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A B S T R A C T

Grape skin and seed oil are winemaking by-products with a potential nutraceutical value. This study aimed to
evaluate the effects of resveratrol-enriched grape seed oil (GSO) administration on white adipose tissue (WAT)
dysfunction in obese mice. Male mice were divided into four groups (n=10/group): the chow diet (CD) group;
the high-fat diet (HFD) group was fed fat from milk cream (rich in saturated fatty acids), and the HFD-GSO and
HFD-GSO+R groups were fed fat from GSO in absence or presence of resveratrol (200mg/kg/day), respectively.
Glucose tolerance, metabolic profile, and inflammatory cytokines were determined. Histological studies were
carried out in WAT and brown AT, RT-qPCR and western blot were used to determine the gene and protein
expression. In the setting of obesity, our results unveil a novel nutritional value for winemaking by-products by
which resveratrol-enriched GSO from Vitis vinifera L. in obesogenic diets favor WAT and immunometabolic
homeostasis.

1. Introduction

The global prevalence of obesity has increased rapidly in recent
years, and the number of overweight or obese adults worldwide is ex-
pected to reach 3.3 billion by 2030 (Gonzalez-Muniesa et al., 2017). In
addition to genetic mechanisms, the continuous and excessive exposure
to energy-dense foods paired with a sedentary lifestyle has driven the
obesity pandemic (Stelmach-Mardas et al., 2016). White adipose tissue
(WAT) is the primary site for energy storage and a dynamic endocrine
organ secreting a range of bioactive molecules (adipokines, lipokines,
and extracellular vesicles) to communicate with other cell types,
thereby exerting diverse local and systemic effects with a major re-
levance on whole-body homeostasis (Choe, Huh, Hwang, Kim, & Kim,
2016). Upon exceeding its expansion capacity by an enlargement in the

size of adipocytes (hypertrophy), an increase in the number of adipo-
cytes (hyperplasia) or both, WAT becomes dysfunctional and promotes
the recruitment of immune cells, which ultimately leads to a low-grade
inflammatory state (Macdougall & Longhi, 2019). Self-sustained lipo-
lysis orchestrates the accumulation of monocyte-derived macrophages
in the obese WAT (Guo et al., 2015), where they polarize or switch from
an M2 anti-inflammatory phenotype towards an M1 pro-inflammatory
phenotype (Zhao et al., 2018).

Grape, the berries of Vitis vinifera L., is one of the most economically
important plant species due to its diverse uses in production of wine,
grape juice and other food products (Ding et al., 2018). During wine
production, approximately 25% (w/w) of the grape results in by-pro-
ducts, which are comprised of skins and seeds (Millan-Linares et al.,
2018). Resveratrol (3,5,4′- trihydroxystilbene), is a stilbenoid poly-
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phenol which is naturally present in the skin and seeds of grapes (Yang,
Xu, Qian, & Xiao, 2017). However, resveratrol is not detected in grape
seed oil (GSO) (Millan-Linares et al., 2018). Clinical trials and animal
experiments have shown that resveratrol has numbers of health bene-
fits, including the prevention of cancer (Ko et al., 2017), aging (Diaz,
Degens, Vanhees, Austin, & Azzawi, 2016), obesity (Aguirre,
Fernandez-Quintela, Arias, & Portillo, 2014), diabetes mellitus
(Szkudelski & Szkudelska, 2015), and cardiovascular disease
(Bonnefont-Rousselot, 2016). Anti-inflammatory and antioxidant ac-
tivity, improvement in mitochondrial function, and the inhibition of
apoptosis, are all considered potential effects of resveratrol (Rauf et al.,
2017).

Recently, grape seed has shown a potential for production of oil, up
to 15%, as a by-product of winemaking (Teixeira et al., 2014). Ac-
cording to the Global GSO market 2019, indicates that the GSO pro-
duction is expected to grow at a roughly 3.7% over the next five years,
will reach 450 million US$ in 2024, from 360 million US$ in 2019. The
global aim of the project is to assess whether resveratrol-enriched GSO,
compared to other saturated fatty acid (SFA)-enriched high-fat diet
(HFD), could have benefits on markers of metabolic abnormalities and
inflammation in white adipose tissue of obese mice.

2. Materials and methods

2.1. Animals and diets

All animal protocols received appropriate institutional approval by
Animal Care and Use Committee of the University Hospital Virgen
Macarena and University Hospital Virgen del Rocio, and were per-
formed according to the official rules formulated in the Spanish law and
European legislation on the care and use of experimental animals (RD
53/2013; 2012/707/UE). C57BL/6J genetic background were used for
this study. Mice were maintained in light/dark- (12 h light/12 h dark),
temperature- (22 ± 1 °C) and humidity- (50–60% relative humidity)
controlled room, fed with standard chow diet (CD, SAFE A04-10
Panlab) ad libitum and had free access to drinking water at the animal
facilities of the School of Medicine (University of Seville).

Male animals at the age of 10–12weeks were divided in 4 experi-
mental groups (n= 10/group). Mice were fed chow diet (3% energy as
fat from soybean oil, A04-10) or high-fat diets (HFDs) based on the
above A04-10 diet with additional 21% energy as fat from milk cream
(HFD-SFAs), or GSO (Naturgreen, Murcia, Spain) for 12 weeks. In one
dietary GSO group, resveratrol (Sigma-aldrich, Madrid, Spain) was
added in 200mg/kg/day (Table 1) (Ding et al., 2018). Diets and
drinking water were refreshed every week. The fatty acid composition
of the diets was determined via lipid extraction, saponification and
capillary gas chromatography (Table 2) (Montserrat-de la Paz et al.,
2016). Total phenolic content (TPC) in GSO was carried out using the
method described by Martin et al. (Martin et al., 2019). The TPC in GSO

was 73.09 ± 1.71 μg per gram of GSO. These results are in line with
previous studies (Bail, Stuebiger, Krist, Unterweger, & Buchbauer,
2008). Carbohydrate was used to adjust the total energy content in LFD
and HFDs (isocaloric diets, 3339 Kcal/Kg). All diets had low cholesterol
(0.01%), were prepared by Panlab and presented as pellets to the ani-
mals. Body mass, food and water intake were recorded daily.

At the end of the experiments, animals were sacrificed at the be-
ginning of the light cycle and after 10-h of food deprivation, blood was
collected by cardiac puncture and tissues (WAT and interscapular
brown adipose tissue, iBAT) were then removed, weighed, and frozen at
−80 °C or fixed with 4% paraformaldehyde for further analysis.

2.2. Metabolic profiling

The oral glucose tolerance test (OGTT) was performed at least one
week before sacrifice. For OGTT, mice were fasted overnight followed
by oral gavage of dextrose (2 g/kg of body weight). Glucose was mea-
sured from tail vein blood at baseline and at 15, 30, 60, 90 and 120min.
At the time of sacrifice, fasting serum samples were used to measure
cytokine and adipokine (TNF-α, IL-1β, IL-6, and leptin) levels by ELISA
(ThermoFisher Scientific, Whaltham, MA, USA). Cholesterol and tri-
glycerides in serum were determined by enzymatic colorimetric assays
(Cholesterol Reagent and Triglycerides reagent kits from Bio-Science-
Medical, Madrid, Spain).

2.3. Histological analysis

WAT tissue samples (5–10mm) fixed in 4% paraformaldehyde were
dehydrated in ethanol and xylene, and embedded in paraffin. The
paraffin blocks were sliced into 6 μm tissue sections that were depar-
affinized, rehydrated and stained for hematoxylin-eosin or macrophage
immunohistochemistry. In the hematoxylin-eosin study, a standard
Mayer’s Hematoxylin and Eosin Y (H&E) staining protocol was used.
Images were acquired using a Leica DM3000 light microscopy (Leica

Table 1
Macronutrients composition of diets.

Macronutrients CD HFD GSO GSO+R

Fat (%) 3 24 24 24
Carbohydrate (%) 77.5 56.5 56.5 56.5
Protein (%) 19.5 19.5 19.5 19.5

Values are expressed as the percentage of energy derived from fat, carbohydrate
or protein. Chow diet (CD), high-fat diet rich in saturated fatty acids (HFD),
high-fat diet rich in grape seed oil (GSO), and high-fat diet rich in GSO plus
resveratrol (GSO+R).

Table 2
Fatty acid composition of dietary fats for corresponding HFD.

HFD GSO GSO+R

Fatty acid g/100 g of fatty acid ± SD

4:0, butyric 0.83 ± 0.09 – –
6:0, caproic 0.25 ± 0.01 – –
8:0, caprylic 0.61 ± 0.04 – –
10:0, capric 2.47 ± 0.08 – –
12:0, lauric 3.09 ± 0.24 – –
14:0, myristic 10.87 ± 0.53 0.05 ± 0.01 0.05 ± 0.01
16:0, palmitic 35.54 ± 0.47 6.73 ± 0.35 6.76 ± 0.33
18:0, stearic 11.49 ± 0.43 3.84 ± 0.21 3.85 ± 0.23
Total-SFAs 63.46 ± 1.07 a 10.62 ± 0.89b 10.66 ± 0.86b

16:1(n-7), palmitoleic 3.60 ± 0.18 0.17 ± 0.08 0.16 ± 0.08
18:1(n-9), oleic 25.33 ± 0.41 14.76 ± 0.42 14.68 ± 0.46
Total-MUFAs 28.93 ± 1.48b 14.93 ± 1.22 a 14.84 ± 1.13 a

18:2(n-6), linoleic 4.27 ± 0.47 74.16 ± 0.53 74.23 ± 0.51
18:3(n-3), α-linolenic 0.39 ± 0.03 0.11 ± 0.07 0.11 ± 0.07
Total-PUFAs 4.66 ± 0.46b 74.27 ± 1.75 a 74.34 ± 1.66 a

Others 0.96 ± 0.24 0.18 ± 0.02 0.16 ± 0.02

The values are expressed as the mean ± SD (n=3). An ANOVA followed by
Tukey’s post-hoc test was performed. Different superscript letters (a–c) denote that
mean values in a row with different letters are significantly different (p < 0.05).
High-fat diet rich in saturated fatty acids (HFD), high-fat diet rich in grape seed oil
(GSO), and high-fat diet rich in GSO plus resveratrol (GSO+R).
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Microsystems) coupled to a computerized morphometric system (Leica
Qwin 3.5.1). Adipocyte area and size distribution were measured using
ImageJ software. Adipocyte number was determined as described pre-
viously (Arner et al., 2013). Data were collected from 3 H&E-stained
sections per mouse. Average of 100 cells per mouse is presented.

2.4. RNA isolation and RT-qPCR analysis

Total RNA was extracted from WAT and BAT samples using Trisure
Reagent (Bioline, London, UK). RNA quality was assessed by A260/A280

ratio in a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific).
RNA (1 μg) was subjected to reverse transcription (iScript, BioRad,
Hercules, CA, USA). An amount of 20 ng of the resulting cDNA was used
as a template for real-time PCR amplifications. The mRNA levels for
specific genes were determined in a CFX96 system (BioRad). For each
PCR reaction, cDNA template was added to Brilliant SYBR green QPCR
Supermix (BioRad) containing the primer pairs for the corresponding
gene. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as housekeeping gene. Primers are available in Supplementary Table 1.
All amplification reactions were performed in triplicate and average
threshold cycle (Ct) numbers of the triplicates were used to calculate
the relative mRNA expression of candidate genes. The magnitude of
change of mRNA expression for candidate genes was calculated by
using the standard 2−(ΔΔCt) method. All data were normalized to the
content of housekeeping gene and expressed as percentage of control.

2.5. Isolation and immunoblotting detection of proteins

BAT was processed as described by Aparicio-Soto et al. (Aparicio-
Soto et al., 2018). Protein concentration was measured for each sample
using a protein assay reagent (BioRad) according to the Bradford́s
method using γ-globulin as a standard (Bradford, 1976). Aliquots of
supernatant containing equal amount of proteins (20 µg) were sepa-
rated on 10% acrylamide gel by sodium dodecyl sulphate poly-
acrylamide gel electrophoresis and the proteins were electro-
phoretically transferred into a nitrocellulose membrane and incubated
with specific primary antibodies: polyclonal rabbit anti-mouse un-
coupling protein one (UCP-1) (Cell Signaling, Danvers, MA, USA) and
monoclonal rabbit anti-mouse β-actin (Sigma-Aldrich) antibodies;
overnight at 4 °C. After rinsing, the membranes were incubated with a
horseradish peroxidase-labelled (HRP) secondary antibody anti-rabbit
(Cayman Chemical) (1:50,000) containing blocking solution for 1–2 h
at room temperature. Immunodetection was performed using enhanced
chemiluminescence light-detecting kit (Pierce, Rockford, IL, USA). The
signals were captured using LAS-3000 Imaging System from Fujifilm
Image Reader (Stamford, USA) and densitometry data were studied
following normalization to the housekeeping loading control. The sig-
nals were analysed and quantified by an Image Processing and Analysis
in Java (Image J, Softonic, Barcelona, Spain) and expressed in relation
to CD group.
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2.6. Statistical analysis

Data are presented as mean ± SD. Differences between groups
were evaluated using one-way analysis of variance (ANOVA). Variables
over time were evaluated with two-way ANOVA with Tukey multiple
comparisons post-hoc. GraphPad Prism version 7 was used for these
statistical analyses. Criterion for significance was set to p < 0.05 in all
comparisons.

3. Results

3.1. Resveratrol-enriched grape seed oil reduces body and white adipose
tissue weight gain in obese mice

After 12 weeks of treatment, mean daily food intake (CD,
4.18 ± 0.27; HFD, 4.16 ± 0.72; GSO, 4.11 ± 0.35; GSO+R,
4.09 ± 0.48 g/mouse) and water intake (CD, 5.88 ± 0.97; HFD,
6.00 ± 1.03; GSO, 5.97 ± 0.79; GSO+R, 5.99 ± 0.96mL/mouse)
were not different among the four diet groups. Despite similarities in
food and drink intake, the final body weight (Fig. 1A) and body weight
gain (Fig. 1B) of animals increased but to a different degree depending
on the diet (HFD > GSO > GSO+R > CD). WAT weights were

significantly higher in mice on HFDs relative to chow diet but the ef-
fects of GSO+R were less pronounced than that of SFA-enriched HFD
(Fig. 1C). No changes were observed for weight of iBAT (Fig. 1D), even
when viewed from a weight-adjusted approach (data not shown).

3.2. Resveratrol-enriched grape seed oil attenuates lipid metabolism
abnormalities and insulin resistance in obese mice

As obesity is associated with abnormal lipid metabolism, we next
investigated parameters related to lipid metabolism in obese mice fed
chow diet and HFDs. Serum cholesterol (Fig. 2A) and triglyceride
(Fig. 2B) levels were significantly higher in mice on HFDs, although
circulating cholesterol and triglycerides were lower in mice fed GSO+R
as compared to SFA-enriched HFD. To establish if the impact of HFDs
on body weight had consequences on glucose homeostasis, we assessed
glycemic control in mice fed chow diet and HFDs. Mice fed GSO and
GSO+R demonstrated better oral glucose tolerance (Fig. 2C) than mice
fed SFA-enriched mice. Fasting blood glucose levels were comparable in
all animals irrespective of diet (data not shown) but those on HFDs had
higher fasting serum insulin levels (Fig. 2D) than the group on chow
diet. Remarkably, impaired glucose homeostasis became less prominent
with GSO and GSO+R than with SFA-enriched HFD.
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Fig. 2. Serum cholesterol (A), triglycerides (B), OGTT area-under-the-curve (C), and serum insulin (D) after 12weeks feeding on each diet (n= 10/diet). Values are
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M. Mahanna, et al. Journal of Functional Foods 62 (2019) 103546

4



3.3. Resveratrol-enriched grape seed oil improves low-grade systemic
inflammation in obese mice

To gain understanding of the impact of HFDs on adipose tissue
function and as obesity triggers chronic low-grade inflammation, we
sought to determine the abundance of major circulating pro-in-
flammatory adipokines in mice fed chow diet and HFDs. As shown in
Fig. 3, serum TNF-α (Fig. 3A), IL-1β (Fig. 3B), IL-6 (Fig. 3C), and leptin
(Fig. 3D) levels were substantially higher in mice on SFA-enriched HFD.
Interestingly, mice fed GSO+R showed less metabolically pro-in-
flammatory phenotype than mice fed SFA-enriched HFD.

3.4. Resveratrol-enriched grape seed oil attenuates white adipose tissue
expansion in obese mice

Next, we performed studies to elucidate the adipocyte-architecture
during adipose expansion in mice fed chow diet and HFDs. Histological
examination of WAT sections (Fig. 4A) and subsequent quantification
for adipocyte size confirmed a higher frequency of very large adipo-
cytes (Fig. 4B) in mice fed HFDs. Noteworthy, mice fed GSO+R ex-
hibited much less adipose hypertrophy (Fig. 4C) than mice fed SFA-
enriched HFD and partially restored the adipocyte number compared to
mice fed chow diet (Fig. 4D).

3.5. Resveratrol-enriched grape seed oil attenuates white adipose tissue
infiltration and inflammation in obese mice

To explore immune-related events that follow adipose tissue ex-
pansion and that contribute to the development of insulin resistance,
we analyzed the cellularity and recruitment of inflammatory cells and
local inflammation in WAT of mice fed chow diet and HFDs. Upon
mRNA levels for the pan macrophage marker F4/80 (Fig. 5A), the M1
macrophage marker CCR7 and iNOS (Fig. 5(B and C), respectively) and
the M2 macrophage marker MRC-1 and Arg-1 (Fig. 5(D and E), re-
spectively), we found that SFA-enriched HFD resulted in a dramatic
increase of macrophages mainly polarized toward a M1 pro-in-
flammatory phenotype while GSO and GSO+R induced a much less
infiltration of macrophages, the majority of which were M2. In addi-
tion, adipose gene expression levels of pro-inflammatory adipokines
TNF-α (Fig. 6A), IL-1β (Fig. 6B), and IL-6 (Fig. 6C) were higher with
SFA-enriched HFD but these levels were significantly down-regulated
by GSO and GSO+R.

3.6. Resveratrol-enriched grape seed oil induces UCP-1 gene and protein
expression in brown adipose tissue

Finally, the UCP-1 gene (Fig. 7A) and protein (Fig. 7B) expression
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Fig. 3. Serum TNF-α (A), IL-1β (B), IL-6 (C), and leptin (D) after 12weeks feeding on each diet (n= 10/diet). Values are presented as the mean ± SD and those
marked with different lowercase letter are statistically different (p < 0.05).
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levels were analyzed in BAT of mice fed chow diet and HFDs. No dif-
ferences were observed between SFA-enriched HFD and chow diet,
whereas GSO+R significantly increased mRNA and protein levels in
BAT.

4. Discussion

The interest in grapes as a functional food product has increased,
especially because of its high levels of bioactive constituents in wine-
making by-products, such as resveratrol in skins and lipophilic con-
stituents, such as vitamin E, unsaturated fatty acids, and phytosterols in
GSO (Karaman et al., 2015). Despite the potential health benefits of
resveratrol, its utilization as a nutraceutical ingredient within the food
industry is currently limited due to its poor water-solubility, chemical
instability, and low bioavailability (Davidov-Pardo & McClements,

2015) In the present work, the GSO has been enriched in resveratrol
and for the first time, the effect of this functional food has been ex-
plored on metabolic and inflammatory response of WAT from obese
mice. Our study further demonstrated that dietary resveratrol-enriched
GSO could reverse insulin resistance and lipid abnormalities, reduce
low-grade systemic inflammation, and decrease WAT expansion, im-
mune cell infiltration and inflammation in HFD-induced obese mice.

To our knowledge, for the first time, these effects of dietary GSO
have been demonstrated in HFD-induced obese mice. However, studies
in animal models of diabetes and obesity have shown that resveratrol
mitigates complications of metabolic diseases (Carpéné et al., 2019). In
rodents, the range of doses used in the reported studies with resveratrol
is very large (1–400mg/kg body weight/day). This means that re-
sveratrol shows anti-obesity effects at doses clearly below the no ob-
served adverse effect level (NOAEL), fixed at 750mg/kg/day. By ex-
trapolating these doses to humans using Reagan-Shaw’s formula
(Reagan-Shaw, Nihal, & Ahmad, 2008), the doses obtained are in the
range of 0.081–10.8mg/kg/day, which represents 4.9–648mg/day for
a 60-kg adult (Edwards, Beck, Riegger, & Bausch, 2011).

Our approach did not allow for deciphering the exact mechanisms
by which resveratrol (200mg/Kg/day)-enriched GSO prevents fat ac-
cumulation in treated obese mice. However, as expected, the main
target for resveratrol as an anti-obesity molecule is WAT, because it is
the main body lipid store. Accordingly, we observed body and WAT
weight gain and serum lipid concentration were significantly lower in
mice on resveratrol-enriched GSO relative to SFA-enriched HFD. In this
sense, previous investigations demonstrated a significant reduction in-
duced by resveratrol in serum TG and TC levels in animal models of
obesity, accompanied by reduced body weight gain (Liu et al., 2016;
Qiao et al., 2014; Rivera, Moron, Zarzuelo, & Galisteo, 2009). Conse-
quently, the mechanism of resveratrol by regulating lipid abnormalities
in obesity is not totally understood and needs further research.

In obesity, the hypertrophy and hyperplasia or both become dys-
functional WAT. Resveratrol-enriched GSO undergoes healthy expan-
sion if the HFD is mainly composed by GSO instead of SFAs. In addition,
macrophage infiltration into adipose tissues is characteristic of chronic
inflammation associated with obesity and a low-grade systemic in-
flammation. Recently, macrophage polarization has been proposed to
be attractive targets for anti-obesity. Increasing evidence has shown
that M1 macrophage recruitment and infiltration into WAT promote the
pathogenesis of insulin resistance (Huh et al., 2017). Thus, we studied
the effect of resveratrol-enriched GSO in macrophage content into WAT
during the development of obesity. Consistent with the increased ex-
pression of serum inflammatory adipokines (such as TNF-α, IL-1β, IL-6,
and leptin) in obese mice, we demonstrated that the content and M1
marker expression in WAT were significantly increased in SFA-enriched
HFD compared to chow diet. Resveratrol-enriched GSO partially re-
stored WAT healthy status of WAT. In vitro, resveratrol inhibited the
mRNA and protein expression of M1 marker in THP-1 monocytes
(Cullen et al., 2007).

In addition to WAT, BAT is also a target for resveratrol. The main
role of BAT is not fat accumulation but adaptive thermogenesis, which
is defined as heat production in response to environmental temperature
or diet (Lowell & Spiegelman, 2000). It is mediated by UCP1, located in
the inner mitochondrial membrane. UCP1 can dissipate surplus caloric
energy and consequently be an important regulator of body weight. As
a matter of fact, BAT may prevent obesity by allowing combustion of
energy instead of storing the excess energy as fat (Cannon &
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presented as the mean ± SD and those marked with different lowercase letter
are statistically different (p < 0.05).
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Nedergaard, 2012). Recently, Wang et al. (2017) observed a decrease in
the average daily weight gain and morphological changes in inter-
scapular BAT (iBAT) in mice treated with resveratrol (0.1% w/w in an
HFD) for 4 weeks. Furthermore, the authors observed an increase in
UCP1 gene and protein expression in the resveratrol-supplemented
animal.

5. Conclusion

Herein, we demonstrated for the first time that concomitant with a
decrease in M1 marker expression and total macrophage F4/80 in WAT,
proinflammatory adipokines in serum, and mRNA levels of in-
flammatory adipokines in WAT were significantly reduced and UCP1
gene and protein expression in BAT was significantly increased in re-
sveratrol-enriched GSO obese mice (Fig. 8). This study unveils new

beneficial effects of the combination of two winemaking by-products
and establishes the potential use of this resveratrol-enriched grape seed
oil in the prevention of obesity and its comorbidities.

Ethics statements file

This study was conducted according to Good Clinical Practice
Guidelines and in line with the principles outlined in the Helsinki
Declaration of the World Medical Association. Informed consent for the
study was obtained. All animal protocols received appropriate institu-
tional approval (Animal Care and Use Committee of the University of
Seville) and were performed according to the official rules formulated
in the Spanish law on the care and use of experimental animals (UE
Directive of 2010: 2010/63/UE; RD 53/2013).
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