper-derived alkaloid) in three different days. A significant increase in total-Hb and
oxy-Hb was observed, but without any improvement in cognitive functioning [23].

A possible explanation for the contrasting results could be that a different methodology to evaluate
cognitive performance was used in these studies. When a more objective measure is used, such as
near-IR spectroscopy, the results are not as clear as when the results are based on cognitive test batteries.
Likewise, it could be interesting to know the capsule composition, because it could contribute to the
observed different effect.

The effects of RV have been observed in other neurological diseases such as Friedreich ataxia.
The effect of 5 g of RV ingested daily for 12 weeks was studied in patients diagnosed with the
aforementioned disease, showing an improvement in neurologic function, audiologic and speech
measures, and oxidative stress marker plasma F2-isoprostane [25].

3.2. Effects of Resveratrol on Diabetes Mellitus

RV enhances the endothelial function, increases liver fatty acid oxidation, and decreases oxidative
stress [49], leading to an improvement in insulin sensitivity [50]. A study in which 10 overweight
individuals with impaired glucose tolerance were administered 1, 1.5, or 2 g of RV per day for
four weeks, showed that insulin sensitivity and postprandial glucose levels were improved by RV
intake [45]. In another clinical study, 17 volunteers with T2D were treated with 150 mg/day of RV
for 30 days, after which, intrahepatic lipid content and systolic blood pressure decreased. Similarly,
when overweight and obese men were administered RV for two weeks, 1 g in the first week and
2 g in the second, a reduction in intestinal and hepatic lipoprotein particle production was observed.
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RV diminished the production rate of ApoB-48 and both the production and fractional catabolic rates
of ApoB-100, compared to a placebo [51].

Nevertheless, RV did not enhance hepatic and peripheral insulin sensitivity, which could be
explained by a negative interaction with metformin in the patients receiving this kind of treatment [52].
Similar results were reported in 20 overweight or obese men with non-alcoholic fatty liver disease when
given a daily dose of 3 g RV for eight weeks. No reduction in insulin resistance, steatosis, abdominal
fat distribution, plasma lipids, or antioxidant activity was observed. However, an increase of alanine
and aspartate aminotransferases with RV supplementation was observed, due to RV increased hepatic
stress [42].

Some studies have analyzed the effect of RV on obesity. A daily dose of 150 mg/day of RV for four
weeks was given to 10 slightly obese adults. RV supplementation suppressed postprandial glucagon,
which may be important for the treatment of T2D because an excess of this hormone contributes to
patient hyperglycemia [53]. Contrasting results can be explained by the effect of the pharmacokinetics
of different medications on RV or by liver’s health, because both RV and other medications could be
metabolized in the liver; nevertheless, the main reason could be the dose taken.

3.3. Effect of Resveratrol on Cancer

The insulin-like growth factor (IGF) signaling pathway, including IGFs, IGF-binding proteins
(IGFBP), and IGF receptors, is related to the anticarcinogenic effects linked to dietary restriction.
In parallel, RV can act as a chemopreventive agent and a calorie-restriction mimetic in humans [9,54].
Related to these effects, RV decreased IGF-I and IGFBP-3 in 40 healthy volunteers who consumed RV at
0.5, 1.0, 2.5, or 5.0 g daily for 29 days, leading to a reduction of cancer risk. The highest reduction was
observed with a 2.5 g dose. Therefore, it was concluded that the IGF system could act as a biomarker
of RV chemopreventive action in humans [22].

3.4. Effect of Resveratrol on Cardiovascular Diseases

Flow-mediated dilatation (FMD) of the brachial artery is a biomarker of endothelial function and
cardiovascular health, with notable importance as an indicator of structural and functional endothelium
changes [55,56]. A 270 mg dose of RV administered weekly for four weeks to 14 overweight or obese
men or five post-menopausal women with untreated borderline hypertension significantly increased
FMD [26]. In another study, RV in red wine was associated with improved levels of glucose and
triglycerides, as well as a lower heart rate, whereas no effect was observed for total cholesterol, HDL,
LDL, and high blood pressure [57]. However, in overweight individuals, the intake of 150 mg per
day of RV for four weeks did not influence metabolic risk markers such as endothelial function
or inflammation, which are related to cardiovascular health risk [58,59]. A possible reason for the
contrasting results could be related to the ingested dose of RV, because a positive effect of RV in higher
doses on other diseases has been observed. However, it is important to note that the first mentioned
work [26] had a significantly lower number of participants than the last one [58,59].

3.5. Effect of Resveratrol on Obesity

In a crossover study with 11 subjects, RV mimicked the effect of calorie restriction, reducing
the metabolic rate, activating AMPK in muscle, and increasing the levels of SIRT1 and peroxisome
proliferator-activated receptor gamma coactivator 1 alpha protein. RV also increased the activity
of citrate synthase and decreased the lipid content inside the liver, the levels of circulating glucose,
triglycerides, alanine aminotransferase, and other inflammation markers. The homeostatic model
assessment index was also improved after the intervention [60].

To analyze the longer-term effect of some polyphenols on the metabolic profile, RV and
epigallocatechin-3-gallate supplements (80 and 282 mg/day, respectively) were administered during a
period of 12 weeks to 38 overweight or obese subjects. An increase in mitochondrial capacity and fat
oxidation stimulation was observed, together with a better skeletal muscle oxidative capacity and a
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preservation of fasting and postprandial fat oxidation. Consequently, triacylglycerol concentration
remained unchanged after the RV treatment, unlike in the placebo group, but no improvement of
insulin resistance was found in peripheral, hepatic, or adipose tissue [61].

3.6. Effect of Resveratrol on Other Health Conditions Associated with Oxidative Stress and Inflammation

The antioxidant effects of RV have been widely studied. In a study with 10 healthy individuals,
a single dose of 5 g of RV was given, and a significant increase of tumor necrosis factor-alpha
(TNF-α) in plasma was found after 24 h. This enhanced production, as well as the inhibition of
IL-10, was confirmed by analysis of peripheral blood mononuclear cells (PBMC), which were activated
with different toll-like receptor agonists [62].

In a different trial with nine healthy men and women, who ingested 1 g/day RV capsules for 28 days,
RV effect on immune cells was assessed. The results showed that RV induced an increase in circulating T
cells and was consequently able to reduce the plasma levels of proinflammatory cytokines TNF-α and
monocyte chemoattractant protein 1; moreover, RV significantly increased the plasma antioxidant capacity
with a resulting decrease of oxidative stress markers involved in DNA damage [63].

A study consisting in the administration of 75 mg/day of RV per 12 weeks to non-obese,
postmenopausal women with normal glucose tolerance, did not observe any change in inflammatory
markers, body composition, resting metabolic rate, plasma lipids, liver, skeletal muscle, and adipose
tissue volumes, or insulin sensitivity [44].

Lastly, in a study with patients undergoing peritoneal dialysis, the daily consumption of 450 mg of
RV over 12 weeks improved urinary ultrafiltration and decreased vascular endothelial growth factor,
fetal liver kinase-1, and angiopoietin-2 (angiogenesis markers) when the highest dose was ingested [64].

A possible reason for the contrasting results could be that low doses [44] or a single but higher
dose [62] do not have positive health effects and, furthermore, they may cause an acute metabolic
stress. On the other hand, a moderate (>450 mg) but continuing intake [63,64] has demonstrated an
improved effect of RV. These results suggest that a repeated and moderate administration of RV is
better than a single, higher dose administration. Figure 2 schematizes the results of different studies
from the last 10 years in which RV had a healthy effect. Additionally, Table 2 presents the details of the
effect of RV in each study analyzed. The table is organized according to the participants’ health status.

Figure 2. Health effects of resveratrol. A summary of the results of different studies reporting a positive
effect of RV on health.
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4. Conclusions

In this review, we have described the human clinical trials held in the last decade in which RV was
determined in human plasma, urine, or feces. On the one hand, we conclude that the bioavailability
and pharmacokinetics of RV depend on the doses ingested, the concomitant ingestion of food matrix,
the particle size, the gut microbiota, and the circadian variation.

The results suggest that a repeated and moderate administration of RV is better than the
administration of a single, higher dose. A safe and efficient dose is 1 g or more per day; however,
RV intake is safe at a dose of up to 5 g, although everyone may experience different adverse
effects. Furthermore, the studies showed that RV excretion occurs mainly within the first four hours
after ingestion.

On the other hand, RV could have positive effects such as improved antioxidant capacity and
modulated neuroinflammation. However, there is disagreement about its positive effects in type 2
diabetes patients and on endothelial function, inflammation, and cardiovascular markers. Contrasting
results may be due to the effects of the dose ingested, the gut microbiota status, the health status,
and the bioavailability and pharmacokinetics of RV.

It is important to note that the contrasting effects of RV in the different works can be explained by
factors such as the number of participants, health status of the gut microbiota, age, gender, lifestyle,
dose, administration medium (with or without food), and type of administration (caplet, tablet, powder,
gel caps, etc.). For this reason, future studies on RV effects should take into consideration these
variables. In addition, further research should be conducted to study in more depth the mechanisms of
action of RV in neurological diseases. This review supports the necessity to conduct of larger studies
to further investigate the effects of RV on metabolism and neurological functions.
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Abstract: Resveratrol, because of its low solubility in water and its high membrane permeability,
is collocated in the second class of the biopharmaceutical classification system, with limited
bioavailability due to its dissolution rate. Solid dispersion of resveratrol supported on Magnesium
DiHydroxide (Resv@MDH) was evaluated to improve solubility and increase bioavailability of
resveratrol. Fluorimetric microscopy analysis displays three types of microparticles with similar
size: Type 1 that emitted preferably fluorescence at 445 nm with bandwidth of 50 nm, type 2 that
emitted preferably fluorescence at 605 nm with bandwidth of 70 nm and type 3 that is non-fluorescent.
Micronized pure resveratrol displays only microparticles type 1 whereas type 3 are associated to
pure magnesium dihydroxide. Dissolution test in simulated gastric environment resveratrol derived
from Resv@MDH in comparison to resveratrol alone displayed better solubility. A 3-fold increase of
resveratrol bioavailability was observed after oral administration of 50 mg/kg of resveratrol from
Resv@MDH in rabbits. We hypothesize that type 2 microparticles represent magnesium dihydroxide
microparticles with a resveratrol shell and that they are responsible for the improved resveratrol
solubility and bioavailability of Resv@MDH.

Keywords: resveratrol; magnesium dihydroxide; solubility; bioavailability; dissolution rate;
microparticles

1. Introduction

Resveratrol (trans-3,5,4′-tri-hydroxic-stilbene) is a stilbenic structure polyphenol, initially isolated
from the root of the white hellebore (Veratrum Grandiflorum O. Loes) and later from the root of the
Polygonum cuspidatum, a plant used in traditional Chinese and Japanese medicine. Resveratrol
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became popular in 1992 when it was suggested that it could be the reason behind red wine’s
cardio-protective effects (French paradox; [1]), and its popularity increased in 1997 when it was
proven that resveratrol was able to prevent colorectal cancer in mice [1]. Resveratrol based compounds
present anti-oxidant, anti-inflammatory, anti-viral, cardio-protective, neuro-protective, anti-cancer and
anti-angiogenetic activities [1–3]. It has been recently observed in obese human subjects that treatment
with trans-resveratrol reduces glucose, triglycerides and inflammatory marker levels with a similar
effect to the one induced by caloric restriction [4]. The mechanism of action of resveratrol has not
been completely defined yet, and for this reason recently studies have been carried out in order to
understand the aspects that are still not clear [4].

Resveratrol is poorly bioavailable because of reduced absorption mainly due to its low solubility
and fast metabolism that converts it into glucuronide and sulfates compounds [1,5]. In humans
resveratrol can be detected in plasma about 30 min after oral administration, meaning that its
absorption already starts at the gastric level and reaches a plasmatic submicromolar concentration peak.
Such peak is variable and hardly related to the used dose. For example, by administrating a 25 mg dose
of resveratrol a 10 ng/mL plasmatic concentration is obtained, while increasing such dose by 20 times
(500 mg/day) its plasma level increases only seven times (72.6 ng/mL) [6]. Differences in resveratrol
absorption have been demonstrated by clinical trials based on the oral administration of 150 mg/day
of resveratrol for a prolonged period of time. It has been observed that the same dose produces
different plasmatic concentrations: 231 ng/mL [4] and 24.8 ng/mL [7]. Several strategies have been
performed to increase its bioavailability and improve its potential health properties. A recent revision
of the literature highlights how the increased bioavailability of resveratrol is a necessary element in
order to evaluate the real pharmaceutical and health potential of this well-known polyphenol [5].
According to the biopharmaceutical classification system (BCS) [8,9], resveratrol belongs to the second
class which means that it is characterized by low solubility in water (about 30 mg/L), while it shares
a high membrane permeability (log P~3.1) [10]. Among the different strategies, new formulations
have been developed that are able to increase its apparent solubility for example by using a lipophilic
vehicle or through various processes such as the complexation with cyclodextrins, nanopreparation,
or micellar solubilization with biliary acid [10–12]. It has been demonstrated, in in vitro studies,
that the increase of apparent resveratrol solubility allows a partial saturation of the mechanisms that are
involved in its metabolism (conjugation) with a subsequent increase of resveratrol’s bioavailability [13].
This is in accordance with BCS for molecules class II that increasing resveratrol apparent solubility
produces a bioavailability improvement [8,9,14], but in a dedicated study the increased solubility with
cyclodextrins doesn’t modify its bioavailability [12].

In the present study we investigated that the solid dispersion of resveratrol on magnesium
dihydroxide increases its solubility and bioavailability indicating that in some instance this approach
could be exploited to enhance biological properties of resveratrol. Although resveratrol does not
display chelating properties, some studies have shown its ability to interact with heavy metals such as
copper, zinc and aluminum [15,16]. In this work we report that resveratrol interacts with magnesium
dihydroxide at the microparticle level and that this is able to modify its bioavailability.

2. Material and Methods

2.1. Solid Dispersion of Resveratrol on Magnesium Dihydroxide Preparation

Magnesium dihydroxide and resveratrol (from Polygomun cuspidatum, 98% pure) solid dispersion
was performed by modified co-precipitation method of Biswicka et al. [17]. Magnesium dihydroxide
on resveratrol solid dispersion and pure micronized resveratrol described in this study was obtained
by Good Manufacturing Practice (GMP) chain by Prolabin & Tefarm, Ponte Felcino (PG) and
distributed by S&R Farmaceutici SpA, Via dei Pioppi 2, 06083 Bastia Umbra (PG), with the trade
name, Revifast®(produced by the manufacturer La Sorgente del Benessere, Via Prenestina, 141 -02014
Fiuggi (FR) Italy on behalf of S&R Farmaceutici S.p.A) The resveratrol content in the solid dispersion
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was evaluated using the HPLC method (see below). The mean value obtained in the three samples
was about 30% and 70% of total weight of resveratrol and magnesium dihydroxide, respectively.

2.2. Particle Size Analysis

The size of the particles was determined using a Malvern Mastersizer 2000, a laser diffraction
particle size analyzer, for the dried powders.

2.3. Dissolution Assays

A weighed amount of RSV@MDH or resveratrol were placed in series of closed flat-bottomed
glass vessels containing 250 mL of Simulated Gastric Fluid (SGF). The composition of SGF was 35 mM
of NaCl, pH 1.2 with HCl. The vessels were inserted in shaking water bath (Nuve ST 30) at 37 ◦C
and 110 rpm for 2 h. At appropriate times (1, 3, 5, 10, 15, 20, 30, 45, 60, 90 and 120 min) 2 mL
samples were withdrawn and replaced by fresh dissolution medium, then filtered (Spartan 13/02 RC,
Whatman GmbH, Dassel, Germany) and analyzed. The drug concentration was determined by HPLC
(see below).

2.4. Field Emission Scanning Electron Microscopy

The morphology of the samples was investigated with a FEG LEO 1525 scanning electron
microscope (FE-SEM). FE-SEM micrographs were collected by depositing the samples on a stub
holder and after sputter coating with chromium for 20 s.

2.5. Fluorescence Microscopy

Microscopic fluorescence analysis of powders was performed using an Axio Esaminer (Zeiss,
Jena, Germany) fluorescence microscope with a CCD digital camera Axio Cam 502 Mono. Samples
have been observed with DAPI filter (G 365, FT 395, BP 445/50), and with Rhodamine (BP 545/25,
FT 570, BP 605/70) using for excitation mercury lamp (HXP 120V). Image acquisition and analysis was
performed with Zen 2 software (Zeiss, Jena, Germany).

2.6. In Vivo Absorption Test

The trial was carried out at the experimental farm of the University of Batumi, Georgia. Rabbits
were exposed to a continuous photoperiod of 16 h light per day at 40 lx. Room temperature ranged
from 18 to 27 ◦C. Fresh water was always available. Animals were fed with 130 g/day of a standard diet.
The experimental protocol was approved by the Local Ethical Committee for Animal Experimentation
at the University Batumi, Georgia. All efforts were made to minimize animal distress and to use only
the number of animals necessary to produce reliable results. The tests were conducted on New Zealand
White hybrid rabbits (4.5–5 kg weight range). Two groups of four animals each were prepared for the
comparative treatment of resveratrol (pure resveratrol versus Resv@MDH). The rabbits were fasted for
24 h before administration of a suspension containing 50 mg/kg of pure resveratrol or 50 mg/kg of
resveratrol from Resv@MDH according to Jaisamut et al., 2017 [18]. The powders were suspended in
10 mL of a glucose solution and orally administered to a conscious animal by a syringe (0 min). At 0, 5,
15, 30, 45, 90, 120 and 180 min, blood samples were taken (about 2 mL) through the auricular artery
and put in heparinized tubes. The samples were centrifuged at 2500 g for 5 min and the plasma was
recovered. Acetonitrile was added to the plasma samples (v:v 1:1 ratio) and left for 5 min in order
to precipitate plasma proteins. After centrifugation the supernatant was recovered for the dosage of
resveratrol by HPLC.

2.7. HPLC Analysis

The measurements were performed by an Agilent HPLC 1200 series equipped with an Agilent
Zorbax SB C18 4.6 × 250 mm 5-μm Agilent P/N 880975-902 column. Elution was carried out under
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isocratic conditions using as mobile phase (Water + 0.1% v/v Trifluoroacetic acid)/(Acetonitrile +
0.1% v/v Trifluoroacetic acid) = 65/35, with a flow of 1mL/min and a column temperature of 30 ◦C.
A total of 20 μL of samples were injected, after 0.2 μm Nylon membrane filtration, and the analytes
were detected by VWD Detector, λ = 306 nm. For the quantification of resveratrol a calibration was
performed to detect the polyphenol at a retention time of 5.6 min with a detection limit of 4 ng/mL.
All the plasma concentrations were multiplied by 2 to take into account the dilution in acetonitrile
during sample preparation and by 3.6 to take into account the yield of extraction of resveratrol from
plasma (28%) [19].

2.8. Statistical Analysis

All results are expressed as the mean± SE. Differences between two related parameters were
assessed by Student’s t-test. Differences were considered significant at p < 0.05. The number of animals
used in the current experimental trial is based on the work by Jaisamut et al., 2017 [18].

3. Results

3.1. Microscopic Analysis of Solid Dispersion of Resveratrol on Magnesium Dihydroxide

RSV@MDH powder was dispersed in glycerol and was observed by bright-field microscopy.
The presence of particles with different scattering profiles in a narrow size range of a few micrometers
was observed (Figure 1A). Fluorescence analysis of the samples with DAPI filter showed that about
10–20% of the microparticles emitted fluorescence. These microparticles were defined as type 1
(Figure 1B). The mean size of type 1 microparticles was 1.8 ± 0.1 μm, n = 40 in diameter (given the
non-spherical morphology of the particles, the longest diameter has been taken into account). When the
sample was analyzed with the rhodamine filter, a comparable population of particles was visualized
with a mean size of 2.0 ± 0.2 μm, n = 34 and was named type 2 (Figure 1C). Type 1 microparticles
displayed very scant signals when observed with the rhodamine filter similar to the type 2 particles
with the DAPI filter. Finally, the majority of the microparticles didn’t display any fluorescence in either
filter and were defined as type 3 and had medium size similar to others (Figure 1D).

 

Figure 1. Image of Resv@MDH powder dispersed in glycerol under different excitation sources.
(A) Bright-field; (B) DAPI (4′,6-diamidino-2-phenylindole) fluorescence filter; (C) Rhodamine
fluorescence filter; (D) merging of the Bright-field, DAPI and Rhodamine images.

Thus, the solid dispersion of resveratrol on magnesium dihydroxide was composed by three
distinct populations of microparticles based on the fluorescence profile. When we similarly analyzed
the dry powder without dispersion in glycerol we observed aggregates of size around 5 μm were
present as a possible consequence of the interaction of the three types of microparticles (Figure 2A).
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In accordance, that the aggregates are based on different types of microparticles, they displayed
fluorescence signals from every channel. Granulometric and SEM analysis showed two distinct
population sizes, one with size around 1 μm and the second population with size around 6 μm of
diameter (Figure 2B,C).

 

Figure 2. Properties of Resv@MDH dry powder. (A) Image created by digital merging of bright-field
and DAPI/Rhodamine fluorescence illumination. (B) Granulometric analysis of Resv@MDH dry
powder. (C) SEM image of Resv@MDH dry powder.

3.2. Molecular Nature of Microparticles of Solid Dispersion of Resveratrol on Magnesium Dihydroxide

To define the molecular nature of the different types of microparticles, we studied a powder of
pure micronized resveratrol with similar distribution size of solid dispersion. Granulometric analysis
confirmed that micronized resveratrol have the size of 1–6 μm in diameter (Figure 3A) similar to the
particles size of RSV@MDH (see Figure 1 for comparison). Fluorescence microscopy analysis of the
micronized resveratrol displayed all the microparticles emitted fluorescence intensity as type 1 particles
(Figure 3B,C), whereas the presence of microparticles that showed fluorescent properties as type 2 and
3 were not observed (Figure 3D,E). No fluorescence was observed (DAPI and Rhodamine filters) during
microscopic analysis of pure magnesium dihydroxide, indicating that type 3 microparticles could be
constituted by only magnesium dihydroxide. These data suggested that the type 1 microparticles
were microparticles of pure resveratrol, whereas the type 3 microparticles represented magnesium
dihydroxide. Since the fluorescence properties were due to resveratrol, type 2 macroparticles could
be distinguished from type 3 microparticles by presence of resveratrol. The type 2 microparticles
were further investigated to define the morphological features. In fact, it was possible to see a shell
of fluorescence around a non-fluorescent core and this was due to resveratrol surrounding the core
of magnesium hydroxide microparticles (Figure S1). All the features of the microparticles are stated
in Table 1.

Table 1. Principle features of microparticles of RSV@MDH.

Characteristic Type 1 Microparticles Type 2 Microparticles Type 3 Microparticles

DAPI filter (G 365, FT 395, BP 445/50) High intensity Low intensity none
Rhodamine (BP 545/25, FT 570, BP 605/70) Low intensity High intensity none

Particles size ~1.8 ± 0.1 μm ~2.0 ± 0.2 μm ~1.7 ± 0.1 μm
Resveratrol contents High Low (shell distribution) none

Dissolution rate Low High n.d.
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Figure 3. Properties of pure micronized resveratrol. (A) Granulometric analysis of microcrystalline
resveratrol. (B–E) Image of crystalline resveratrol powder dispersed in glycerol under different
excitation sources. (B) Bright-field; (C) DAPI fluorescence filter; (D) Rhodamine fluorescence filter.
(E) Merging of the Bright-field, DAPI and Rhodamine images.

3.3. Dissolution of Solid Dispersion of Resveratrol on Magnesium Dihydroxide.

In Figure 4 dissolution profiles of Resv@MDH (red squares) and pure resveratrol (black squares)
are presented (mg/L in function of time). The experimental data was fit with exponential equation
C(t) = Cmax (1 − exp(−t/τ)), where Cmax = maximum solubility value; t = time; τ = time in which
dissolution reaches about 63% of maximum process. The equation represents a form studying the
dissolution profiles according to Weibull’s models [20]. The best data fit is for Cmax: 40.8 and
13 mg/L for Resv@MDH and resveratrol respectively while τ was 0.4 and 2.2 min for Resv@MDH
and resveratrol respectively. These data indicated that Resv@MDH showed a dissolution rate five
times higher than resveratrol (compared to τ) and a maximum solubility three times as big (compared
to Cmax). To assess the importance of particles size in dissolution rate, we compared the solubility
profile of pure micronized resveratrol with similar size particles of Resv@MDH (Figures 3 and 4).
It was possible to see (compare black and green squares in Figure 4A) the reduction of particles size
modified only dissolution kinetic according to the Noise-Witting law, but did not modify the maximal
solubility [21].

 

Figure 4. Solubility of resveratrol from Resv@MDH and its interaction with magnesium ion.
(A) dissolution test of pure resveratrol powder (black MDH square) versus solid dispersion on
magnesium dihydroxide (Resv@MDH, red square) and pure micronized resveratrol (green square).
(B) UV/Vis Absorbance spectroscopy for the study of Resveratrol. Black: 0.008 mM Resveratrol in
ethanol:water (75:25, v/v) in 100 mM HCl; Red: 0.008 mM Resveratrol in ethanol:water (75:25, v/v) in
100 mM HCl + 0.008 mM of MgCl.

To verify if magnesium ion participates in major solubility (Cmax) of resveratrol by forming
a complex, we verified the interaction between them by performing spectrophotometric profile of
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resveratrol alone or in presence of magnesium ion in acid environment. It is possible to see in Figure 4B,
that the addition of magnesium does not significantly modify the UV absorption spectra, suggesting
that the magnesium does not interact with resveratrol and that the major solubility was dependent on
other factors.

3.4. Pharmacokinetic Profile of Solid Dispersion of Resveratrol on Magnesium Dihydroxide

The rabbit animal model is excellent to perform pharmacokinetic studies [20] and recently
was used to evaluate the bioavailability of a new resveratrol formulation [18]. The mean plasma
concentration of resveratrol following oral administration of 50 mg/kg of Resv@MDH and pure
resveratrol was investigated in the rabbit animal model. Resveratrol plasma concentration versus
time curves from administration is displayed in Figure 5. Pharmacokinetic variables derived from this
pharmacokinetic profile are summarized in Table 2. Resveratrol is virtually absent in animal plasma
prior to oral administration (0 min) but it seemed to be rapidly absorbed with a peak of maximal
concentrations (Cmax) between 15 and 30 min post-dose. The Cmax of resveratrol was 76.3 ng/mL and
101.3 ng/mL for resveratrol and Resv@MDH respectively. At 30 up to 90 min from the administration,
the resveratrol plasma concentration of Resv@MDH treated animals results statistically greater as
compared to resveratrol treated animal, while at 180 min the resveratrol is no longer detectable
in the plasma of both groups of animals. The values of Area Under Curve (AUC) of the plasma
concentration profile until the 3-h time point was 2698 ng min/mL and 8944 ng min/mL or resveratrol
and Resv@MDH respectively. This data demonstrates an enhancement of resveratrols bioaviability by
3.3-fold (ratio of AUCResv@MDH/AUCresveratrol, Table 2).

 

Figure 5. Pharmacokinetic profiles of resveratrol after oral administration in rabbits. Groups of 4
animals each were treated with resveratrol (50 mg/Kg of pure resveratrol versus Resv@MDH). Blood
samples taken at 0, 5, 15, 30, 45, 90, 120 and 180 min.

Table 2. Pharmacokinetic parameters of oral administration of 50 mg/Kg of resveratrol from pure
resveratrol and from Resv@MDH.

Parameters
Resveratrolo

50 mg/Kg
Resv@MDH

(Resveratrol 50 mg/Kg)
Increase %

AUC (Area Under Curve) 2698 ng min/mL 8944 ng min/mL 330
Time to plasmatic peak 15 min 30 min 200

Peak duration 25 min 105 min 420
Cmax 76.3 ng/mL 101.3 ng/mL 130

4. Discussion

Solid dispersion of resveratrol on magnesium dihydroxide (Resv@MDH) represents a new
formulation that possesses an increased solubility of resveratrol (spring form). Resv@MDH is able to
solubilize itself faster and in greater amounts with respect to resveratrol, with remarkable advantages
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in biopharmaceutical terms and therefore of bioavailability. From the physical point of view it
is a polydisperse granular material, where the active is supported by inorganic material with a
high safety level (magnesium hydroxide). Furthermore, this improves its performance without
chemically modifying the natural product’s structure. Resv@MDH allows to obtain an apparent
solubility much higher with respect to resveratrol as a consequence of an increased dissolution rate
and of the establishment of over-saturation phenomena due to different energetic states of resveratrol
(Figure 6). This dispersion is formed by three types of microparticles that we define as type 1, 2 and 3.
Based on our results we hypothesized that microparticles type 1 and 3 represent resveratrol and
magnesium dihydroxide crystals, respectively. The unexpected result is the presence of microparticles
type 2 that probably represent the form responsible for enhanced properties of the solid dispersion.
Based on the evidence of change of its fluorescence, we suggest that a fraction of resveratrol forms a
shell around magnesium dihydroxide microparticles. The better solubility of resveratrol displayed by
solid dispersion could be explained by the coexistence of two energetic states of resveratrol related
to the two types of microparticles observed (type 1 and 2, Figure 6). It is possible to exclude the
involvement of free magnesium ions (Mg2+) in improving the solubility of resveratrol since their
absorbance spectrum was not modified by the presence of metals in acidic environment (Figure 4B).
The state of over-saturation could lead to the major absorption (increase of the gradient concentration)
and therefore increased bioavailability [22].

 

Figure 6. Scheme of hypothetical dissolution events that occur to Resv@MDH powder when it is in
contact with simulated stomach fluids. Big powder aggregates divide into three main microparticles
named as type 1, 2 and 3. In acidic milieu the type 3 microparticles of magnesium dihydroxide
completely dissolves; type 1 microparticles (blue) dissolves in water solution together with type 2
microparticles (red). In this case the limiting step in resveratrol release could be related to acid erosion
of dihydroxide core.

The reduced and homogeneous particle size represents a parameter that improves the dissolution
rate observed for Resv@MDH is according to Noyes and Whitney law [21]. The comparative dissolution
rate of resveratrol displayed in Figure 5 demonstrates that the supersaturating state is not dependent
from the particles size of resveratrol. Further studies are needed to clarify the mechanisms of the
better solubility of solid dispersion of resveratrol on magnesium dihydroxide. The Resv@MDH
represent a new way to uncover the therapeutic potential of resveratrol with possible application as
anti-inflammatory, anti-viral, cardio-protective, neuro-protective, anti-cancer and anti-angiogenetic
agent [1–3]. As regard the anticancer properties, resveratrol was demonstrated to increase the effect of
radio and chemotherapeutic agents [23] in particular against glioblastoma cancer cells [24].
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/12/
1925/s1, Figure S1: Image of RESV@MDH powder dispersed in glycerol under different eccitation sources. (A)
Rohdamine fluorescence filter (B) brightfield; Note: white arrow indicates the fluorescent shell of resveratrol
around the core of magnesium diihydroxide.
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Abstract: Type 2 diabetic women have a high risk of mortality via myocardial infarction even with
anti-diabetic treatments. Resveratrol (RSV) is a natural polyphenol, well-known for its antioxidant
property, which has also shown interesting positive effects on mitochondrial function. Therefore,
we aim to investigate the potential protective effect of 1 mg/kg/day of RSV on high energy
compounds, during myocardial ischemia-reperfusion in type 2 diabetic female Goto-Kakizaki (GK)
rats. For this purpose, we used 31P magnetic resonance spectroscopy in isolated perfused heart
experiments, with a simultaneous measurement of myocardial function and coronary flow. RSV
enhanced adenosine triphosphate (ATP) and phosphocreatine (PCr) contents in type 2 diabetic
hearts during reperfusion, in combination with better functional recovery. Complementary
biochemical analyses showed that RSV increased creatine, total adenine nucleotide heart contents
and citrate synthase activity, which could be involved in better mitochondrial functioning. Moreover,
improved coronary flow during reperfusion by RSV was associated with increased eNOS, SIRT1,
and P-Akt protein expression in GK rat hearts. In conclusion, RSV induced cardioprotection against
ischemia-reperfusion injury in type 2 diabetic female rats via increased high energy compound
contents and expression of protein involved in NO pathway. Thus, RSV presents high potential to
protect the heart of type 2 diabetic women from myocardial infarction.

Keywords: resveratrol; type 2 diabetes; ischemia-reperfusion; cardiac function; energy metabolism;
mitochondria; endothelial function

1. Introduction

Cardiovascular (CV) complications are the first causes of morbidity and mortality in type 2 diabetic
patients, particularly in women [1]. Cardio-protection is widely recognized in women, and surprisingly,
is suppressed with type 2 diabetes, with more serious CV consequences in women than in men [2]. It is
known that the risk of myocardial infarction is five times higher in type 2 diabetic women compared
with non-diabetic women, while this risk is only multiplied by two in men [3,4]. In addition, mortality
due to myocardial infarction is higher in women than in men in type 2 diabetes [5]. Few studies
explore female gender and the reasons for higher deterioration of the cardiovascular system are not
yet fully understood. Endothelial damage is one likely hypothesis for CV complications in type 2
diabetes. Interestingly, Desrois et al. reported a higher endothelial damage in female GK rat hearts
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than in males in the absence of ischemic insult, which could explain the higher risk of CV in type 2
diabetic women [6].

Although this is one of the current objectives, most of antidiabetic treatments fail to decrease
the CV risk [7]. For this purpose, dietary supplements could be interesting in combination with
existing antidiabetic medication to improve CV outcomes in diabetic patients. Resveratrol (RSV),
or trans-3,5,4′-trihydroxy stilbene, is a natural polyphenol found in more than 70 plant species like
grapes, peanuts, and blackberries [8]. This molecule has shown pleiotropic and beneficial effects
on both type 2 diabetes and cardiovascular complications [9]. Various studies, using models of
type 2 diabetes or metabolic syndrome, showed that RSV could decrease chronic inflammation [10],
improve insulin sensitivity [11], lipid profile [12], and decrease oxidative stress [13]. Other studies
also demonstrated the effects of RSV on endothelial function mainly through mechanisms involving
nitric oxide (NO) and sirtuin pathways [14–17]. Interestingly, RSV has shown beneficial effects on
mitochondrial function by increasing mitochondrial DNA and biogenesis [13]. Consequently, RSV
could be an interesting candidate to improve cardiac energy metabolism and CV outcomes of type 2
diabetic women [18–20].

In the literature, the dose of RSV is very different depending on the study. Doses range from
0.1 mg/kg/day [18] to 500 mg/kg/day [21] and even 4g/kg/day [22]. Here we choose a “low-dose”
of RSV at 1 mg/kg/day based on Rocha et al. and Lin et al.’s studies. Indeed, Rocha et al. [23] chose a
dose of 1 mg/kg based on the actual wine consumption in occidental countries, and the kinetics and
bioavailability of resveratrol in the body. Lin et al.’s [18] study showed that a lower dose (0.1 mg/kg)
was not sufficient to induce beneficial effects on the heart, while a dose of 1 mg/kg/day improved
cardiac function. On the other hand, higher doses (25 mg/kg/day) have shown negative effects on
infarct size [24]. Thus, we suppose that the “low-dose” of 1 mg/kg/day of RSV will be sufficient to
observe beneficial effects on myocardial energy metabolism.

Here, we aim to determine the effects of a low-dose oral administration of RSV on myocardial
sensitivity to ischemia-reperfusion injury in female GK rats, a polygenic model of type 2 diabetes,
with the hypothesis that RSV could improve high energy compound contents. We believe this is an
original study exploring the effects of RSV on high-energy compounds during an ischemia-reperfusion
injury, using 31P magnetic resonance spectroscopy (MRS) and biochemical analysis, combined with
measurement of myocardial function and coronary flow. Secondarily, we assessed the effects of RSV on
coronary flow and expression of proteins involved in NO pathway, as indicators of endothelial function.

2. Materials and Methods

2.1. Materials and Antibodies

Assay kits were used to determine plasma glucose (Randox Laboratories, Crumlin, Antrim, UK)
and free fatty acids (FFAs) (NEFA kit; Roche Diagnostics, Roche Applied Science, Mannheim, Germany).
A radioimmunoprecipitation assay buffer (RIPA) lysis buffer was used to extract proteins (sc-24948,
Santa Cruz Biotechnology, Santa Cruz, CA, USA). Total protein concentration was determined using
the Pierce BCA protein assay kit (ref 23227, Thermo scientific, Rockford, USA). Anti-eNOS (ref 610296,
BD Transduction Laboratories, USA), anti-SIRT1 (ref 9475, Cell Signaling Technology), anti-Akt (Cell
Signaling Technology, Danvers, MA, USA), anti-PAkt (Ser 473) (Cell Signaling Technology, Danvers,
MA, USA), anti-SIRT3 (#2627, Cell Signaling Technology, Danvers, MA, USA), and anti-Actin (sc47
778, Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibodies were used for western
blots. HRP-conjugated antibodies were used as secondary antibodies (Goat anti-mouse sc2031 or Goat
anti-rabbit sc2030, Santa Cruz Biotechnology, Santa Cruz, CA, USA). The immunoblots were developed
using an ECL Western Blotting Detection Reagent (GE Healthcare, AmershamTM, Buckinghamshire,
U.K.). The protein signals were assessed using the MicroChemi 4.2 System (DNR Bio-Imaging System
Ltd., Jerusalem, Israel). Citrate synthase activity was evaluated using the citrate synthase assay kit
(CS0720, Sigma-Aldrich, St. Louis, MO, USA). First, protein extraction was performed using the
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CelLytic MT extraction buffer (C3228, Sigma, St. Louis, MO, USA). Malondialdehyde (MDA) was
assessed with the lipid peroxidation assay kit (MAK085, Sigma-Aldrich, St. Louis, MO, USA).

2.2. Animals

Age-matched (7–8 months) female control Wistar rats (Charles River, France) and type 2 diabetic
female Goto-Kakizaki (GK) rats (GK/Par subline; Laboratoire de Biologie et Pathologie du Pancréas
Endocrine UMR8251-CNRS—Université Paris Diderot, Paris, France [25]) were used in the experiments.
All procedures involving animals were approved by the Animal Experiment Ethics Committee of
Aix-Marseille University (n◦2017070416019134) and were in conformity with the European Convention
for protection of animals used for experimental purpose. The animals were housed in a temperature
controlled ventilated cabinet (22–24 ◦C) and were exposed to light–dark cycles of 12:12 h. Animals had
access to food (diet 113, SAFE, Augy, France) and water ad libitum. Four groups were designed for
this study: the control group (CTRL; n = 11), the type 2 diabetic group (GK; n = 14), the type 2 diabetic
group under placebo treatment (GK-P; n = 9), and the type 2 diabetic group with RSV treatment
(GK-RSV; n = 8).

2.3. Treatment

RSV was provided for 8 weeks in drinking water at the dose of 1 mg/kg/day as suggested before
by Rocha et al. [23,26]. As RSV solubility is higher in ethanol, we first dissolved RSV in ethanol and
then in water. The placebo treatment corresponded to 1‰ ethanol in drinking water. Daily water
ingestion was evaluated a few weeks before the beginning of the study, to calculate the concentration
of RSV solution. During the 8 weeks of RSV treatment, water consumption was also measured to
adjust RSV concentration if necessary [23].

2.4. Myocardial Tolerance to Ischemia-Reperfusion Injury

After 8 weeks of RSV treatment, isolated perfused heart experiments were performed to evaluate
ex vivo the tolerance to ischemia-reperfusion injury, by measuring energy metabolism, cardiac function
and coronary flow during the whole protocol. As previously described, rats were anesthetized by
intraperitoneal injection of 90 mg/kg pentobarbital sodium [27]. The hearts were quickly removed
from the chest cavity by thoracotomy and arrested in ice-cold Krebs-Henseleit buffer (containing
(mM): NaCl (118), KCl (4.7), MgSO4 (1.2), CaCl2 (1.75), NaHCO3 (25), KH2PO4 (1.2), EDTA (0.5) and
D-glucose (11)). Hearts were weighed and then cannulated via the ascending aorta for retrograde
Langendorff-perfusion of coronary arterial network at a constant pressure of 100 mm Hg. A drain was
placed at the apex of the heart to evacuate coronary effluents. In the same time, blood samples were
immediately taken for glucose and free fatty acids (FFAs) determination in plasma.

2.4.1. Experimental Protocol

After 4 min of stabilization with a Krebs–Henseleit buffer, hearts were perfused for 24 min with a
physiological recirculating Krebs–Henseleit buffer (Pa 0.4) containing 0.4 mM palmitate, 3% albumin,
11 mM glucose, 3U/L insulin, 0.8 mM lactate, and 0.2 mM pyruvate. Four minutes before low-flow
ischemia, hearts were perfused with a physiological non-recirculating Krebs–Henseleit buffer (Pa 1.2)
containing 1.2 mM palmitate, 3% albumin, 11 mM glucose, 3U/L insulin, 0.8 mM lactate, and 0.2 mM
pyruvate. Then, the hearts underwent a low-flow ischemia (0.5 mL/min/g wet wt) of 32 min with
the same buffer. Finally, flow was restored entirely for 32 min with the physiological Krebs–Henseleit
buffer containing 0.4 mM palmitate. The palmitate concentration was increased at the end of the control
period and during ischemia to induce a maximum damage [28]. The perfusates were continually
gassed with a mixture of 95% O2 and 5% CO2 to maintain pH at 7.40. The buffer temperature was
maintained at 37 ◦C during the entire protocol.
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2.4.2. Myocardial Function

A water-filled latex balloon was inserted in the left ventricle via the mitral valve and inflated to
produce an end diastolic pressure (EDP) of ≈10 mm Hg at the beginning of perfusion. Left ventricular
developed pressure (DP) and heart rate (HR) were recorded using a pressure sensor connected to the
balloon, as previously described [6]. The product of heart rate and developed pressure was used as
an index of cardiac function. During reperfusion, we calculated the percentage recovery between the
pre-ischemic and post-ischemic cardiac function. Coronary flow (CF) was measured via collection of
coronary effluent before and after ischemia (at 20 min and 80 min), expressed in mL/min/g wet weight.

2.4.3. Myocardial Energy Metabolism

31P Magnetic Resonance Spectroscopy (MRS)

Perfused rat hearts were placed in a 20-mm magnetic resonance sample tube and inserted in
a 31P probe that was seated in the bore of a superconducting wide-bore (89-mm) 4.7 Tesla magnet
(Oxford instruments, Oxford, U.K.) interfaced with a Bruker-Nicolet Avance WP-200 spectrometer
(Bruker, Karlsruhe, Germany). 31P spectra were obtained by accumulating 328 free induction decay
signals acquired for 4 min (flip angle 45◦, repetition time 0.7 s, spectral width 4500 Hz, 2048 data
points) [29]. Prior to Fourier transformation, the free induction decay was multiplied by an exponential
function which generated a 20 Hz line broadening. Quantification of the signal integrals was carried
out using an external reference containing an aqueous solution of 0.6 mM phenylphosphonic acid.
A series of eight 31P spectra were recorded during each period of the experimental protocol to quantify
phosphorus metabolites (ATP, PCr, and Pi) and intracellular pH.

Biochemical Analyses in Freeze-Clamped Heart

As a complement to 31P MRS, high performance liquid chromatography (HPLC) analysis, as well
as citrate synthase (CS) activity, were performed as indicators of mitochondrial function. First, PCr,
creatine, adenine nucleotides, and derivatives were assessed using ion-exchange high performance
liquid chromatography (HPLC). A perchloric extraction, adapted from Lazzarino et al., was performed
by homogenizing cardiac tissue (50 to 100 mg) with a Polytron homogenizer (Kinematica, Luzern,
Switzerland) in ice-cold 0.6 M perchloric acid [30]. Then, homogenates were centrifuged at 5000× g
for 10 min at 4 ◦C and supernatants were preserved for the comparative metabolite determination.
Protein concentration calculation was carried out according to Lowry et al. to express the results in
μmol/g protein [31]. Separation of adenine nucleotide derivatives, phosphocreatine, and creatine was
performed using the ion-pairing reverse phase technique. Qualitative and quantitative analyses were
carried out using adenine nucleotide standards and thymine monophosphate (Sigma, Poole, Dorset,
UK) as an internal standard. Under these chromatographic conditions, a highly resolved separation of
ATP, ADP, AMP, PCr, and creatine was obtained in 40 min. Total adenine nucleotide pool (TAN) was
calculated from the sum ATP + ADP + AMP. Energy charge (EC) is equal to ((ATP + 0.5ADP) / (ATP +
ADP + AMP)) × 10.

Secondly, CS activity was evaluated using the citrate synthase assay kit. Protein extraction was
performed, extracts were centrifuged at 14,000× g for 10 min at 4 ◦C and total protein concentration in
the supernatant was determined using the Pierce BCA protein assay kit. Activity of citrate synthase
was assessed at 412 nm in a 96-well plate with a kinetic program. Results are expressed in nmol/g of
protein/minute.

2.4.4. Expression of Proteins Involved in NO Pathway

Complementary to coronary flow measurement, we assessed the expression of eNOS, SIRT1, Akt,
and P-Akt proteins in freeze-clamped hearts. A piece of left ventricle tissue (≈60 mg) was homogenized
in a RIPA lysis buffer and centrifuged at 14,000 rpm for 15 min at 4 ◦C. Total protein concentration in
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the supernatant was determined using the Pierce BCA protein assay kit. Equal amounts of proteins
(90 μg for eNOS and SIRT1, 50 μg for Akt and P-Akt) were separated by 8% or 10% polyacrylamide
gel electrophoresis and transferred onto nitrocellulose membranes. After blocking with 5% skim milk,
membranes were incubated overnight at 4 ◦C with eNOS (1/1000), SIRT1 (1/1000), Akt (1/1000),
P-Akt (Ser 473) (1/500), or Actin (1/2000) primary antibodies. Second, membranes were incubated
with HRP-conjugated antibodies (1/2000). The immunoblots were developed and the protein signal
was quantified using the Quantiscan software (Biosoft, Cambridge, U.K.). The intensity of each protein
signal was normalized to the corresponding β-actin stain signal. Data are expressed as ratios between
the protein and the corresponding β-actin signal density, except for P-Akt, which was expressed
according to Akt.

2.4.5. Oxidative Stress

SIRT3 protein expression, a mitochondrial sirtuin involved in oxidative stress, was assessed in
freeze-clamped hearts following the same protocol as described above, with 50 μg of protein separated
by 10% polyacrylamide gel. Primary antibody against SIRT3 was used at 1/1000.

MDA was assessed to evaluate lipid peroxidation in freeze-clamped hearts. Lipid peroxidation
was determined by the reaction of MDA with thiobarbituric acid (TBA) to form a colorimetric
(532 nm)/fluorometric (λex = 532/λem = 553 nm) product, proportional to the MDA present.

2.5. Statistical Analyses

Data are graphically provided as means ± SEM of absolute values. GraphPad Prism software
5.0 (La Jolla, CA, USA) was used for all statistical processing. Significant differences between groups
were determined using two-way analysis of variance (ANOVA) with repeated measures over time
for the time-dependent variables followed by Bonferroni post-hoc test. An unpaired Student’s t-test
was used for the other parameters. A p-value of less than or equal to 0.05 was considered to indicate
significant difference.

3. Results

3.1. Effect of Resveratrol on Physiological Parameters

Physiological parameters are shown in Table 1. Plasma glucose was significantly increased in
GK, GK-P, and GK-RSV in comparison to CTRL (p < 0.0001). RSV treatment did not reduce plasma
glucose in GK rats. Plasma-free fatty acids and weight of animals were similar in the four groups.
The weight of the heart was significantly higher in the GK group compared to the three other groups
(p < 0.001). However, the heart weight to body weight ratio was increased in GK (p < 0.001), GK-P
(p < 0.01), and GK-RSV (p < 0.01) versus CTRL. The heart weight to body weight ratio was decreased in
GK-RSV (p < 0.05) and GK-P (p < 0.01) in comparison to GK, indicating decreased cardiac hypertrophy
by RSV treatment.

Table 1. Physiological parameters of experimental animals.

CTRL GK GK-P GK-RSV

Glycemia (g/L) 1.64 ± 0.07 2.46 ± 0.09 * 2.52 ± 0.15 * 2.49 ± 0.07 *
Free Fatty Acids (mM) 0.21 ± 0.05 0.18 ± 0.02 0.17 ± 0.04 0.16 ± 0.04

Body Weight (g) 289.4 ± 6.6 284.6 ± 4.4 267.5 ± 5.7 269.7 ± 6.4
Heart Weight (g) 0.85 ± 0.02 1.05 ± 0.03 * † ‡ 0.89 ± 0.02 0.91 ± 0.02

(Ratio Heart/Body Weight) × 1000 2.95 ± 0.09 3.69 ± 0.06 * II ¶ 3.32 ± 0.06 § 3.38 ± 0.09 §

Data are expressed as means ± SEM. One-way ANOVA test was used for all the parameters. * p < 0.0001 vs. CTRL;
† p < 0.0001 vs. GK-P; ‡ p < 0.0001 vs. GK-RSV; § p < 0.01 vs. CTRL; II p < 0.01 vs. GK-P; ¶ p < 0.05 vs. GK-RSV.
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3.2. Effect of Resveratrol on Tolerance to Ischemia-Reperfusion Injury

3.2.1. Myocardial Function

Myocardial function (Figure 1A) was impaired in GK, GK-P, and GK-RSV compared with CTRL
in baseline conditions (p < 0.001 GK and GK-P vs. CTRL; p < 0.01 GK-RSV vs. CTRL). RSV did not
improve cardiac function in GK-RSV in comparison to CTRL in baseline conditions. After ischemia,
GK and GK-P groups presented a higher sensitivity to ischemia-reperfusion injury since myocardial
function was significantly impaired compared with CTRL (p < 0.001) and the percentage of recovery
(Figure 1B) was significantly decreased (respectively p < 0.001 and p < 0.01 vs. CTRL). Interestingly,
GK-RSV rats had a better tolerance to ischemia-reperfusion injury than GK and GK-P rats, with an
improvement of cardiac function up to CTRL values.

Figure 1. Myocardial function evaluated by the product of developed pressure and heart rate during
the experimental time course (A) and % of recovery during reperfusion (B). Results are expressed as
means ± SEM. Two-way ANOVA was performed to observe the effect of group and time. * p < 0.001 GK
and GK-P vs. CTRL, † p < 0.01 GK-RSV vs. CTRL, ‡ p < 0.01 GK and GK-P vs. GK-RSV, and § p < 0.001
vs. GK and GK-P.
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3.2.2. Myocardial Energy Metabolism

31P MRS

Kinetics of PCr, ATP, Pi, and pHi during the experimental time course are shown in Figure 2.
No difference was found between groups in baseline conditions and during ischemia for PCr
(Figure 2A) and ATP (Figure 2B) heart contents. However, during reperfusion, PCr and ATP heart
contents were significantly decreased in GK and GK-P when compared with CTRL (p < 0.05). RSV
restored PCr and ATP contents to control values during reperfusion. In baseline conditions, Pi
(Figure 2C) was not different between groups. During ischemia, Pi was significantly higher in GK and
GK-P in comparison with CTRL (respectively p < 0.001 and p < 0.05). RSV was able to prevent the
increase in Pi in GK-RSV rats. No statistical difference was found between CTRL and GK-RSV, and Pi
was significantly lower in GK-RSV vs. GK (p < 0.001). Finally, pHi (Figure 2D) was identical between
groups in baseline conditions. During ischemia, pHi was significantly decreased in GK (p < 0.01 vs.
CTRL). During reperfusion, pHi was significantly decreased in GK and GK-P compared with GK-RSV
(respectively p < 0.01 and p < 0.05). RSV treatment restored pHi in GK-RSV to control values.

Figure 2. Kinetics of phosphocreatine (PCr) (A), ATP (B), Pi (C), and intracellular pH (pHi) (D) during
the experimental time course in rat hearts. Data are expressed as means ± SEM. Two-way ANOVA
was performed to observe the effect of group and time. * p < 0.01 GK vs. CTRL, † p < 0.01 GK-P vs.
CTRL, ‡ p < 0.05 GK vs. CTRL, § p < 0.05 GK-P vs. CTRL, II p < 0.001 GK-RSV vs. GK, ¶ p < 0.05 GK-P
vs. GK-RSV, and # p < 0.01 GK vs. GK-RSV.

Biochemical Analysis in Freeze-Clamped Hearts

Considering the improvements made by the RSV on high-energy compound contents during
ex vivo experiments, we carried out additional biochemical analyses in freeze-clamped hearts. First,
a total pool of PCr, creatine, ATP, and total adenine nucleotides (TAN) were assessed using HLPC
as shown in Figure 3A. PCr was significantly decreased in GK and GK-P in comparison to CTRL
(p < 0.05). RSV restored PCr heart content in GK-RSV, which was significantly different compared with
GK (p < 0.01) and GK-P (p < 0.05). Creatine was not different between CTRL, GK, and GK-P groups.
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RSV treatment increased creatine heart content in GK-RSV versus GK (p < 0.001) and GK-P (p < 0.05).
The sum of creatine and phosphocreatine was significantly increased in GK-RSV in comparison to GK
(p < 0.001) and GK-P (p < 0.01). ATP was significantly decreased in GK and GK-P in comparison to
CTRL (p < 0.01). RSV increased ATP content in GK-RSV versus GK and GK-P (respectively p < 0.01
and p < 0.05). TAN was significantly decreased in GK and GK-P in comparison to CTRL (p < 0.01). RSV
restored TAN in GK-RSV, which was increased in comparison to GK (p < 0.01) and GK-P (p < 0.05).
These results are in line with energy metabolism measured by 31P MRS. AMP, ADP, and energy charge
results are shown in the supplementary material (Figure S1). No statistical difference was found
between groups for AMP content. ADP content was significantly decreased only in GK versus CTRL
(p < 0.05). RSV increased ADP content but it did not reach statistical difference. No difference was
found between groups for energy charge. Second, citrate synthase activity (Figure 3B) was also assessed
in freeze-clamped hearts. Citrate synthase activity was significantly increased by RSV treatment in
GK-RSV in comparison to the other groups (p < 0.0001). Together these results indicate that RSV could
improve cardiac mitochondrial function in type 2 diabetic female rats.

Figure 3. Total pool of phosphocreatine, creatine, PCr + Cr, ATP, total adenine nucleotides (TAN)
(A) and citrate synthase activity (B) in rat hearts. Data are expressed as means ± SEM and one-way
ANOVA was used to compare the groups. * p < 0.05 vs. CTRL, † p < 0.01 vs. GK, ‡ p < 0.05 vs. GK-P,
§ p < 0.001 vs. GK; II p < 0.01 vs. CTRL; and ¶ p < 0.0001 vs. CTRL, GK, and GK-P.

222



Nutrients 2019, 11, 105

3.2.3. Coronary Flow and Expression of Proteins Involved in NO Pathway

Before ischemia (Figure 4A), CF was significantly decreased in GK-P in comparison to GK-RSV
(p < 0.05). During reperfusion (Figure 4B), CF was significantly impaired in GK and GK-P in comparison
to CTRL (p < 0.01). Treatment with RSV maintained CF during reperfusion to control values in GK-RSV.

Figure 4. Baseline coronary flow evaluated at 20 min (A) and reperfusion coronary flow evaluated
at 80 min (B). Data are expressed as means ± SEM and one-way ANOVA was used to compare the
groups. * p < 0.05 vs. CTRL, † p < 0.01 vs. GK-RSV, and ‡ p < 0.05 vs. GK and GK-P.

Complementary to the coronary flow measurement, we assessed the expression of eNOS, SIRT1,
Akt and P-Akt proteins involved in the NO pathway in freeze-clamped hearts. Expression of eNOS,
Akt, PAkt (Ser 473), and SIRT1 protein is shown in Figure 5. eNOS protein expression was significantly
increased in GK-RSV in comparison to the three other groups (p < 0.05 vs. CTRL and GK-P; p < 0.01 vs.
GK). Akt protein was similarly expressed in the four groups. The phosphorylated form of Akt was
significantly increased in GK-RSV vs. CTRL and GK-P (p < 0.05). SIRT1 was increased in GK-RSV
compared to the other groups (p < 0.05). These results suggest an improvement of NO pathway by
RSV leading to higher coronary flow during reperfusion. iNOS was not expressed in the four groups
(data not shown).

Figure 5. Cont.
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Figure 5. Protein expression of eNOS (A), Akt (B), PAkt (Ser 473) (C), and SIRT1 (D). Representative
western blot of eNOS (E), Akt and its phosphorylated form (F), and SIRT1 (G). Data are expressed as
means ± SEM and one-way ANOVA to compare the groups. * p < 0.05 vs. CTRL and GK-P; † p < 0.01
vs. GK; and ‡ p < 0.05 vs. CTRL, GK, and GK-P.

Oxidative Stress

SIRT3 protein expression and MDA heart content were not different between groups, with no
effect of RSV (Supplementary Material, Figures S2 and S3).

4. Discussion

The main objective of this study was to investigate the potential protective effects of RSV on
high-energy compounds during ischemia-reperfusion injury in type 2 diabetic female rat hearts.
We found in GK rat hearts a lower tolerance to ischemia-reperfusion injury, characterized by
impaired energy metabolism and associated with a decrease in functional recovery and coronary flow.
Eight-week treatment with a low dose of RSV was able to protect the heart from the loss of energetic
compounds during reperfusion and to improve cardiac function and coronary flow. Biochemical
analyses confirmed the positive effects of RSV on ATP and PCr, as well as TAN, creatine, and citrate
synthase activity, which are indicators of mitochondrial function. Moreover, the improvement of
coronary flow during reperfusion by RSV was associated to increased eNOS, SIRT1, and P-Akt protein
expression in GK rat hearts.

RSV has been associated to the French paradox, which reflects the lower incidence and mortality
by CV disease in the French population, as a link with daily consumption of red wine [32]. As specified
in the introduction, a dose of less than 1 mg/kg/day may not have cardiovascular effects [18], while a
high dose may damage the heart during an ischemia-reperfusion injury [24]. Thus, the dose used in
our study seems to be a good compromise.

The Goto-Kakizaki rat is one of the best characterized animal models of spontaneous type 2
diabetes [33] presenting cardiac insulin resistance and CV complications [34]. Here we found cardiac
hypertrophy and basal cardiac dysfunction in GK vs. CTRL due to the decrease of both developed
pressure and heart rate. The modification of high energy compounds does not explain the impaired
cardiac function found in baseline conditions. Interestingly, the alteration of excitation–contraction
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coupling [35] and the downregulation and upregulation of multiple genes, such as Trpc6 or Ryr2,
involved in the activity of the sinoatrial node [36] have been previously reported in GK rats and could
explain the impairment in myocardial function shown here. RSV had no effect on cardiac function
prior to ischemic insult, as previously reported by Robich et al. [37]. However, 1 mg/kg/day of
RSV decreased cardiac hypertrophy and improved the myocardial tolerance to ischemia-reperfusion
injury. Recently, Bagul et al. showed cardiac hypertrophy with increased cardiac cell size in rats
under a high-fat diet, with a reverse effect of RSV administered in the food at 10 mg/kg/day for
8 weeks [19]. Lin et al. pointed out the decrease of atrial natriuretic peptide and TGF1β related to
reduced infarct size in animals treated with RSV by intraperitoneal injection for 4 weeks [18]. RSV has
also been shown to reduce pro-hypertrophic markers such as ANP, BNP, and β-MHC, and improve
redox balance by increasing SOD [13] in streptozotocin (STZ) and high-fat model of type 2 diabetes.
Interestingly, placebo treatment also showed a decrease in cardiac hypertrophy in type 2 diabetic rats.
Placebo treatment (ethanol 1‰) may have an effect on cardiac hypertrophy, as suggested by Ninh et al.
in a rodent model of pressure overload with cardiac hypertrophy [38]. Moreover, Miyamae et al.
also showed a higher myocardial tolerance to ischemia-reperfusion injury in animals treated with
ethanol [39]. Nonetheless, the authors used up to 20% of ethanol in the drinking water, which might
explain why we did not see an effect on the tolerance to ischemia-reperfusion injury in our study.

Myocardial tolerance to ischemia-reperfusion injury was impaired in type 2 diabetic GK rats
and was associated with altered energy metabolism, characterized by a decrease in high energy
compound contents. Indeed, mitochondrial dysfunction has been widely suggested to explain the
mechanisms involved in heart failure of diabetic patients [40]. Studies on type 2 diabetic animals
also showed decreased expression of mitochondrial respiratory chain complexes, and mitochondrial
biogenesis through PGC1α [41]. Interestingly, a previous study on the GK model showed impaired
cardiac function during ischemia-reperfusion injury, without alteration of energy metabolism in
male gender [27]. In addition, Billimoria et al. showed a decrease of mitochondrial respiration in
diabetic STZ rat hearts with a higher impairment in female than in male [42], unlike female GK here.
Remarkably, RSV improved high energy compounds during reperfusion in GK-RSV rats and this
observation may explain the better myocardial functional recovery. ATP and PCr were significantly
increased in GK-RSV rats, up to control values. In parallel RSV prevented the high increase in
Pi during ischemia and decrease in pHi during reperfusion. Consistent with these results, HPLC
analysis in the cardiac tissue highlighted the restoration in ATP and PCr heart contents in GK-RSV
at the end of reperfusion. In addition, we showed a preservation in the pool of creatine and TAN,
crucial for ATP and PCr synthesis, in type 2 diabetic animals under RSV after ischemic insult. Here,
RSV treatment also increased CS activity in GK rat hearts, as recently reported by Lagouge et al.
in mice treated orally with a dose of 400 mg/kg/day RSV, indicating enhanced mitochondrial
enzymatic activity [43]. Consequently, taken together, our results suggest that the RSV-induced
cardioprotection against ischemia-reperfusion injury in type 2 diabetes could be associated to better
mitochondrial functioning. In the literature, mitochondrial function has been shown to be improved by
RSV via increase in mitochondrial DNA, biogenesis mitochondrial factor PGC1α [13], Nrf-1, and Tfam
mRNA expression [44], and decrease in the opening of mitochondrial transition pore [21]. Further
studies need to be performed to elucidate the molecular mechanisms involved in the RSV-induced
mitochondrial protection.

On the other hand, the expression of the SIRT3 protein, a mitochondrial sirtuin involved in
mitochondrial function and oxidative stress [45], was the same in all groups. This result is consistent
with MDA heart content which was also similar in all groups. Thus, the improvement of energy
metabolism by RSV was independent from SIRT3 and oxidative stress.

Multiple studies have shown the effect of RSV, a well-known SIRT1 activator, on endothelial
function [14–17]. Here, we assessed coronary flow and expression of proteins involved in NO pathway
as indicators of endothelial function. During reperfusion, coronary flow was altered in both GK
and GK-P versus CTRL. No difference was shown in eNOS, Akt, P-Akt, and SIRT1 expression,
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between CTRL and GK rats, although previous studies reported decreased eNOS expression in
type 2 diabetes. The literature is still inconclusive concerning the expression of eNOS in type 2
diabetes. Indeed, some studies reported a decrease [46] while others showed an increase [27] in
eNOS expression. Interestingly, RSV was able to fully restore the coronary flow during reperfusion
and to significantly increase the expression of eNOS, P-Akt, and SIRT1 proteins in GK rat hearts.
Previously, Huang et al. showed that RSV increased the expression of P-Akt and eNOS in the thoracic
aorta of rats under high-fat diet [47]. In type 2 diabetic db/db mice, RSV also enhance cardiac
NO production and eNOS protein expression [48]. More generally, RSV has also been shown to
enhance NO production, increase NOS expression and activity, prevent eNOS uncoupling and increase
NO bioavailability [9]. In fact, increasing NO production and bioavailability via eNOS is one of
the mechanisms involved in cardioprotection against ischemia-reperfusion [49]. Then, exploring
the phosphorylated form of eNOS, eNOS uncoupling or NO availability could help us understand
the higher coronary flow reported in GK-RSV rats during reperfusion. Remarkably, RSV increased
tolerance to ischemia-reperfusion injury independently from glycemic improvements. Indeed, we did
not observe any effect on glycemia with a low-dose of 1 mg/kg/day. Some studies present RSV as
a new potential anti-diabetic treatment when used at high dose [13,50]. The mechanisms involved
might go through the increase in GLP-1 secretion [50], beta cell insulin secretion, beta cell gene
expression, or improvement of insulin sensitivity [51]. At this point, it is important to remind that the
GK model presents mild hyperglycemia, which could explain why effects of RSV might go unnoticed.
Therefore, we may suppose an estrogen-like effect of RSV on mitochondrial and endothelial pathways,
which could improve tolerance to ischemia-reperfusion injury, independently from glycemic control.
Estrogens have positive effects on vessels by improving vasorelaxation [52] and on key regulators of
energy metabolism and mitochondrial biogenesis (PGC1α) [13]. Moreover, RSV has an estrogen-like
effect by activating estrogen receptors at nuclear and extracellular levels [53]. Recently, RSV has shown
better effects on metabolic parameters in female controls than in ovariectomized female rats [54].
It would, therefore, be interesting to assess the effects of RSV on ovariectomized female GK rats to
better understand the involvement of hormones in cardiovascular RSV effects.

In conclusion, RSV had a protective effect against ischemia-reperfusion injury via increased high
energy compound contents and eNOS-SIRT1 expression in type 2 diabetic female rat heart. We believe
our results could contribute to a better understanding of the mechanisms involved in RSV-induced
cardioprotection. As type 2 diabetic women present a high risk of mortality by myocardial infarction,
low dose of RSV supplementation could be an interesting way to improve myocardial infarction
survival. Indeed, mitochondrial and endothelial dysfunctions have been reported in the type 2 diabetic
patients, with a decrease in PCr/ATP ratio in the heart and a high rate of coronary artery diseases.
Thus, RSV presents high potential for preventing and treating cardiovascular complications of type 2
diabetic women.
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Abstract: Resveratrol is one of the most widely studied polyphenols and it has been assigned a
plethora of metabolic effects with potential health benefits. Given its low bioavailability and extensive
metabolism, clinical studies using resveratrol have not always replicated in vitro observations. In this
review, we discuss human metabolism and biotransformation of resveratrol, and reported molecular
mechanisms of action, within the context of metabolic health and obesity. Resveratrol has been
described as mimicking caloric restriction, leading to improved exercise performance and insulin
sensitivity (increasing energy expenditure), as well as having a body fat-lowering effect by inhibiting
adipogenesis, and increasing lipid mobilization in adipose tissue. These multi-organ effects place
resveratrol as an anti-obesity bioactive of potential therapeutic use.
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1. Introduction

Resveratrol (3,5,4′-trihydroxy-trans-stilbene, RSV, Figure 1.1) is one of the most widely studied
polyphenols with over ten thousand reports in the literature. This stilbene has attracted interest in
popular culture over the years for its potential, yet often controversial, health benefits. RSV was
first discovered in the roots of the white hellebore (Veratrum grandiflorum Loes. fil.) in 1939 [1],
even though it is mostly recognized as the phytoalexin present in red wine [2]. When epidemiological
studies showed the cardioprotective benefits of wine [3,4], the association with RSV followed [5],
opening the field to a wealth of scientific research. RSV has since been identified as: being cancer
chemoprotective [6], being anti-inflammatory [7], improving vascular function [8], extending the
lifespan and ameliorating aging-related phenotypes [9,10], opposing the effects of a high calorie
diet [11], mimicking the effects of calorie restriction [12], and improving cellular function and metabolic
health in general [13].

Even though RSV has been widely studied both in vitro and in vivo, its mechanism of action
across conditions and doses remains elusive. From the many effects elucidated in in vitro studies,
most have failed to reproduce in vivo [14,15]. Reasons for such non-reproducibility among studies
are diverse. One reason is its pharmacokinetics, as in humans RSV is highly absorbed orally (~70%),
yet has poor systemic bioavailability (~0.5%) [16]. Rapid metabolism into RSV sulfate and glucuronide
conjugates occurs, in addition to accumulation in tissues, as detected in radioactive trials and other
studies [16–18]. Furthermore, a wide range of inter-individual responses upon oral ingestion of RSV is
known in humans and is a common feature of many food bioactives [19,20]. Gut microbiota [20,21]
and genetic background [22,23], including enzyme regioselectivity [24], are some of the possible
known sources of the variation in responses. In contrast, in vitro studies have described an array of
mechanistic effects that generate controversy given the likely non-physiological concentrations used,
as well as the omission of the contribution of RSV metabolites [25].
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Figure 1. Resveratrol and reported human metabolites: (1) trans-resveratrol (RSV); (2) trans-
resveratrol-3-O-sulfate; (3) trans-resveratrol-4’-O-sulfate; (4) trans-resveratrol-3,4’-O-disulfate;
(5) trans-resveratrol-3-O-glucuronide; (6) trans-resveratrol-4’-O-glucuronide; (7) dihydroresveratrol
(DHR); (8) 3,4’-O-dihydroxy-trans-stilbene; and (9) lunularin (also see Table 1).

Obesity is rising worldwide and is mainly attributed to changes in lifestyle, including
overconsumption of food and decreased physical activity [26]. When energy intake exceeds energy
expenditure over prolonged periods, then an obesity phenotype can develop [27]. Obesity has
major health effects, and increased BMI (body mass index) is a risk factor in the development of
type 2 diabetes, cardiovascular disease, dyslipidemias, non-alcoholic fatty liver disease, gallstones,
Alzheimer’s disease and even certain cancers [26,27]. To reduce obesity, lifestyle changes and therapies
are aimed at reducing energy consumption or increasing energy expenditure, or both, and/or by
managing its side effects. This can be achieved by altering diet and increasing exercise. However not
all individuals respond to these lifestyle changes, leading to surgery or drug therapies. For instance,
RSV was shown to improve exercise endurance by significantly increasing aerobic capacity and
consumption of oxygen in the gastrocnemius muscle in mice. RSV treatment induced oxidative
phosphorylation and mitochondrial biogenesis by activating the peroxisome proliferator-activated
receptor γ coactivator (PGC1α) through nicotinamide dinucleotide (NAD)-dependent deacetylase
sirtuin-1 (SIRT1) leading to improved insulin sensitivity [13]. In addition, RSV has body fat-lowering
effects as demonstrated by its anti-lipolytic affect in human adipocytes [28], as well as by decreasing
adipocyte size, increasing SIRT1 expression, lowering nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) activation and improving insulin sensitivity in visceral white adipose tissue
in mice [29].
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Even though RSV has been widely studied and associated with many benefits, many open
questions remain, such as: (i) the activity of RSV at the nanomolar range, or of its human metabolites
at the low micromolar range; (ii) levels of accumulation of these in target tissues able to elicit a
biological effect; (iii) given an oral dose which preferred organs will be target sites of activity in
which conditions or diseases; (iv) in physiological conditions which and how many protein targets are
modulated; (v) how do these effects reproduce among individuals and populations; and (vi), how can
one modulate RSV therapeutically. In this review we specifically discuss the role of RSV metabolism
to better understand the mechanism of action, with particular emphasis on its potential effects in
managing metabolic health and obesity.

2. Human Metabolism of Resveratrol

Being a phytoalexin, RSV levels vary greatly among food sources, seasons and batches. Certain
foods are naturally rich in RSV, such as wine, peanuts and selected teas; however, RSV content in
dietary sources remains at the lower milligram range [30]. To dose higher levels of RSV, dietary
supplements are available in the open market at recommended daily doses between high milligram
and gram levels [31]. Once RSV enters the gastro-intestinal tract, it suffers rapid and extensive
biotransformation, with distribution into various organs (Figure 2), leading to consequences for its
bioavailability and activity.
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Figure 2. Metabolic fate and biotransformation of resveratrol in the human gastro-intestinal tract,
and metabolism in different organs. (A) Metabolism of resveratrol (R) in the small intestine’s
enterocyte. Resveratrol is absorbed into the enterocyte and undergoes sulfation (S) by SULT1A1
and glucuronidation (G) by UGT1A1 and UGTA9. Conjugated resveratrol exits the cell via BRCP and
MRP2 transporters on the apical membrane and MRP3 on the basolateral membrane. A small faction of
resveratrol escapes conjugation and exits the enterocyte via the basolateral membrane. (B) Integrated
human metabolism of resveratrol. Resveratrol and conjugated metabolites exit the apical membrane of
the small intestine and move towards the large intestine where they can be metabolized by the gut
microbiota to generate dihydroresveratrol (DHR), lunularin (L) and 3,4’-dihydroxy-trans-stilbene
(not shown). Resveratrol and metabolites that exit the enterocyte enter portal circulation. The liver
expresses SULT1A1, UGT1A1 and UGTA9, which can further conjugate resveratrol. In addition,
conjugated resveratrol and metabolites undergo enterohepatic circulation, leaving the liver to be
reabsorbed in the intestine after hydrolysis, and entering portal circulation to reach the liver again
for further metabolism. From the liver, resveratrol and metabolites enter systemic circulation and are
absorbed by peripheral tissues, such as adipose tissue. The kidneys also participate in the metabolism of
resveratrol, leading to excretion of polar resveratrol metabolites.
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2.1. RSV is Absorbed and Metabolized in Target Tissues

The major function of the intestine is to digest food, making nutrients available for energy, while
preventing the uptake of potentially harmful compounds. Bioactive compounds such as RSV can be
perceived by the intestine as xenobiotics and therefore cross the intestinal epithelium to the blood
via a transcellular pathway [32]. This route takes place through the enterocytes in the small intestine.
Enterocytes, also known as absorptive epithelial cells, are the first site of reported RSV metabolism
after being internalized by either passive diffusion [33] or carrier-mediated transport [32]. Once RSV
is absorbed into the enterocyte, like other xenobiotics, it undergoes phase II of drug metabolism,
producing polar metabolites, with easier excretion in the body. Specifically, RSV undergoes conjugation
with sulfate (mediated by sulfotransferases, SULTs) and with glucuronate (mediated by uridine
5′-diphospho-glucuronosyltransferases, UGTs).

Drug metabolism takes place in multiple organs and cell types, and the observed
biotransformation differs in metabolite levels [18], enzyme expression [34] and selectivity [24].
The superfamily of SULTs sulfates a broad spectrum of diverse endogenous and exogenous substrates.
SULT1A1 is the main enzyme responsible for the transfer of a sulfate group to a hydroxyl group
in phenolic compounds [35]. Biochemical studies have shown that, SULT1A1 is the main SULT
responsible for the sulfation of RSV into RSV-3-O-sulfate (Figure 1.2), and to a minor extent
SULT1A2, SULT1A3 and SULT1E1, whilst RSV-4’O-sulfate (Figure 1.3) is mainly produced by
SULT1A2, and RSV-3,4’-O-disulfate (Figure 1.4) is mainly catalyzed by SULT1A2 and SULT1A3 [18,36],
Table 1. Similar to the SULT family, UGT is also a large family of related enzymes involved in
detoxification, which glucuronidate various substrates [37]. The glucuronidation of RSV is mainly
catalyzed by UGT1A1 and UGT1A9, and to a minor extent by UGT1A6, UGT1A7, and UGT1A10
leading to RSV-3-O-glucuronide (Figure 1.5) and/or RSV-4’-O-glucuronide (Figure 1.6) [18], Table 1.
In human tissues, the small intestine contains the highest amount of SULT proteins of any tissue,
yet preferably expresses SULT1B1, followed by SULT1A3 and then SULT1A1 [34]. In the liver and
kidney, however, SULT1A1 is the main SULT protein isoform expressed [34]. SULT1A1 was also
recently found in adipocytes, and modulates RSV sulfation in the SGBS (Simpson-Golabi-Behmel
syndrome) human adipocyte [28]. Again, the intestine is the human tissue with higher UGT1A content,
largely expressing UGT1A10 and 1A1, while the kidney preferably expresses UGT1A9, and the liver
expresses UGT1A4, 1A1, 1A6 and 1A9 at the protein level [38]. Of note is the inter-species variation of
phase II metabolism in which RSV sulfates are the main conjugates in humans, while glucuronides
are the preferred conjugates in pigs and rats [32]. More importantly, drug metabolism is a known
cause of inter-individual variability, as both SULTs and UGTs have genetic polymorphisms [22,35].
From animal and human studies, RSV and metabolites thereof have been reported to reach many
tissues and biofluids, Table 1.

After absorption and conjugation, RSV sulfates and glucuronides have two fates: they can either
be transported through the apical membrane and reach the intestinal lumen or they can pass through
the basolateral membrane and enter the bloodstream (Figure 2A). On both membranes, the enterocyte
contains ABC (ATP-binding cassette) transporters, which are part of a large family of transport proteins
and are considered to be instrumental in drug absorption and response [39]. On the apical side, breast
cancer resistance protein (BCRP/ABCG2), multidrug resistance-associated protein 2 (MRP2/ABCC2),
and P-glycoprotein (P-gp/MDR1/ABCB1) transporters are expressed, while on the basolateral side,
MRP3 (ABCC3) is expressed instead. BCRP and MRP2 play a major role in the efflux of conjugated
RSV, while P-gp plays a minor role. On the basolateral membrane, conjugated RSV is transported
into blood capillaries by the ABC transporter MRP3 [32]. Transporters are not limited to playing a
role in the absorption and distribution of RSV and metabolites in the small intestine, as they are also
expressed in other tissues, such as the liver and kidneys [40]. When RSV and metabolites reach the
bloodstream, they can be transported by binding to blood proteins such as lipoproteins [5], hemoglobin,
and albumin, before reaching other tissues, such as liver, kidney and other peripheral tissues.
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Table 1. Human, rat, and mouse resveratrol metabolites after oral administration in different biofluids
and tissues (see structures in Figure 1).

Metabolite Species and Tissue or Biofluid [Reference]

trans-resveratrol

Human: serum [41], plasma [15,16,42], urine [16,20]
Rat: plasma [43–45], liver [44], lung [44], brain [44], kidney [44]
Mouse: plasma [18,44,46], liver [18,44,46], lung [18,44], brain [44,46],
kidney [18,44], heart [18,46], stomach [18], duodenum [18],
intestine [18], muscle [18], spleen [18], thymus [18], urine [18], feces [18]

trans-resveratrol-4’-O-glucuronide Human: serum [41], plasma [42], urine [42]
Mouse: plasma [46]

trans-resveratrol-3-O-glucuronide

Human: serum [41], plasma [42], urine [16,42]
Rat: plasma [43], liver [47], adipose tissue [47,48], skeletal muscle [47]
Mouse: plasma [18,46], liver [18,46], lung [18], brain [46], kidney [18],
heart [18,46], stomach [18], duodenum [18], intestine [18], muscle [18],
spleen [18], thymus [18], urine [18], feces [18]

trans-resveratrol-diglucuronide Human: plasma [49], urine [49]
Mouse: plasma [46], liver [46]

trans-resveratrol-3-O-sulfate

Human: plasma [42], plasma [16], urine [16]
Rat: adipose tissue [47,48]
Mouse: plasma [18,46], liver [18,46], lung [18], brain [46], kidney [18],
heart [18,46], stomach [18], duodenum [18], intestine [18], muscle [18],
spleen [18], thymus [18], urine [18], feces [18]

trans-resveratrol-4’-O-sulfate Human: plasma [42], plasma [16], urine [16,42]
Rat: liver [47], adipose tissue [47,48]

cis-resveratrol-3-O-sulfate Rat: adipose tissue [47,48]

trans-resveratrol-3,4’-disulfate

Human: plasma [42]
Rat: adipose tissue [48]
Mouse: plasma [18], liver [18], lung [18], kidney [18], heart [18],
stomach [18], duodenum [18], intestine [18], muscle [18], urine [18],
feces [18]

trans-resveratrol-glucuronide-sulfate Mouse: plasma [46], liver [46]

dihydroresveratrol Human: urine [20], plasma [15]
Rat: liver [47], skeletal muscle [47]

dihydroresveratrol-glucuronide
Human: urine [16]
Rat: liver [47]
Mouse: plasma [46], liver [46]

dihydroresveratrol-sulfate
Human: urine [16]
Rat: liver [47], adipose tissue [47]
Mouse: plasma [46], liver [46]

dihydroresveratrol-glucuronide-sulfate Mouse: plasma [46]

3,4’-dihydroxy-trans-stilbene Human: urine [20]

lunularin Human: urine [20]

italic: likely identification.

2.2. The Gut Microbiome Metabolizes RSV and RSV Influences Gut Microbial Composition

RSV and the metabolites thereof can be further metabolized in the colon by the gut microbiota
(Figure 2B). Here, RSV metabolites may be hydrolyzed, regenerating RSV, and additional reduction
reactions may take place. The most described microbial metabolite of RSV is dihydroresveratrol (DHR,
Figure 1.7, Table 1). Intestinal bacteria are able to metabolize RSV into DHR by reduction of the double
bond between the two phenol rings. DHR produced by the intestinal bacteria can then be absorbed,
conjugated and excreted in the urine. In addition to DHR, 3,4’-dihydroxy-trans-stilbene (Figure 1.8,
Table 1) and lunularin (Figure 1.9, Table 1) have also been identified as gut metabolites of RSV in human
urine. A large inter-individual variation between subjects was observed, in which some proved to be
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lunularin producers, DHR producers or mixed producers, according to levels of these metabolites [20].
Using 16s rRNA sequencing of fecal samples, lunularin producers were associated with a higher
abundance of Bacteroidetes, Actinobacteria, Verrucomicrobia, and Cyanobacteria and a lower abundance of
Firmicutes than either the DHR or mixed producers. The bacterial strains Slackia equolifaciens and
Adlercreutzia equolifaciens, species not previously known to metabolize RSV, were found to metabolize
RSV to DHR [20].

From the gut, RSV microbial metabolites may be absorbed and reach the liver as well as other
tissues for further metabolism or excretion. A common feature of certain xenobiotics, including RSV,
is the enterohepatic circulation, in which RSV metabolites may go from the liver to the bile and re-enter
the intestine. From the small intestine, RSV and metabolites may suffer hydrolysis before reaching
the portal circulation and being re-transported into the liver. The extensive presence of RSV and
metabolites in the bloodstream can be attributed to enterohepatic circulation [16], Figure 2B.

Beyond the metabolic capacity of the gut microbiota to convert polyphenols such as RSV into
often smaller and simpler molecules, the gut microbiota has been associated with other functions.
The influence of gut microbiota on the metabolism of polyphenols, and conversely the modulation of
the gut microbial composition due to polyphenol intake, are significant topics for understanding the
metabolism and activity of these bioactives in humans [19,50]. RSV supplementation is known to alter
the microbiome in at least two ways, by acting as an antimicrobial agent and through modulating gut
microbial composition. Dao et al. reported that RSV-treated mice lacked three gut bacteria compared
to controls: Parabacteroides jonsonii, Alistipes putredinis and Bacteroides vulgatus [51]. RSV increased
levels of Bifidobacterium and Lactobacillus, while decreasing levels of Escherichia coli and Enterobacteria
in RSV-treated rats [52]. The antimicrobial activity of RSV against E. coli lies in the inhibition of bacterial
cell growth by suppressing FtsZ (filamenting temperature-sensitive mutant Z) expression and Z-ring
formation, essential for cell division [53]. RSV has a wide range of antimicrobial activity, as it seems
to be effective against both gram-positive and gram-negative pathogenic bacteria [54].

RSV supplementation can alter the gut microbial composition and some suggest this may be an
essential mechanism of action of RSV [55]. RSV leads to functional changes in the gut microbiome of
obese mice, including: decreased relative abundance of Turicibacteraceae, Moryella, Lachnospiraceae, and
Akkermansia and increased relative abundance of Bacteroides and Parabacteroides. Glucose homeostasis in
obese mice was improved by faecal transplantation from healthy RSV-fed donor mice [55]. Obese gut
microbiota has been associated with a reduced Bacteroidetes/Firmicutes ratio in mice and humans [56]
and RSV was found to increase this ratio in rodent studies [55,57]. Firmicutes, more prevalent in the
obese, produce greater amounts of energy from dietary fiber than other major gut bacterial phyla,
such as Bacteroidetes, by increasing the production of short chain fatty acids (SCFAs) [58]. Furthermore,
an increase in the Bacteriodetes population in the gut was also observed in overweight men, upon RSV
and epigallocatechin-3-gallate supplementation [59]. Bacteroidetes is also associated with postprandial
fat oxidation [58]. In addition to SCFAs production, the gut microbiota produces many other small
molecules. Dietary choline, L-carnitine and lecithin can be converted into trimethylamine in the gut,
which is converted to trimethylamine-N-oxide (TMAO) in the liver. TMAO production is associated with
chronic diseases like cardiovascular disease, type II diabetes, and obesity [58,60]. RSV supplementation
was shown to reduce TMAO production by increasing the Bacteroidetes population in the gut of
mice [61].

2.3. Biotransformation of RSV Limits Plasma Bioavailability

The metabolic fate of RSV in the body is therefore widespread into different tissues, and its
metabolism is rapid and extensive. A preclinical study in rats demonstrated that only a small fraction of
RSV (1.5%) is able to escape conjugation and enter the bloodstream unmodified. About 75% enters the
enterocyte while the remaining 25% is directly excreted. Once inside the cell, 60% is glucuronidated
and 13.5% sulfated. These conjugates partially return to the intestine (42% glucuronides and 12%
sulfates), leaving 17% glucuronides and 1.5% sulfates in the bloodstream [32,62]. Administering the

235



Nutrients 2019, 11, 143

metabolites RSV-3-O-sulfate (Figure 1.2) and RSV-4’-O-sulfate (Figure 1.3) to mice has shown that
these metabolites are absorbed yet at low bioavailability (14% and 3%, respectively). Interestingly,
regeneration of free RSV (2%) into the bloodstream was observed, indicating in vivo hydrolysis of
sulfates, depending on membrane transporter activities [63].

Many studies, both preclinical and clinical, have detected RSV metabolites in plasma (Table 1).
Plasma concentration is an indicator of RSV bioavailability and determines the amount of RSV and
metabolites available to peripheral target tissues. Regarding human studies, plasma concentration of
RSV after single (Table 2) and repeated dosing (Table 3) was measured for studies from 2010 to 2018.
Earlier studies have been reviewed already by Cottart et al. [64]. Administered in either single or
repeated dosing, the peak levels of RSV in plasma were very low, given its poor bioavailability.

Table 2. Reported resveratrol plasma concentration in humans after a single dose of resveratrol
(studies after 2010).

Number of Participants,
Characteristics

Dose (mg) Administration
Peak Plasma

Concentration (ng/mL)
Reference

15, healthy 500 Tablet 71.18 [65]

6, low BMI
6, high BMI 2125 Tablet and drink 634.32

498.56 [66]

7, healthy 500 Capsule 1 1598 [67]

8-9/dose, healthy 250
500 Capsule 5.65

14.4 [68]

2, healthy 146 Lozenge 328.5 [69]

body mass index (BMI); 1 Capsule also contained 10 mg of piperine.

Table 3. Reported resveratrol plasma concentration in humans after repeated doses of resveratrol
(studies after 2010).

Number of Participants,
Characteristics,

Study Type
Dose (mg/day) Days Administration

Peak Plasma
Concentration

(ng/mL)
Reference

6, low BMI
6, high BMI 2125 11 Tablet and

drink
903.0
245.0 [66]

35, healthy males,
cross-over study 800 5

Capsule
Dairy drink
Soy drink

Protein-free
drink

Capsule: 0.56
Dairy drink: 0.61
Soy drink: 0.58

Protein free drink: 0.70

[70]

7, healthy 500 28 Capsule 1 2967.25 [67]

40, healthy, repeated
sequential dosing

500
1000
2500
5000

29 Caplet

43.8
141
331
967

[71]

6, patients with hepatic
metastases, randomized

double-blind clinical
trial

5000 14
Micronized
resveratrol

mixed in liquid
1942 [72]

8, healthy subjects 2000 7 Capsule 1274 [73]

19, overweight or obese,
randomized,
double-blind,

placebo-controlled,
crossover intervention

30
90
270

6 Capsule
181.31
532.00

1232.16
[74]

body mass index (BMI); 1 Capsule also contained 10 mg of piperine.
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3. Molecular Action of Resveratrol and Metabolites

3.1. RSV Modulates a Panoply of Protein Targets

Many and diverse effects have been described for RSV, indicating an array of possible protein
targets that can be (in)directly modulated by this compound [75–80]. Recently, a computational
approach was used to map all publically available polyphenol-protein interactions [81]. Among all
polyphenols and human metabolites, RSV was found to be one of the polyphenols with the most known
interactions with proteins (738 RSV-protein interactions). Only five protein interactions were reported
with RSV metabolites, specifically interacting with DHR, highlighting the lack of studies on RSV
metabolites. Taken together, the protein interactome of RSV and DHR led to 743 interactions (Figure 3).
The interacting proteins can be classified in terms of diseases, using DAVID’s [82] genetic association
database (GAD) [83] disease classification system. RSV showed low coverage for most diseases (<50%),
yet a widespread representation, highlighting its potential pleotropic effect. RSV modulates genes
within pathways of cancer, metabolic and cardiovascular diseases, and to lesser extent other disease
classes (Figure 3A). Taking the same list of RSV-interacting proteins, these could be classified in terms of
protein super-families, using the InterPro [84] protein classification in DAVID. This analysis highlighted
an enrichment in many protein super-families modulated by RSV (Figure 3B), of relevance in metabolic
diseases and obesity, such as nuclear hormone receptor-type (e.g., PPARγ), insulin related, NF-κB,
enolases, sirtuins, and nitric oxide related proteins. Using STITCH [85], a protein-metabolite database,
proteins of experimental evidence were further selected to interact with RSV (Figure 3C). This obtained
network highlighted, with substantial overlap, the enrichment of RSV-interacting proteins previously
identified by InterPro classification (Figure 3B).

While RSV may establish a large number of possible interactions, some of these proteins are
already established direct targets of RSV, at least in vitro [77]. The structure of some of these
protein-RSV complexes can be found in the Protein Databank (PDB) [86], accounting for 24 RSV-protein
complexes, and even a handful of RSV metabolite protein complexes.

3.2. RSV Increases Energy Expenditure and Vascular Function

One of the most studied mechanisms of RSV is its capacity to increase energy expenditure by
modulating protein targets within central energy pathways and signaling, specifically by inducing
mitochondrial biogenesis. RSV can directly activate SIRT1 and SIRT5. Because sirtuins are
NAD-dependent deacetylases, they directly depend on NAD+ and therefore are quite sensitive to
cellular energy via imbalances of the redox pair NAD+/NADH. Sirtuins act as caloric restriction
mimetics, with potential benefits in longevity and preventing age-related complications, as well as
type II diabetes and obesity. By activating SIRT1, RSV elicits deacetylation of PGC1α, a key regulator of
energy metabolism, leading to decreased glycolysis in muscle and the liver, and increased lipid
use [13,87]. In addition, RSV inhibits ATP production by interfering with mitochondrial function,
leading to an increase of AMP/ATP ratio, which activates AMP-activated protein kinase (AMPK) [75].
AMPK is a pivotal protein in governing energy homeostasis and its activation takes place in cases of
nutrient starvation or in the presence of agonists, such as certain drugs (e.g., metformin) or natural
compounds such as RSV. Furthermore, AMPK may inhibit mTOR signaling, that in certain species
has been associated with an extended lifespan, given its anti-ageing effects. The signaling pathway of
AMPK crosstalks with Akt (protein kinase B). Akt are kinases involved in metabolism and cell
proliferation and are part of the PI3K/AKT/mTOR pathway that governs the cell cycle. Activation of
Akt reduces the activity of AMPK through direct phosphorylation [79].

Interestingly, AMPK and Akt have been shown to directly phosphorylate the endothelial nitric
oxide synthase (eNOS). eNOS, responsible for the production of nitric oxide (NO), is activated by shear
stress and agonists, and has a protective function in the cardiovascular system. RSV has been shown
to be such an agonist, by improving vascular function and vasoprotective effects, including vascular
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NO production and bioavailability, and perivascular adipose tissue function [88]. Akt and AMPK may
contribute to the stimulation of NO production by eNOS in response to RSV treatment [79].

A 

 
 

B 

C   

Figure 3. Using Lacroix et al.’s [81] human polyphenol-protein interactome, proteins (743) interacting
with resveratrol and dihydroresveratrol were functionally analyzed in DAVID [82]. (A) Resveratrol
interacting genes annotated according to the genetic association database (GAD) [83] disease categories,
according to percentage of genes and p-value. (B) Clustering of protein super-families according to
the InterPro [84] protein classification, at the highest stringency (in yellow, protein classes represented
in (C). (C), Human resveratrol-protein interactome using experimental evidence obtained from
STITCH [89]. The size of the node reflects the strength of the resveratrol-protein interaction. Depicted
proteins: peroxisome proliferator-activated receptor gamma (PPARG), NAD-dependent deacetylase
sirtuin-1 (SIRT1), 3 (SIRT3) and 5 (SIRT5), nitric oxide synthase 3 (NOS3), prostaglandin-endoperoxide
synthase 1 (PTGS1) and 2 (PTGS2), estrogen receptor 1 (ESR1), tumor protein p53 (TP53), and AKT
serine/threonine kinase 1 (AKT1).
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Beyond central metabolism and bioenergetics, RSV also impacts lipid metabolism. RSV can
directly inhibit PPARγ, a nuclear receptor expressed in adipose tissue, or do so indirectly via SIRT1,
leading to decreased adipogenesis and increased lipolysis [87]. SIRT1 is also known to repress NF-κB
activity, and thereby reduce inflammation. RSV modulates inflammation by directly interacting
with cyclooxygenases (COX), which catalyze the formation of prostaglandins, bioactive lipids with
hormone-like effects [77].

3.3. Effect of RSV on Epigenietics

While RSV has an impact on metabolism, some of its mechanisms are a consequence of
epigenetic modifications. In fact, RSV can induce epigenetic modifications to the DNA sequence.
Epigenetic modifications include DNA methylation, histone modifications and nucleosome
positioning. These modifications can interact with each other to influence gene expression [90].
RSV supplementation can influence DNA methylation and histone modification, with the latter being
most relevant in the context of obesity and energy balance. Histones are subject to post-transcriptional
modification like methylation, phosphorylation, ubiquitination, SUMOylation and ADP-ribosylation.
These modifications can be reversed by methyltransferases, histone demethylases, kinases, histone
acetyltransferases and histone deacetylases. For instance, RSV can influence histone deacetylation
via sirtuins, and sirtuins activated by RSV can deacetylate sites on PGC1α [13]. The nuclear bile acid
receptor farnesoid X receptor (FXR) is a target a SIRT1 that plays a critical role in the regulation of lipid
and glucose metabolism. RSV treatment reduced acetylated FXR levels, with benefits for metabolic
health [91].

3.4. RSV Influences Redox Metabolism

RSV has 16-times lower antioxidant capacity than alpha-tocopherol [92], nature’s ubiquitous
antioxidant, and therefore will be inefficient per se for radical scavenging in physiological
conditions. However RSV, in addition to other polyphenols, has been described as undergoing
redox cycling, being able to adopt a quinone-like structure and generate reactive oxygen species
(ROS). ROS production leads to the activation of the nuclear factor-erythroid 2-related factor-2 (Nrf2),
a transcription factor that regulates redox status, and reacts against stresses. In addition, Nrf2 improves
cellular recycling and cross-talks with central and lipid metabolism, as well as modulates phase I
and II metabolism enzymes and transporters [93,94]. One of these phase II detoxifying enzymes,
quinone reductase 2 (QR2) has been shown to interact directly with RSV. The inhibition of QR2 by RSV
may induce other cellular antioxidant enzymes and increase cellular resistance to oxidative stress [77].
Oxidative stress contributes to type II diabetes, and RSV showed antioxidant effects after eight weeks of
supplementation with 800 mg/day in the blood and PBMCs (peripheral blood mononuclear cells) of
diabetic patients. After RSV consumption, the expression of Nrf2 and superoxide dismutase (SOD)
was significantly increased, along with reductions in body weight, BMI and blood pressure [95].

3.5. RSV Metabolites Exhibit Activity

RSV metabolites have been examined for their potential activity only recently. A biochemical
study compared the action of RSV, and RSV-3- and 4’-O-sulfates (Figure 1.2,3) on three direct
targets: COX, SIRT1 and QR2. RSV and metabolites can inhibit both COX and QR2 enzymes.
SIRT1 is activated by RSV and metabolites, but the activation seems to be a substrate-dependent
phenomenon questioning in vivo relevance [96]. Comparable in vitro activities were also found for
RSV glucuronides [97]. The ability to bind to human serum albumin was found to be comparable
between RSV, RSV-4’-glucuronide (Figure 1.6) and DHR (Figure 1.7), while RSV-3-O-glucuronide
(Figure 1.5) showed a slightly lower affinity. RSV-4’-glucuronide was able to inhibit COX-2 and
DHR presented comparable activity in inhibiting NO production [97]. The metabolites RSV-3- and
4’-O-sulfates were also studied in vivo, by dosing these conjugates directly to mice. Both compounds
led to low bioavailability, but hydrolysis of sulfate moieties was identified, contributing to the
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recirculation of free RSV. In human cancer cells, RSV metabolites partially regenerated free RSV and
prompted autophagy and senescence [63]. Thus, these studies lead to the suggestion of a metabolic
interplay between RSV and phase II metabolites in the body. According to the cell’s specific conditions,
RSV metabolites function as a pool of RSV, actively contributing to a wide variety of actions, previously
solely attributed to RSV.

4. Resveratrol, Metabolic Health and Obesity

Obesity is characterized by an excess accumulation of adipose tissue which is a risk factor for the
development of chronic diseases [26,98]. Adipose tissue is composed of specialized cells, adipocytes,
which store and release energy. To store energy, adipocytes convert free fatty acids to triglycerides
through lipogenesis, and to release energy triglycerides are metabolized through a process called
lipolysis. Adipocytes also produce hormones, adipokines, which relay information from the adipose
tissue to the central nervous system [99]. Reduction of adipose tissue through increased physical
activity and decreased energy intake can reduce the risk of adverse health outcomes. Though increased
exercise and reduced calorie intake are effective methods to reduce adiposity, compliance is low and
genetic factors may be unfavorable; therefore, alternative treatments are needed. RSV has been shown
to influence adipose tissue function [100].

RSV was found to have an anti-lipolytic effect at low physiological concentration in a human
adipocyte model [28]. A decreased sulfation of RSV, by knock-down of SULT1A1, resulted in an
increased anti-lipolytic effect, as demonstrated by lower glycerol accumulation, probably attributed to
lower activity of the lipolytic protein perilipin, suggesting the role of phase II enzymes in RSV
bioavailability in adipose tissue. A comprehensive review on effects of RSV on adipose tissue [101]
detailed effects on how RSV can modulate adipogenesis, apoptosis, de novo lipogenesis and lipoprotein
lipase functions, lipolysis, thermogenesis, and fatty acid oxidation, in vitro and in rodent models.

Although adipose tissue is an attractive target site of RSV, only a few human studies have so far
been conducted to consider RSV-treatment in this tissue. A recent human clinical trial investigated the
effect of RSV supplementation on the adipose tissue metabolome [102]. In this study, male subjects
with metabolic syndrome (characterized by elevations in at least three of the following: abdominal
obesity, blood lipids, blood pressure and fasting blood glucose) were treated for four months with
1 g of resveratrol. The metabolome of these biological samples were characterized using untargeted
metabolomics. This approach identified 282 metabolites in adipose tissue, of which 45 changed
significantly in response to RSV treatment. RSV supplementation was associated with increased long
chain-fatty acids, increased polyunsaturated fatty acids and decreased steroids [102]. Another study
in obese men, supplemented for 30 days with 150 mg of RSV, observed changes in adipose tissue
morphology. RSV decreased abdominal subcutaneous adipocyte size. Transcriptome profiling on the
adipose tissue samples and subsequent pathway analysis identified an enrichment of genes involved
in cell cycle regulation pathways, suggesting enhanced adipogenesis [103].

In terms of obesity and the sphere of weight management, RSV has demonstrated significant
improvement of glucose control and insulin sensitivity in diabetics [104]. A few studies indicate
potential in enhancing adipogenesis as well as lipid markers in adipose tissue [102,103], therefore this
is an application area worth further exploring. Even though clinical interventions can be particularly
challenging, perhaps it is in the preventive health space that RSV can offer its full potential [31,78].

5. Outlook

With over 140 human clinical trials using RSV (clinicaltrials.gov), and more than 10,000 scientific
publications describing the uses and effects of RSV, much research has been conducted on this small
molecule. Due to varying doses, disparate experimental setups, low statistical power, and a myriad of
biological or other types of confounders, the ultimate fate and effect of RSV in humans remains elusive.
Mechanisms of action are varied and of potential benefit for cardiovascular health, obesity, metabolic
health, inflammation, and cancer management, therefore, RSV is of wide pleiotropy. Systems-driven

240



Nutrients 2019, 11, 143

approaches [81] aid in mapping effects of multi-targeted compounds such as RSV and highlight links
between bioenergetics [27], phase II metabolism [38] and redox pathways [93], linked by protein targets
modulated by RSV.

The bioavailability of RSV is often mentioned as a limitation and is subject to controversy.
Nevertheless, studies on RSV metabolites seem to be encouraging, as these either have similar effects
or can act as a RSV pool in the body, fostering the metabolic effects previously solely attributed to free
RSV [63]. On the note of enhancing knowledge on RSV metabolites and its potential actions, the use of
untargeted metabolomics analysis [105] can widen the spectrum of RSV metabolites known so far,
and also map metabolic sub-network effects induced by RSV [102]. Stable isotopes are an elegant tool
to unravel metabolic fate of specific compounds [106] and offer advantages compared to radioactive
labeling strategies.

Inter-individual variability [19] upon RSV intake can be attributed to various factors such as:
(i) gut microbiota composition; (ii) genetic polymorphisms in phase II metabolism enzymes (e.g.,
UGTs, SULTs) and transporters, including tissue specificity and/or enzymatic regioselectivity; (iii)
variability inherent in specific ethnicities or geographic subpopulations; (iv) specific lifestyles and
diets; or (v) simply part of natural human variation. As bioactive-intervention studies often rely on
small human studies, the variability can be overpowering. These factors need to be taken into account
in future studies. Efforts to conduct larger and more deeply characterized studies could be an aim of
the research community in order to bridge the current gaps in knowledge on RSV metabolism and
beneficial effects.
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