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Abstract: A healthy dietary pattern and high quality nutrient intake reduce atherosclerotic
cardiovascular disease risk. Red wine grape pomace (RWGP)—a rich natural source of dietary
fiber and antioxidants—appears to be a potential functional food ingredient. The impact of a dietary
supplementation with RWGP flour was evaluated in atherogenic diet-fed SR-B1 KO/ApoER61h/h

mice, a model of lethal ischemic heart disease. SR-B1 KO/ApoER61h/h mice were fed with atherogenic
(high fat, cholesterol, and cholic acid, HFC) diet supplemented with: (a) 20% chow (HFC-Control),
(b) 20% RWGP flour (HFC-RWGP), or (c) 10% chow/10% oat fiber (HFC-Fiber); and survival time was
evaluated. In addition, SR-B1 KO/ApoER61h/h mice were fed for 7 or 14 days with HFC-Control or
HFC-RWGP diets and plasma lipid levels, inflammation, oxidative damage, and antioxidant activity
were measured. Atherosclerosis and myocardial damage were assessed by histology and magnetic
resonance imaging, respectively. Supplementation with RWGP reduced premature death, changed
TNF-α and IL-10 levels, and increased plasma antioxidant activity. Moreover, decreased atheromatous
aortic and brachiocephalic plaque sizes and attenuated myocardial infarction and dysfunction were
also observed. These results suggest that RWGP flour intake may be used as a non-pharmacological
therapeutic approach, contributing to decreased progression of atherosclerosis, reduced coronary
heart disease, and improved cardiovascular outcomes.

Keywords: atherosclerosis; oxidative stress; magnetic resonance imaging; fiber and antioxidants;
grape pomace

Nutrients 2019, 11, 2135; doi:10.3390/nu11092135 www.mdpi.com/journal/nutrients

http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0003-1850-5560
https://orcid.org/0000-0002-2915-0171
https://orcid.org/0000-0003-3806-1610
https://orcid.org/0000-0003-2113-1926
http://www.mdpi.com/2072-6643/11/9/2135?type=check_update&version=1
http://dx.doi.org/10.3390/nu11092135
http://www.mdpi.com/journal/nutrients


Nutrients 2019, 11, 2135 2 of 17

1. Introduction

Atherosclerosis is an inflammatory condition induced by the accumulation of cholesterol deposits
within the arterial wall triggering an inflammatory response, leading to a pathological intimal lesion,
which contributes to the development of ischemic cardiovascular disease (CVD) [1–3]. In primary
and secondary prevention, statins are the lipid-lowering drug class of choice in order to reduce the
risk of morbidity and mortality due to atherosclerotic CVD (ASCVD) [4]. Despite their effectiveness,
more than half of patients who use statins still develop ischemic events due to coronary artery and
cerebrovascular diseases [5].

Healthy lifestyle choices also have a significant beneficial effect on the initiation and progression
of CVD. Among these, dietary patterns with a high consumption of fruit and vegetables—rich in
dietary fiber and natural antioxidants—have shown benefits in prevention of ASCVD and other
chronic diseases [6]. While soluble fiber reduces intestinal cholesterol absorption and, consequently
blood cholesterol levels [7], natural antioxidants inactivate reactive oxygen species (ROS) and reduce
oxidative damage, a process involved in the beginning and development of chronic diseases, including
atherosclerosis [8–10].

Multiple experimental studies and clinical trials have used polyphenols and other
antioxidant-enriched products as therapeutic agents. For example, consumption of pomegranate
juice concentrate, a source of potent tannin and anthocyanin antioxidants, reduces oxidative damage
markers in diabetic patients [11] and also lowers vascular oxidative stress and attenuates atherosclerosis
in SR-B1 (scavenger receptor class b type 1)/ApoE (apolipoprotein E) double KO mice [12]. In addition,
grapes contain a large variety of natural antioxidants, including resveratrol, catechin, epicatechin,
and proanthocyanidins as well as fiber from seeds and skin [13]. Dietary interventions with grape
skin and/or seed extracts have been used in models of atherosclerosis to evaluate their potential
effect on this disease [13]. Health benefits of moderate wine consumption have also been studied in
CVD, atherosclerosis, and hypertension, among others with some protective associations; however,
no conclusive recommendations exist regarding its intake [14]. Moreover, daily alcohol drinking has
been associated with increased mortality [15]. Studies conducted in ApoE-deficient mice supplemented
with de-alcoholised wine have shown a reduction in adhesion molecules, pro-inflammatory cytokines,
and atherosclerotic lesions [16], suggesting ethanol-independent effects.

Red wine grape pomace (RWGP) can be obtained from waste byproducts—composed by skin,
stems, and seeds that are rich in phenolic compounds and dietary fiber—during the winemaking
process. This byproduct can be dried and milled to produce a functional ingredient as RWGP flour.
Daily consumption of RWGP-enriched foods has shown beneficial effects on antioxidant and metabolic
parameters in animals and humans [17–19]. However, most studies only focus on blood lipid levels and
oxidation analyses, rather than evaluating atherosclerosis progression and actual ischemic outcomes
from coronary heart disease or cardiovascular death in appropriate animal models. In this context,
the aim of this study was to evaluate the impact of dietary supplementation with RWGP flour on
ASCVD and premature death and its potential protective mechanisms in atherogenic diet-fed SR-B1
KO/ApoER61h/h mice, a diet-induced model of occlusive atherosclerosis, coronary heart disease,
and cardiac death [20].

2. Materials and Methods

2.1. Animals

SR-B1 KO/ApoER61h/h mice, originally obtained from Dr. Monty Krieger (Massachusetts Institute
of Technology (MIT), Cambridge, MA, USA), were maintained in the animal facility of the School of
Medicine at Pontificia Universidad Católica de Chile under controlled light, temperature, and humidity
conditions, with free access to water and control chow diet (5% fat, 22% protein, 0.022% cholesterol,
4.0% fiber; Prolab RMH 3000; PMI Feeds Inc., Brentwood, CA, USA). Food intake and body weight were
controlled daily throughout the study period. All procedures described were performed following
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recommendations from the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health and were approved by the Ethics and Animal Welfare Committee from
Pontificia Universidad Católica de Chile (protocols #14-036 and #170131001).

2.2. Experimental Diets

A high fat, high cholesterol, and cholic acid-containing (HFC) atherogenic diet (15.5% fat, 20.6%
protein, 1.25% cholesterol, 0.5% cholic acid, 3.1% fiber; Cocoa Test Diet 57BB, St Louis, MO, USA)
was used as a basis for preparation of experimental diets. Briefly, HFC diet was supplemented with:
20% chow (HFC-Control), 20% RWGP flour (HFC-RWGP), or 10% chow/10% oat fiber (HFC-Fiber),
and the composition of each experimental diet was determined by proximate food analysis (Table 1).
Chow diet and oat fiber were used as atherogenic diet dilution and fiber addition controls, respectively.
RWGP, containing 47.7% dietary fiber, was previously obtained from Cabernet Sauvignon grapes [18]
and stored at −20 ◦C until used. Oat fiber, containing 92.8% dietary fiber, was obtained commercially
(Canadian Harvest® Oat Fiber 780, SunOpta Ingredients Group, Bedford, MA, USA). The nutritional
information of RWGP [18] and oat fiber is reported in Supplemental Table S1.

Table 1. Nutritional composition of atherogenic diets supplemented with 20% chow (high fat,
high cholesterol, and cholic acid (HFC)-Control), 20% red wine grape pomace (RWGP) flour
(HFC-RWGP), or 10% chow/10% oat fiber (HFC-Fiber).

HFC-Control HFC-RWGP HFC-Fiber

Proximate analysis and fiber
(g/100 g of supplemented diet)

Fat 14.5 15.1 13.4
Protein 20.1 17.2 17.2
Carbohydrates a 37.4 30.6 33.2
Dietary fiber 15.0 22.1 22.8

Soluble 2.6 3.6 2.5
Insoluble 12.4 18.5 20.3

Ash 5.1 5.1 4.4
Moisture 8.0 9.9 9.1

Antioxidants and antioxidant capacity

Polyphenols (mg GE/g) 1.9 ± 0.08 6.3 ± 0.42 1.6 ± 0.10
α-tocopherol (µg/g) 2.1 ± 0.13 8.2 ± 0.88 1.7 ± 0.08
γ-tocopherol (µg/g) 15.2 ± 1.20 18.3 ± 1.16 9.2 ± 0.41
δ-tocopherol (µg/g) 7.9 ± 0.62 5.2 ± 0.74 3.9 ± 0.21
Total tocopherols (µg/g) 25.2 ± 1.95 31.7 ± 2.78 14.8 ± 0.70
Vitamin C (µg/g) 200.8 ± 8.58 248.6 ± 8.12 260.1 ± 3.27
ORAC (µmoles TE/g) 35.8 ± 2.61 75.4 ± 3.61 36.3 ± 2.05

Values are mean ± SD. GE: gallic equivalent; ORAC: oxygen radical absorbance capacity; TE: trolox equivalent.
Values represent averages from two to three independent measurements. a Nitrogen-free extract minus dietary fiber.

2.3. Survival Study

For the survival study, female and male SR-B1 KO/ApoER61h/h mice at two months of age were
randomly distributed into three intervention groups. Animals were fed with HFC-Control (n = 20),
HFC-RWGP (n = 19), or HFC-Fiber (n = 21) diets and the survival rate was determined by tabulating
death of mice as a function of time in Kaplan–Meier curves as previously described [21]. All animals
were visually inspected twice a day to assess their health status. Criteria for euthanasia were based on
guidelines considering poor general appearance and abnormal behavior (e.g., ruffled fur, abnormal
gait, reduced food and water intake, decreased body weight, or reduced activity). Spontaneous death
or humanitarian endpoint-euthanized animals were represented in the survival curves.



Nutrients 2019, 11, 2135 4 of 17

2.4. Prospective Detailed Assessment Study

For this study, we used adult SR-B1 KO/ApoER61h/h mice at baseline (day 0) (n = 5) or after
feeding HFC-Control or HFC-RWGP diets for 7 (n = 7) or 14 days (n = 7), respectively. For in vivo
cardiovascular imaging, mice were anaesthetized using isoflurane (1.5%–2% for induction and 0.5%–1%
for maintenance) and imaged in prone position before and 30 min after intravenous administration of
0.03 mmol/kg gadofosveset as a contrast agent (Ablavar, Lantheus Medical Imaging, North Billerica,
MA, USA).

2.5. Tissue Sampling

For tissue and blood sampling, mice were euthanized with a mixture of ketamine:xylazine
(150:10 mg/kg intraperitoneally (i.p.)) after 4-h fasting. Blood was obtained by abdominal vena cava
puncture using heparin as anticoagulant. Plasma was prepared by low-speed centrifugation of blood
and kept at −20◦C. Hearts were inspected macroscopically and presence of at least 1 myocardial
white patch was recorded as ‘infarcted’ whereas the absence of white patches was considered as
‘non-infarcted’. Aorta and hearts were embedded in optimal cutting temperature (OCT) solution
(Sakura Finetek USA, Inc., Torrance, CA, USA), frozen in liquid nitrogen, and stored to −80 ◦C.
Liver and spleen were also extracted and weighed in all animals.

2.6. Blood Lipoprotein Separation

Whole plasma was fractionated by fast protein liquid chromatography (FPLC) using a Superose-6
10/300 GL column (GE Healthcare Life Sciences, Pittsburgh, PA, USA) as previously described [22].
The first 15 mL were discarded and the next 40 fractions of 300µL each, containing the eluted
lipoproteins according to their particle size, were recovered. Samples were stored at −20 ◦C until use.

2.7. Blood Cholesterol Determinations

Plasma total and lipoprotein cholesterol levels were quantified through an enzymatic method
described previously, with some modifications [23]. Briefly, 10 µL of plasma or 300 µL of FPLC fractions
were incubated for 30 min at 37 ◦C with 1% Triton X-100 in 0.5 M Tris-HCl pH 7.6, 50 mM phenol,
50 mM 4-chlorophenol, 0.37% sodium cholate, 0.04% 4-aminoantipyrine, 0.35 U/mL cholesterol esterase,
1.1 U/mL peroxidase (all reagents from Sigma Aldrich, St. Louis, MO, USA), and 0.1 U/mL cholesterol
oxidase (Calbiochem, La Jolla, CA, USA). The absorbance was measured at 500 nm in a plate reader
and cholesterol concentrations were calculated using a standard curve.

2.8. Determination of Plasma Levels TNF-α and IL-10

Tumor necrosis factor alpha (TNF-α) and interleukin 10 (IL-10) levels were measured through
immunodetection kits according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN,
USA). The data obtained for each sample were interpolated in a standard curve.

2.9. Liver Function Tests

Liver injury was estimated by measuring plasma activities of alanine transaminase (ALT) and
gamma-glutamyltransferase (GGT) with a commercial kit through a UV method, according to the
manufacturer’s instructions (HUMAN Diagnostics Worldwide, Wiesbaden, Denmark).

2.10. Analysis of High-Density Lipoprotein (HDL)-Containing Plasma Antioxidant Activity

Antioxidant activity was evaluated with a dihydrorhodamine (DHR)-based fluorescent assay
in HDL-containing plasma after non HDL lipoprotein removal, as previously described with
modifications [24,25]. Briefly, plasma samples were mixed with 20 µM dextran sulfate and 1 M
MgCl2 to obtain final concentrations of 2 µM dextran sulfate and 50 mM MgCl2. After 10 min
incubation and centrifugation at 8000 rpm at 4 ◦C, HDL-containing plasma was recovered, and total
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cholesterol concentration was measured. HDL-containing plasma volumes holding 10 µg of total
cholesterol were incubated with 25 µL of 50 µM DHR solution in 96-well plates. The fluorescence
emitted by the spontaneous oxidation of this reagent in the absence or presence of the plasma samples
was measured with a fluorimeter at 2 min intervals during one hour at 37 ◦C (λEXC = 485 nm;
λEM = 538 nm). The percentage of DHR oxidation was calculated from kinetic slopes of experimental
group samples relative to control reactions without plasma addition.

2.11. Determination of Plasma Malondialdehyde Levels

Malondialdehyde (MDA) levels were analyzed as a marker of oxidative damage in plasma lipids
and quantified as previously described with some modifications [26]. Plasma was deproteinized with
5% trichloroacetic acid (TCA) and supernatant was treated with fresh 0.6% thiobarbituric acid (TBA)
and incubated for 45 min at 90 ◦C. The mixture was cooled down at room temperature and injected
in a reverse-phase high pressure chromatograph (HPLC) (Merck-Hitachi 7000 series, Merck-Hitachi,
Darmstadt, Germany). The separation was made using an Inertsil ODS-3 column (GL Sciences, Tokyo,
Japan) and a mobile phase (65% sodium phosphate buffer pH 7 and 35% methanol). UV–Vis photodiode
array detector and a fluorescence detector (λEXC = 515 nm; λEM = 550 nm) were used for measurements.
MDA concentrations were calculated by interpolating the area of the peak corresponding to the sample
adduct MDA-TBA.

2.12. Histological Characterization of Aortic Root Atherosclerosis

Aortic roots obtained from hearts of treated mice were cut into serial 10-µm cross sections and
stained for neutral lipids with Oil Red O (Sigma-Aldrich, St. Louis, MO, USA) as follows. Frozen
sections were fixed with neutral formalin for 10 min, then placed in 60% isopropanol for 1 min,
and stained with 60% Oil Red O solution for 30 min. Then, sections were washed with water and 60%
isopropanol, rinsed, and counterstained with Meyer’s hematoxylin (Sigma-Aldrich, St. Louis, MO,
USA). Stained sections were dehydrated and mounted with 10% gelatin. Images were captured using
an optical microscope (Eclipse E200, Nikon Instruments, Inc., Melville, NY, USA). Lesion sizes were
estimated using the Image J software in several sections across aortic valves (3–4 serial sections).

2.13. Cardiovascular Magnetic Resonance Imaging

In vivo cardiovascular magnetic resonance imaging (MRI) was performed using a 1T ICON MR
scanner (Bruker, Billerica, MA, USA) at baseline (day 0) as well as 7 and 14 days after diet consumption.
Images were acquired for visualization of aortic arch as well as brachiocephalic and carotid arteries,
and for evaluation of cardiac function. Following a 3D gradient echo scout scan, a black-blood RARE
sequence was run in the aortic arch and supra-aortic vessels (Supplemental Figure S4). An inversion
recovery image—pre and post contrast—was acquired to visualize arterial vessel contrast enhancement:
echo time (TE)/repetition time (TR): 2.6 ms/6.4 ms; flip angle: 25◦; field of view (FOV): 30 × 30 × 8 mm;
matrix acquisition: 256× 256; in-plane resolution: 0.12× 0.12 mm; inversion time: 400 ms, time between
subsequent inversion pulses: 1000 ms). Electrocardiographic (ECG)-gated T1-weighted cine FLASH
images for cardiac function analysis were acquired to study contractile cardiac function (TE/TR:
3 ms/19.8 ms; flip angle: 25◦; FOV: 25 × 25 × 5 mm; matrix acquisition: 116 × 116; in-plane resolution:
0.21 × 0.21 mm).

2.14. MRI Data Analysis

The volume of contrast agent uptake in the aorta and brachiocephalic arteries (BCA) was calculated
from inversion recovery MRI images by manually segmenting the visually enhanced region of the vessel
wall (OsiriX Foundation, Geneva, Switzerland). Cardiac function was assessed from Cine-FLASH
images calculating left end-systolic and end-diastolic ventricle volumes and the ejection fraction
through OsiriX software (Pixmeo SARL, Geneva, Switzerland).



Nutrients 2019, 11, 2135 6 of 17

2.15. Statistical Analyses

The survival rate was determined by tabulating the death of mice as a function of time with
Kaplan–Meier curves. The log-rank (Mantel–Cox) test was used for comparison among three groups.
For additional analyses, normality of data was determined with the Kolmogorov–Smirnov test. Results
are shown as mean ± standard deviation (SD) or median with interquartile range (IQR) (Q1 and Q3)
as specified, where n indicates the sample size. The statistical significance of differences between
proportions was evaluated with the Chi-squared test. Comparisons between two groups at baseline
and day 7 and day 14 post-dietary feeding were performed using two-way ANOVA for nonparametric
data with Sidak post hoc test for multiple comparisons. When the comparisons were made at the end
of the intervention (day 14), analysis was performed using the Mann–Whitney U test for unpaired
nonparametric data. Differences were considered significant when * p < 0.05 between supplemented
diets, # p < 0.05 compared to day 0 (baseline); and & p < 0.05 compared to day 7. GraphPad Prism 8.0.1
(GraphPad Software, La Jolla, CA, USA) was used for statistical data analysis.

3. Results

3.1. RWGP Supplementation Attenuated Premature Death in Atherogenic Diet-Fed SR-B1
KO/ApoER61h/h Mice

The survival study was performed to investigate the effect of RWGP supplementation on lifespan
of atherogenic diet-fed SR-B1 KO/ApoER61h/h mice. The atherogenic diet caused early death in SR-B1
KO/ApoER61h/h mice as previously described [20,27]. However, RWGP addition showed a significant
improvement on animal lifespan with a median survival of 31 days (solid gray line) in comparison
with HFC-Control (23.5 days; solid black line) or HFC-Fiber groups (21 days; dashed line) (p < 0.0001)
(Figure 1). Interestingly, HFC-Fiber group did not improve lifespan. This finding indicates that
the effect of RWGP was not related to mere dilution of the atherogenic diet, mere presence of fiber,
or changes in overall food/water intake among groups (data not shown), but it was most likely due to
specific components of the RWGP flour [18] and HFC-RWGP diet (Table 1).Nutrients 2019, 11, x FOR PEER REVIEW 7 of 18 
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Figure 1. Effect of RWGP supplementation on survival of SR-B1 KO/ApoER61h/h mice fed atherogenic
diet. Kaplan–Meier survival curves of HFC-Control (n = 20), HFC-RWGP (n = 19), and HFC-Fiber
(n = 21) groups obtained from three independent experiments. **** indicates p < 0.0001 between
HFC-RWGP vs. HFC-Control and HFC-Fiber groups based on log-rank test.

3.2. Total and Lipoprotein Cholesterol Levels were Unaffected by RWGP in Atherogenic Diet-Fed SR-B1
KO/ApoER61h/h Mice

Body weights did not differ between groups during the dietary interventions (Supplemental
Figure S1). HFC-Control diet-fed SR-B1 KO/ApoER61h/h mice presented hypercholesterolemia after 7
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and 14 days of diet consumption compared to baseline in accordance with previous observations from
our group [28,29] (Figure 2A). Similar increases in total cholesterol levels were found for HFC-RWGP
diet-fed mice. Cholesterol determinations in different plasma lipoprotein fractions separated by
gel filtration did not show differences between both groups at day 7 (data not shown) or at day 14
(Figure 2B).
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Figure 2. Effect of RWGP supplementation on plasma total and lipoprotein cholesterol levels of SR-B1
KO/ApoER61h/h mice fed with atherogenic diet. (A) Data for total plasma cholesterol are shown in
box plots (box, 25th to 75th percentiles; whiskers, median and interquartile range (IQR)) (n = 5–7).
## p < 0.01 and #### p < 0.0001 compared to day 0 based on two-way ANOVA. (B) Distribution of
cholesterol content in plasma lipoproteins. Data represent averages and error (n = 5–7).

3.3. RWGP Supplementation Modulated Inflammatory Cytokines in Atherogenic Diet-Fed SR-B1
KO/ApoER61h/h Mice

HFC-Control-fed mice showed a significant increase in TNF-α levels after 7 days of intervention
compared to day 0 (p < 0.05), which was prevented with RWGP supplementation at day 7 (p < 0.05)
(Figure 3A). On the other hand, HFC-Control diet also increased IL-10 levels after 7 (p < 0.05) and
14 (p < 0.01) days of consumption and RWGP supplementation resulted in a significant decrease (by
59.9%) in IL-10 levels at day 7, compared to HFC-Control diet (p < 0.05) (Figure 3B). After 14 days of
RWGP supplementation, TNF-α and IL-10 showed a non-significant trend to reduce levels compared
to the HFC-Control diet.
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Figure 3. Impact of RWGP supplementation on plasma inflammation markers of SR-B1 KO/ApoER61h/h

mice fed with atherogenic diet. (A) TNF-α and (B) IL-10 levels at baseline and after 7 and 14 days of
feeding HFC-supplemented diet. Data are shown in box plots (box, 25th to 75th percentiles; whiskers,
median and IQR) (n = 5–7). # p < 0.01 and ## p < 0.01 compared to day 0; * p < 0.01 vs. HFC-Control
based on two-way ANOVA.
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In addition, the pro-inflammatory state exhibited by SR-B1 KO/ApoER61h/h animals fed with
an atherogenic diet correlated with enlarged spleens and the addition of RWGP attenuated these
changes after 7 or 14 days of diet consumption compared to the HFC-Control group (Supplemental
Figure S2A). Previous observations have also suggested the key role of the liver in the inflammatory
response evoked by dietary cholesterol [30]. However, SR-B1 KO/ApoER61h/h animals fed with
HFC-RWGP diet did not show changes in liver weights after 7 or 14 days, compared to HFC-Control
diet (Supplemental Figure S2B). We also did not observe differences on ALT levels, a liver damage
marker enzyme, between HFC-Control or HFC-RWGP groups at different time points (Supplemental
Figure S3A). Interestingly, HFC-Control group showed high levels of GGT, another liver disease marker
enzyme, after 14 days of diet intake (p < 0.05, compared to day 0), while no reversal of these alterations
was observed in the HFC-RWGP group (Supplemental Figure S3B).

3.4. RWGP Supplementation Increases HDL-Containing Plasma Antioxidant Activity in Atherogenic Diet-Fed
SR-B1 KO/ApoER61h/h Mice

We evaluated the effect of the RWGP supplementation on antioxidant activity from plasma
containing HDL particles, but depleted of non-HDL lipoproteins, at different times. This parameter
was analyzed using a cell-free assay that measures the ability of a sample to prevent spontaneous
oxidation of DHR to fluorescent rhodamine. Antioxidant activity in plasma was significantly decreased
in HFC-Control-fed animals after 14 days of dietary intervention, reflecting an increase of 102.6% in
DHR oxidation (p < 0.05, compared to day 0). Interestingly, this decrease in plasma antioxidant activity
induced by the atherogenic diet was fully prevented by dietary RWGP supplementation for 14 days
as shown by a significant decrease to baseline levels of DHR oxidation in HFC-RWGP compared to
HFC-Control diet (p < 0.05) (Figure 4A).Nutrients 2019, 11, x FOR PEER REVIEW 9 of 18 
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Figure 4. Effect of RWGP supplementation on high-density lipoprotein (HDL)-containing plasma
antioxidant activity malondialdehyde (MDA) levels of SR-B1 KO/ApoER61h/h mice fed with atherogenic
diet. (A) % DHR oxidation at baseline and after 7 and 14 days of HFC diet. (B) Plasma MDA levels after
14 days of HFC diet intake. Data are shown in box plots (box, 25th to 75th percentiles; whiskers, median
and IQR) (n = 5–7). # p < 0.05 compared to day 0; * p < 0.05 vs. HFC-Control based on two-way ANOVA.

The presence of increased antioxidant activity in plasma at day 14 suggested that RWGP
supplementation might have modulated lipid peroxidation. Thus, we evaluated plasma levels of
MDA, a well-characterized oxidation product of polyunsaturated fatty acids present in proatherogenic
oxidized low-density lipoproteins (LDL) [31]. The exposure to the HFC-RWGP diet for 14 days did not
significantly change plasma MDA levels compared to HFC-Control group (Figure 4B).
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3.5. Decreased Atherosclerotic Lesions and Improved MRI-Assessed Endothelial Function Induced by RWGP
Supplementation in Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice

Atheromatous lesions, evidenced as white patches in tissues during dissection of aortic arches,
and histological sections of aortic roots stained with Oil Red O from HFC-Control and HFC-RGWP-fed
mice at day 14 are shown in Figure 5.Nutrients 2019, 11, x FOR PEER REVIEW 10 of 18 
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Figure 5. Effect of RWGP supplementation in atherosclerotic lesions of SR-B1 KO/ApoER61h/h mice
fed with atherogenic diet. Representative images obtained during dissections of aortic arches from
mice fed HFC-Control (A) or HFC-RWGP (B) diets for 14 days. Representative cross sections of
aortic roots stained with Oil Red O from HFC-Control- (C) or HFC-RWGP- (D) fed mice at day 14.
(E) Quantitative analysis of aortic valve atherosclerotic lesion areas. Data are shown in box plots (box,
25th to 75th percentiles; whiskers, median and IQR) (n = 5–7). * p < 0.05 vs. HFC-Control based on
two-way ANOVA.

SR-B1 KO/ApoER61h/h mice fed with HFC-Control diet for 14 days exhibited formation of
atherosclerotic plaques in several regions of the aortic arch and its branches (black arrows; Figure 5A).
Interestingly, macroscopic inspection in the HFC-RGWP group evidenced a reduction in lesions
compared to aortas from HFC-Control-fed mice (Figure 5B). As previously described [20], analyses of
Oil Red O-stained histological cross sections of aortic roots from HFC-Control fed SR-B1 KO/ApoER61h/h

mice exhibited multiple, large atherosclerotic lesions (Figure 5C). Remarkably, Oil Red O stained areas
in sections from HFC-RWGP mice were smaller than those observed in the control group (Figure 5D).
Quantitative analysis of the cross-sectional area of aortic root atherosclerosis demonstrated a significant



Nutrients 2019, 11, 2135 10 of 17

decrease in mean lesion area in HFC-RWGP mice at day 14, compared to HFC-Control group (p < 0.05)
(Figure 5E).

On the other hand, animals at baseline (day 0) as well as 7 and 14 days after dietary interventions
underwent noninvasive MRI scanning (Figure 6), which offered high spatial resolution for evaluation
of vessel wall structure and functionality. A novel method for image contrast and acquisition was used
in order to detect and follow the progression of endothelial damage in this mouse model of ASCVD.
Gadofosveset is a clinically-approved gadolinium-based contrast agent that reversibly binds to serum
albumin with prolonged retention within circulation. Under normal conditions, gadofosveset remains
predominantly within the vascular lumen, but it may enter the vessel wall through dysfunctional
endothelium and leaky neovessels [32] (Figure 6A–C).
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Figure 6. Effect of RWGP supplementation on vessel wall uptake of gadofosveset in SR-B1
KO/ApoER61h/h mice fed with atherogenic diet. Representative black-blood axial magnetic resonance
imaging (MRI) of the supra-aortic vessels (A1) and the aortic arch (A2). Inversion recovery MR images
showing gadofosveset accumulation in vessel walls of mice fed HFC-Control (B1,B2) or HFC-RWGP
(C1,C2) diets for 14 days. White arrows show areas of contrast uptake in aortic arch and supra-aortic
vessels. (D) Quantification of contrast uptake in vessel walls at 14 days of dietary manipulations.
Data are shown in box plots (box, 25th to 75th percentiles; whiskers, median and IQR) (n = 5–7).
#### p < 0.0001 compared to day 0; &&& p < 0.001 compared to day 7; ** p < 0.01 vs. HFC-Control based
on two-way ANOVA.

Aortic arch and supra-aortic vessels of mice reconstructed from bright-blood MRI acquisition
are shown in Supplemental Figure S4. Gadofosveset uptake in the aortic arch and the supra-aortic
vessel wall—measured as BCA enhanced volume—significantly increased at day 7 and 14 in mice fed
with HFC-Control diet (p < 0.0001, compared to day 0 for each time point), while contrast uptake was
significantly decreased in RWGP-supplemented group at day 14, compared to HFC-Control during
follow-up (p < 0.01) (Figure 6D).

3.6. RWGP Supplementation Attenuated Myocardial Dysfunction and Reduced Myocardial Infarction in
Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice

Atherosclerotic lesions in coronary arteries are the pathological basis for ischemic complications
leading to myocardial infarction. Cardiac function—measured as ejection fraction in the left
ventricle—showed a progressive deterioration of contractile heart function in HFC-Control-fed
mice (Figure 7A), being significantly decreased after 14 days of diet intake (p < 0.001) (Figure 7C).
Mice from the HFC-RWGP group showed a significant restoration of systolic heart function at day 14
(Figure 7B) to normal levels compared with HFC-Control (p < 0.01) (Figure 7C).
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mice fed with atherogenic diet. Cardiac images were obtained by Cine-FLASH MR. Representative
diastolic or systolic end pictures are shown for mice fed with HFC-Control (A1,A2) or HFC-RWGP
diet (B1,B2) at day 14, respectively. White arrows indicate diastolic dysfunction (A1) and septum
hypokinesia (A2) in HFC-Control mice. (C) Quantification of ejection fraction at baseline and after
7 and 14 days of dietary interventions. Data are shown in box plots (box, 25th to 75th percentiles;
whiskers, median and IQR) (n = 5–7). ### p < 0.001 compared to day 0; & p < 0.001 compared to day 7;
** p < 0.01 vs. HFC-Control based on two-way ANOVA.

These differences in heart function were consistent with the detection of infarcted myocardium
in all of HFC-Control mice (100%) at 14 days of diet intake (Table 2). By contrast, only 1 out of
7 HFC-RWGP mice (14.3%) exhibited myocardial infarctions (p < 0.0001) (Table 2). These results
indicated that animals fed with HFC-RWGP for 14 days reduced their risk of macroscopic ischemic
heart disease by 86%.

Table 2. RWGP supplementation reduces macroscopic myocardial infarction in atherogenic diet-fed
SR-B1 KO/ApoER61h/h mice.

Day 7; Number of Hearts (%) Day 14; Number of Hearts (%)

Treatment Infarcted Non-Infarcted Total Infarcted Non-Infarcted Total

HFC-Control 1 (14.3%) 6 (85.7%) 7 7 (100%) 0 (0%) 7
HFC-RWGP 0 (0%) 7 (100%) 7 1 (14.3%) 6 (85.7%) a 7

a p < 0.0001 vs. HFC-Control; Chi-squared test.

4. Discussion

Although current pharmacological therapies to treat human ASCVD have successfully reduced
morbidity and mortality, a remaining, and significant, residual risk supports the need for new
research and therapeutic efforts [5,33]. The use of antioxidants has been envisioned as an additional
strategy to treat this condition due to the contribution of oxidation-based mechanisms during CVD
diseases [8–10,34].

Red wine polyphenols seem to have antioxidant, anti-inflammatory, blood pressure lowering
effects [35] with potential applications as co-treatment to decrease residual risk in ASCVD. Nevertheless,
human clinical trials have shown that these effects are not always achievable within the context of
moderate alcohol consumption, due to low blood and tissue concentrations of polyphenolic metabolites
reached after wine intake in the human body [36]. Additionally, standard biosynthetic antioxidant
supplementation has not proven beneficial effects in clinical trials [37]. This latter suggests that
new formulations, such as utilization of natural plant-based antioxidant fiber, may provide new
opportunities for preclinical research and clinical development.
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In the present study, we evaluated the impact of RWGP consumption in a mouse model that
recapitulates the initiation, progression, and lethality of ASCVD [20]. Our results show that dietary
RWGP supplementation increases the lifespan of SR-B1 KO/ApoER61h/h mice fed with an atherogenic
diet. We also established that changes in systemic inflammation and restoration of HDL-containing
plasma antioxidant activity by RWGP consumption were associated with a significant reduction in
atherosclerotic lesions and ischemic heart disease.

Our results indicated that only the HFC-RWGP, but not the HFC-fiber only, diet had an effect
on survival, our primary study outcome, in a model of lethal coronary heart disease. RWGP used
in this study contains a significant proportion of dietary fiber as well as functional antioxidants [18].
Identification and measurements of phenolic acid, flavonoid, and anthocyanin contents in RWGP
extracts were previously reported [18]. Polyphenols (α-tocopherol, gallic acid (GA), catechin, flavonols,
and malvidin) are the main antioxidants present in RWGP [18]. Similar findings were previously
published with a combined supplementation of vitamin C and E, both well-known antioxidants,
in atherogenic diet-fed SR-B1 KO/ApoER61h/h mice [29]. Recent studies have revealed that GA
has beneficial effects against several cardiovascular diseases, specifically GA, which suppresses
cardiac hypertrophic remodeling and heart failure [38]. On the other hand, catechin [39] and
flavonols [40]—obtained from green tea or red wine—decreased plasma oxidized LDL levels
in apolipoprotein E-deficient mice and hypercholesterolemic mice. Also, malvidin has shown
antioxidant and anti-inflammatory effects in vitro [41]. In addition to a direct protective effect of
bioavailable antioxidants, RWGP may have also improved HDL antioxidant function and protein
composition. Indeed, using this functional ingredient—as a supplement or incorporated into
hamburgers—determined increased HDL antioxidant capacity and protein content in our own human
studies (manuscript under preparation). Taken together, this evidence suggests that RWGP antioxidant
components themselves or their effects on protein-dependent HDL function are possible mechanisms
underlying the beneficial effects observed in this experimental model of severe atherosclerosis.

We also investigated some additional potential protective mechanism(s) of RWGP. In Wistar rats
fed with a cholesterol-rich diet supplemented with grape pomace, a significant reduction in serum
total cholesterol, LDL-cholesterol, and an atherogenic lipid index was reported [42]. This effect was
also detected in nonsmoking patients receiving grape-derived antioxidant dietary fiber [7]. Similarly,
consumption of green tea beverages or extracts was also associated with significant total cholesterol
and LDL-cholesterol lowering in humans [43]. However, these previous findings diverge from those
seen in our model, in which the intake of RWGP-supplemented diet did not reduce total or lipoprotein
cholesterol levels in atherogenic diet-fed SR-B1 KO/ApoER61h/h mice. The lack of effect of RWGP on
lipoprotein cholesterol levels found in our study may be explained by differences in species, dietary
antioxidant and fiber composition, and dyslipidemic pattern compared with previous studies.

Interestingly, RWGP supplementation modulated the systemic inflammatory status induced
by the intake of an atherogenic diet as shown by reduction in TNF-α circulating levels. TNF-α is
a pro-inflammatory cytokine also considered as a pro-atherogenic factor [44] and high levels have been
found in patients with coronary atherosclerosis [45]. Malvidin [46] and catechin [47], among other
polyphenolic antioxidants, inhibit the production of TNF-α and other downstream pro-inflammatory
cytokines. Thus, the reduction in circulating TNF-α levels seen in our work may be related to the
anti-inflammatory properties of polyphenols and anthocyanins. In fact, grape pomace prevented the
pro-inflammatory response of microglia cells in response to lipopolysaccharide (LPS), decreasing the
expression of several inflammatory molecules, including TNF-α and IL-1β [48].

Unexpectedly, HFC-Control-fed SR-B1 KO/ApoER61h/h mice also presented high levels of
circulating IL-10, an anti-inflammatory cytokine, which were attenuated by RWGP supplementation.
This apparent paradoxical response in IL-10 versus TNF-α has been described in other
inflammatory diseases, and probably represents the need for balance between pro-inflammatory
and anti-inflammatory signals that are required to maintain immune homeostasis. For instance,
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children with cystic fibrosis show increased TNF-α levels counterbalanced by simultaneous synthesis
of IL-10 [49].

SR-B1 KO/ApoER61h/h mice rapidly respond to the challenge of an atherogenic diet with
plaque formation both in the aortic root and coronary arteries, recapitulating many features of
human ASCVD [20]. SR-B1 KO/ApoER61h/h mice fed with HFC-Control diet readily developed
plaques in highly vulnerable regions along the arterial tree, in agreement with previously
published data [12,28,29,50]. Supplementation with RWGP significantly reduced atherosclerotic
lesion development. Similar results have been described in SR-B1/ApoE dKO mice that received
pomegranate extract in drinking water—also known to be rich in polyphenolic compounds [12]—and
LDL receptor KO mice supplemented with naringenin [51]. In addition, our studies using vitamin
C and E in atherogenic diet-fed SR-B1 KO/ApoER61h/h mice showed a reduction in atherosclerosis
development with improvement in HDL composition and function [29]. Our results also disclose
a significant reduction in the vascular uptake of the MRI contrast agent gadofosveset in the group
receiving RWGP, suggesting a reduction in endothelial permeability. A decrease in contrast agent uptake
has also been reported in mouse models of atherosclerosis treated with statins and anti-inflammatory
therapies [52].

Additionally, attenuated atherosclerosis development was associated with reduced percentage of
hearts exhibiting myocardial infarction and improvement in cardiac ejection fraction in the HFC-RWGP
group. Recovery of heart function has also been reported in SR-B1 KO/ApoER61h/h mice after
the administration of the immunosuppressant FTY720 [50,53]. Our findings are interesting since
the compositional analysis of HFC-RWGP diet showed an increase in total tocopherol content,
more specifically in α-tocopherol, the most active member of vitamin E lipid-soluble antioxidant
compounds. A meta-analysis indicated that vitamin E supplementation without other antioxidants
significantly reduced myocardial infarction risk by 18% [54]. This clinical effect was essentially driven
by a reduction of fatal myocardial infarction while no effect was observed for nonfatal ischemic
heart disease, suggesting a protective role of vitamin E supplementation alone whereas the use of
a combination of antioxidants as anti-atherosclerotic therapy is ineffective and potentially harmful [54].
A recent study has shown potential benefits of acute treatment with vitamin E in a mouse model
of cardiac ischemia/reperfusion, reducing infarct size and oxidative stress, and preserving cardiac
function [55]. In addition, supplementation of tocotrienol and tocopherol combination decreased
infarct volumes and inflammatory markers in ischemic brains of mice [56].

Management of residual risk is one of the major issues in treatment of patients after an ischemic
event and controlling remnant inflammatory responses has been an important focus of several clinical
trials seeking adjuvant therapies to statin treatment. In this context, diet remains as a key factor to be
modified. Both cohort studies and intervention trials have shown an association between adherence
to the Mediterranean diet and lower cardiovascular risk [6]. Based on the available literature and
our results, incorporating functional food components into patients’ diets may be beneficial in the
management of residual risk. Indeed, we have reported that daily consumption of RWGP by patients
with at least one component of metabolic syndrome, along with their regular diet, significantly improved
blood pressure, glycaemia, and postprandial insulin levels together with an overall improvement of
antioxidant defense [18]. Similarly, intake of beef burgers prepared with RWGP showed better fasting
glucose, reduced insulin resistance, and improved plasma antioxidant levels and oxidative damage
markers in male volunteers with metabolic syndrome [57]. In addition, intake of a drink prepared
from red grape pomace can deliver significant amounts of different phenolic metabolites in humans
improving insulin sensibility [58,59]. Taken together, these results strongly suggest that supplementing
RWGP into food intake of either CVD patients or individuals at risk may be a co-adjuvant not only in
preventing cardiovascular events, but also attenuating development and progression of comorbidities
known to be part of the metabolic syndrome.

In summary, this study showed that the RWGP-supplementation significantly attenuated
atherosclerosis development in SR-B1 KO/ApoER61h/h mice in association with increased overall
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plasma antioxidant activity and modulation of inflammation. We also substantiated the value of
non-invasive MRI in this model, emphasizing the importance of SR-B1 KO/ApoER61h/h as a valuable
tool to explore potential therapies that may help in primary and secondary prevention of ischemic
ASCVD events. However, more studies are needed to establish if these RWGP-associated positive
outcomes in mice can be translated into the human context. However, these results—in addition to our
previous published data [18,19,57]—are encouraging on the potential benefits of incorporating wine
grape pomace into a regular diet in order to improve cardiovascular health and decrease ASCVD.
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supplementation on spleen and liver weights of atherogenic diet-fed SR-B1 KO/ApoER61h/h mice. Figure S3: Effect
of RWGP supplementation on plasma liver enzymes in atherogenic diet-fed SR-B1 KO/ApoER61h/h mice. Figure S4:
Aortic arch of atherogenic diet-fed SR-B1 KO/ApoER61h/h mice reconstructed from bright-blood MR acquisition.

Author Contributions: Conceptualization: G.E., D.B., M.E.A., P.I. and A.R.; data collection and handling: K.R.,
F.S.-P., I.U., S.D., D.P., P.d.l.C., M.E.A. and S.U.; formal data analysis: K.R., F.S.-P., I.U., S.D., D.P., P.d.l.C., M.E.A. and
S.U.; funding procurement: M.E.A., S.U., C.T., G.M., P.I. and A.R.; project administration: A.R.; Writing—original
draft: K.R., F.S.-P., L.G. and A.R.; writing—review and editing, G.E., I.U., S.D., D.P., P.d.l.C., M.E.A., S.U., C.T.,
G.M., D.B. and P.I.

Funding: This work was funded by research grants FONDECYT 1150399, FONDECYT 1180525,
CONICYT-PIA-Anillo ACT1416 and well as the Millennium Nucleus for Cardiovascular Magnetic Resonance
grant from the Ministry of Education and Ministry of Economy, Development and Tourism (Government of Chile).

Conflicts of Interest: The authors report no conflicts of interest.

References

1. Go, A.S.; Mozaffarian, D.; Roger, V.L.; Benjamin, E.J.; Berry, J.D.; Borden, W.B.; Bravata, D.M.; Dai, S.;
Ford, E.S.; Fox, C.S.; et al. Heart disease and stroke statistics-2013 update: A Report from the American
Heart Association. Circulation 2013, 127, 143–152. [CrossRef]

2. Trigatti, B.L.; Krieger, M.; Rigotti, A. Influence of the HDL receptor SR-BI on lipoprotein metabolism and
atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 1732–1738. [CrossRef]

3. Libby, P.; Ridker, P.M.; Maseri, A. Inflammation and atherosclerosis. Circulation 2002, 105, 1135–1143.
[CrossRef]

4. Cholesterol Treatment Trialists’ (CTT) Collaboration; Baigent, C.; Blackwell, L.; Emberson, J.; Holland, L.E.;
Reith, C.; Bhala, N.; Peto, R.; Barnes, E.H.; Keech, A.; et al. Efficacy and safety of more intensive lowering of
LDL cholesterol: A meta-analysis of data from 170,000 participants in 26 randomised trials. Lancet 2010, 376,
1670–1681. [CrossRef]

5. Fruchart, J.C.; Davignon, J.; Hermans, M.P.; Al-Rubeaan, K.; Amarenco, P.; Assmann, G.; Brown, W.V.;
Ceska, R.; Chapman, M.J.; Dodson, P.M.; et al. Residual macrovascular risk in 2013: What have we learned?
Cardiovasc. Diabetol. 2014, 13, 26. [CrossRef]

6. Estruch, R.; Ros, E.; Salas-Salvadó, J.; Covas, M.-I.; Corella, D.; Arós, F.; Gómez-Gracia, E.; Ruiz-Gutiérrez, V.;
Fiol, M.; Lapetra, J.; et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet
Supplemented with Extra-Virgin Olive Oil or Nuts. N. Engl. J. Med. 2018, 378, e34. [CrossRef]

7. Jiménez, J.P.; Serrano, J.; Tabernero, M.; Arranz, S.; Díaz-Rubio, M.E.; García-Diz, L.; Goñi, I.; Saura-Calixto, F.
Effects of grape antioxidant dietary fiber in cardiovascular disease risk factors. Nutrition 2008, 24, 646–653.
[CrossRef]

8. Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods: Impact on
human health. Pharmacogn. Rev. 2010, 4, 118–126. [CrossRef]

9. Mente, A.; de Koning, L.; Shannon, H.S.; Anand, S.S. A Systematic Review of the Evidence Supporting
a Causal Link Between Dietary Factors and Coronary Heart Disease. Arch. Intern Med. 2009, 169, 659–669.
[CrossRef]

10. Saura-Calixto, F. Dietary Fiber as a Carrier of Dietary Antioxidants: An Essential Physiological Function. J.
Agric. Food Chem. 2011, 59, 43–49. [CrossRef]

http://www.mdpi.com/2072-6643/11/9/2135/s1
http://dx.doi.org/10.1161/CIR.0b013e318282ab8f
http://dx.doi.org/10.1161/01.ATV.0000091363.28501.84
http://dx.doi.org/10.1161/hc0902.104353
http://dx.doi.org/10.1016/S0140-6736(10)61350-5
http://dx.doi.org/10.1186/1475-2840-13-26
http://dx.doi.org/10.1056/NEJMoa1800389
http://dx.doi.org/10.1016/j.nut.2008.03.012
http://dx.doi.org/10.4103/0973-7847.70902
http://dx.doi.org/10.1001/archinternmed.2009.38
http://dx.doi.org/10.1021/jf1036596


Nutrients 2019, 11, 2135 15 of 17

11. Rosenblat, M.; Hayek, T.; Aviram, M. Anti-oxidative effects of pomegranate juice (PJ) consumption by
diabetic patients on serum and on macrophages. Atherosclerosis 2006, 187, 363–371. [CrossRef]

12. Al-Jarallah, A.; Igdoura, F.; Zhang, Y.; Tenedero, C.B.; White, E.J.; MacDonald, M.E.; Igdoura, S.A.; Trigatti, B.L.
The effect of pomegranate extract on coronary artery atherosclerosis in SR-BI/APOE double knockout mice.
Atherosclerosis 2013, 228, 80–89. [CrossRef]

13. Garrido, J.; Borges, F. Wine and grape polyphenols—A chemical perspective. Food Res. Int. 2013, 54,
1844–1858. [CrossRef]

14. Golan, R.; Gepner, Y.; Shai, I. Wine and Health—New Evidence. Eur. J. Clin. Nutr. 2019, 72, 55–59. [CrossRef]
15. Hartz, S.M.; Oehlert, M.; Horton, A.; Grucza, R.A.; Fisher, S.L.; Culverhouse, R.C.; Nelson, K.G.; Sumeral, S.W.;

Neal, P.C.; Regnier, P.; et al. Daily Drinking Is Associated with Increased Mortality. Alcohol. Clin. Exp. Res.
2018, 42, 2246–2255. [CrossRef]

16. Martínez, N.; Casós, K.; Simonetti, P.; Sáiz, M.P.; Moreno, J.J.; Mitjavila, M.T. De-alcoholised white and red
wines decrease inflammatory markers and NF-κB in atheroma plaques in apoE-deficient mice. Eur. J. Nutr.
2013, 52, 737–747. [CrossRef]

17. Rodriguez Lanzi, C.; Perdicaro, D.J.; Antoniolli, A.; Fontana, A.R.; Miatello, R.M.; Bottini, R.; Vazquez
Prieto, M.A. Grape pomace and grape pomace extract improve insulin signaling in high-fat-fructose fed
rat-induced metabolic syndrome. Food Funct. 2016, 7, 1544–1553. [CrossRef]

18. Urquiaga, I.; D’Acuña, S.; Pérez, D.; Dicenta, S.; Echeverría, G.; Rigotti, A.; Leighton, F. Wine grape pomace
flour improves blood pressure, fasting glucose and protein damage in humans: A randomized controlled
trial. Biol. Res. 2015, 48, 49. [CrossRef]

19. Hernández-Salinas, R.; Decap, V.; Leguina, A.; Cáceres, P.; Perez, D.; Urquiaga, I.; Iturriaga, R.; Velarde, V.
Antioxidant and anti hyperglycemic role of wine grape powder in rats fed with a high fructose diet. Biol.
Res. 2015, 48, 53. [CrossRef]

20. Zhang, S.; Picard, M.H.; Vasile, E.; Zhu, Y.; Raffai, R.L.; Weisgraber, K.H.; Krieger, M. Diet-induced occlusive
coronary atherosclerosis, myocardial infarction, cardiac dysfunction, and premature death in scavenger
receptor class B type I-deficient, hypomorphic apolipoprotein ER61 mice. Circulation 2005, 111, 3457–3464.
[CrossRef]

21. Braun, A.; Trigatti, B.L.; Post, M.J.; Sato, K.; Simons, M.; Edelberg, J.M.; Rosenberg, R.D.; Schrenzel, M.;
Krieger, M. Loss of SR-BI expression leads to the early onset of occlusive atherosclerotic coronary artery disease,
spontaneous myocardial infarctions, severe cardiac dysfunction, and premature death in apolipoprotein
E-deficient mice. Circ. Res. 2002, 90, 270–276. [CrossRef]

22. Rigotti, A.; Trigatti, B.L.; Penman, M.; Rayburn, H.; Herz, J.; Krieger, M. A targeted mutation in the murine
gene encoding the high density lipoprotein (HDL) receptor scavenger receptor class B type I reveals its key
role in HDL metabolism. Proc. Natl. Acad. Sci. USA 1997, 94, 12610–12615. [CrossRef]

23. Allain, C.C.; Poon, L.S.; Chan, C.S.; Richmond, W.; Fu, P.C. Enzymatic determination of total serum cholesterol.
Clin. Chem. 1974, 20, 470–475.

24. Warnick, G.R.; Benderson, J.; Albers, J.J. Dextran sulfate-Mg2+ precipitation procedure for quantitation of
high-density-lipoprotein cholesterol. Clin. Chem. 1982, 28, 1379–1388.

25. Kelesidis, T.; Currier, J.S.; Huynh, D.; Meriwether, D.; Charles-Schoeman, C.; Reddy, S.T.; Fogelman, A.M.;
Navab, M.; Yang, O.O. A biochemical fluorometric method for assessing the oxidative properties of HDL. J.
Lipid Res. 2011, 52, 2341–2351. [CrossRef]

26. Templar, J.; Kon, S.P.; Milligan, T.P.; Newman, D.J.; Raftery, M.J. Increased plasma malondialdehyde levels
in glomerular disease as determined by a fully validated HPLC method. Nephrol. Dial. Transpl. 1999, 14,
946–951. [CrossRef]

27. Nakagawa-Toyama, Y.; Zhang, S.; Krieger, M. Dietary Manipulation and Social Isolation Alter Disease
Progression in a Murine Model of Coronary Heart Disease. PLoS ONE 2012, 7, e47965. [CrossRef]

28. Leiva, A.; Contreras-Duarte, S.; Amigo, L.; Sepúlveda, E.; Boric, M.; Quiñones, V.; Busso, D.; Rigotti, A.
Gugulipid causes hypercholesterolemia leading to endothelial dysfunction, increased atherosclerosis,
and premature death by ischemic heart disease in male mice. PLoS ONE 2017, 12, 1–19. [CrossRef]

29. Contreras-Duarte, S.; Chen, P.; Andía, M.; Uribe, S.; Irarrázaval, P.; Kopp, S.; Kern, S.; Marsche, G.; Busso, D.;
Wadsack, C.; et al. Attenuation of atherogenic apo B-48-dependent hyperlipidemia and high density
lipoprotein remodeling induced by vitamin C and E combination and their beneficial effect on lethal ischemic
heart disease in mice. Biol. Res. 2018, 51, 34. [CrossRef]

http://dx.doi.org/10.1016/j.atherosclerosis.2005.09.006
http://dx.doi.org/10.1016/j.atherosclerosis.2013.02.025
http://dx.doi.org/10.1016/j.foodres.2013.08.002
http://dx.doi.org/10.1038/s41430-018-0309-5
http://dx.doi.org/10.1111/acer.13886
http://dx.doi.org/10.1007/s00394-012-0379-4
http://dx.doi.org/10.1039/C5FO01065A
http://dx.doi.org/10.1186/s40659-015-0040-9
http://dx.doi.org/10.1186/s40659-015-0045-4
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.523563
http://dx.doi.org/10.1161/hh0302.104462
http://dx.doi.org/10.1073/pnas.94.23.12610
http://dx.doi.org/10.1194/jlr.D018937
http://dx.doi.org/10.1093/ndt/14.4.946
http://dx.doi.org/10.1371/journal.pone.0047965
http://dx.doi.org/10.1371/journal.pone.0184280
http://dx.doi.org/10.1186/s40659-018-0183-6


Nutrients 2019, 11, 2135 16 of 17

30. Kleemann, R.; Verschuren, L.; van Erk, M.J.; Nikolsky, Y.; Cnubben, N.H.P.; Verheij, E.R.; Smilde, A.K.;
Hendriks, H.F.J.; Zadelaar, S.; Smith, G.J.; et al. Atherosclerosis and liver inflammation induced by increased
dietary cholesterol intake: A combined transcriptomics and metabolomics analysis. Genome Biol. 2007, 8,
R200. [CrossRef]

31. Papac-Milicevic, N.; Busch, C.-L.; Binder, C.J. Malondialdehyde Epitopes as Targets of Immunity and the
Implications for Atherosclerosis. Adv. Immunol. 2016, 131, 1–59.

32. Lobbes, M.B.I.; Heeneman, S.; Passos, V.L.; Welten, R.; Kwee, R.M.; van der Geest, R.J.; Wiethoff, A.J.;
Caravan, P.; Misselwitz, B.; Daemen, M.J.; et al. Gadofosveset-enhanced magnetic resonance imaging
of human carotid atherosclerotic plaques: A proof-of-concept study. Investig. Radiol. 2010, 45, 275–281.
[CrossRef]

33. Reith, C.; Armitage, J. Management of residual risk after statin therapy. Atherosclerosis 2016, 245, 161–170.
[CrossRef]

34. Van der Pol, A.; van Gilst, W.H.; Voors, A.A.; van der Meer, P. Treating oxidative stress in heart failure: Past,
present and future. Eur. J. Heart Fail. 2019, 21, 425–435. [CrossRef]

35. Tresserra-Rimbau, A.; Lamuela-Raventos, R.M.; Moreno, J.J. Polyphenols, food and pharma. Current
knowledge and directions for future research. Biochem. Pharmacol. 2018, 156, 186–195. [CrossRef]

36. Chiva-Blanch, G.; Arranz, S.; Lamuela-Raventos, R.M.; Estruch, R. Effects of Wine, Alcohol and Polyphenols
on Cardiovascular Disease Risk Factors: Evidences from Human Studies. Alcohol Alcohol. 2013, 48, 270–277.
[CrossRef]

37. Myung, S.K.; Ju, W.; Cho, B.; Oh, S.W.; Park, S.M.; Koo, B.K.; Park, B.J.; Korean Meta-Analysis Study Group.
Efficacy of vitamin and antioxidant supplements in prevention of cardiovascular disease: Systematic review
and meta-analysis of randomised controlled trials. BMJ 2013, 346, f10. [CrossRef]

38. Yan, X.; Zhang, Y.-L.; Zhang, L.; Zou, L.-X.; Chen, C.; Liu, Y.; Xia, Y.-L.; Li, H.-H. Gallic Acid Suppresses
Cardiac Hypertrophic Remodeling and Heart Failure. Mol. Nutr. Food Res. 2019, 63, 1800807. [CrossRef]

39. Hayek, T.; Fuhrman, B.; Vaya, J.; Rosenblat, M.; Belinky, P.; Coleman, R.; Elis, A.; Aviram, M. Reduced
progression of atherosclerosis in apolipoprotein E-deficient mice following consumption of red wine, or its
polyphenols quercetin or catechin, is associated with reduced susceptibility of LDL to oxidation and
aggregation. Arterioscler. Thromb. Vasc. Biol. 1997, 17, 2744–2752. [CrossRef]

40. Nomura, S.; Monobe, M.; Ema, K.; Matsunaga, A.; Maeda-Yamamoto, M.; Horie, H. Effects of flavonol-rich
green tea cultivar (Camellia sinensis L.) on plasma oxidized LDL levels in hypercholesterolemic mice. Biosci.
Biotechnol. Biochem. 2016, 80, 360–362. [CrossRef]

41. Bognar, E.; Sarszegi, Z.; Szabo, A.; Debreceni, B.; Kalman, N.; Tucsek, Z.; Sumegi, B.; Gallyas, F., Jr. Antioxidant
and Anti-Inflammatory Effects in RAW264.7 Macrophages of Malvidin, a Major Red Wine Polyphenol. PLoS
ONE 2013, 8, e65355. [CrossRef]

42. Martín-Carrón, N.; Goñi, I.; Larrauri, J.A.; García-Alonso, A.; Saura-Calixto, F. Reduction in serum total and
LDL cholesterol concentrations by a dietary fiber and polyphenol-rich grape product in hypercholesterolemic
rats. Nutr. Res. 1999, 19, 1371–1381. [CrossRef]

43. Zheng, X.X.; Xu, Y.L.; Li, S.H.; Liu, X.X.; Hui, R.; Huang, X.H. Green tea intake lowers fasting serum total
and LDL cholesterol in adults: A meta-analysis of 14 randomized controlled trials. Am. J. Clin. Nutr. 2011,
94, 601–610. [CrossRef]

44. Bertrand, M.-J.; Tardif, J.-C. Inflammation and beyond: New directions and emerging drugs for treating
atherosclerosis. Expert Opin. Emerg. Drugs 2017, 22, 1–26. [CrossRef]

45. Klinghammer, L.; Urschel, K.; Cicha, I.; Lewczuk, P.; Raaz-Schrauder, D.; Achenbach, S.; Garlichs, C.D.
Impact of telmisartan on the inflammatory state in patients with coronary atherosclerosis—Influence on
IP-10, TNF-α and MCP-1. Cytokine 2013, 62, 290–296. [CrossRef]

46. Huang, W.-Y.; Wang, J.; Liu, Y.-M.; Zheng, Q.-S.; Li, C.-Y. Inhibitory effect of Malvidin on TNF-α-induced
inflammatory response in endothelial cells. Eur. J. Pharmacol. 2014, 723, 67–72. [CrossRef]

47. Tu, S.; Xiao, F.; Min, X.; Chen, H.; Fan, X.; Cao, K. Catechin Attenuates Coronary Heart Disease in a Rat
Model by Inhibiting Inflammation. Cardiovasc. Toxicol. 2018, 18, 393–399. [CrossRef]

48. Rodríguez-Morgado, B.; Candiracci, M.; Santa-María, C.; Revilla, E.; Gordillo, B.; Parrado, J.; Castaño, A.
Obtaining from Grape Pomace an Enzymatic Extract with Anti-inflammatory Properties. Plant Foods Hum.
Nutr. 2015, 70, 42–49. [CrossRef]

http://dx.doi.org/10.1186/gb-2007-8-9-r200
http://dx.doi.org/10.1097/RLI.0b013e3181d5466b
http://dx.doi.org/10.1016/j.atherosclerosis.2015.12.018
http://dx.doi.org/10.1002/ejhf.1320
http://dx.doi.org/10.1016/j.bcp.2018.07.050
http://dx.doi.org/10.1093/alcalc/agt007
http://dx.doi.org/10.1136/bmj.f10
http://dx.doi.org/10.1002/mnfr.201800807
http://dx.doi.org/10.1161/01.ATV.17.11.2744
http://dx.doi.org/10.1080/09168451.2015.1083400
http://dx.doi.org/10.1371/journal.pone.0065355
http://dx.doi.org/10.1016/S0271-5317(99)00094-9
http://dx.doi.org/10.3945/ajcn.110.010926
http://dx.doi.org/10.1080/14728214.2017.1269743
http://dx.doi.org/10.1016/j.cyto.2013.02.001
http://dx.doi.org/10.1016/j.ejphar.2013.11.041
http://dx.doi.org/10.1007/s12012-018-9449-z
http://dx.doi.org/10.1007/s11130-014-0459-0


Nutrients 2019, 11, 2135 17 of 17

49. Shmarina, G.V.; Pukhalsky, A.L.; Kokarovtseva, S.N.; Pukhalskaya, D.A.; Shabalova, L.A.; Kapranov, N.I.;
Kashirskaja, N.J. Tumor necrosis factor-alpha/interleukin-10 balance in normal and cystic fibrosis children.
Mediat. Inflamm. 2001, 10, 191–197. [CrossRef]

50. Wang, G.; Kim, R.Y.; Imhof, I.; Honbo, N.; Luk, F.S.; Li, K.; Kumar, N.; Zhu, B.Q.; Eberlé, D.; Ching, D.;
et al. The Immunosuppressant FTY720 Prolongs Survival in a Mouse Model of Diet-induced Coronary
Atherosclerosis and Myocardial Infarction. J. Cardiovasc. Pharmacol. 2014, 63, 132–143. [CrossRef]

51. Mulvihill, E.E.; Assini, J.M.; Sutherland, B.G.; DiMattia, A.S.; Khami, M.; Koppes, J.B.; Sawyez, C.G.;
Withman, S.C.; Huff, M.W. Naringenin Decreases Progression of Atherosclerosis by Improving Dyslipidemia
in High-Fat–Fed Low-Density Lipoprotein Receptor–Null Mice. Arterioscler. Thromb. Vasc. Biol. 2010, 30,
742–748. [CrossRef]

52. Phinikaridou, A.; Andia, M.E.; Protti, A.; Indermuehle, A.; Shah, A.; Smith, A.; Warley, A.; Botnar, R.M.
Noninvasive Magnetic Resonance Imaging Evaluation of Endothelial Permeability in Murine Atherosclerosis
Using an Albumin-Binding Contrast Agent. Circulation 2012, 126, 707–719. [CrossRef]

53. Luk, F.S.; Kim, R.Y.; Li, K.; Ching, D.; Wong, D.K.; Joshi, S.K.; Imhof, I.; Honbo, N.; Hoover, H.; Zhu, B.-Q.;
et al. Immunosuppression With FTY720 Reverses Cardiac Dysfunction in Hypomorphic ApoE Mice Deficient
in SR-BI Expression That Survive Myocardial Infarction Caused by Coronary Atherosclerosis. J. Cardiovasc.
Pharmacol. 2016, 67, 47–56. [CrossRef]

54. Loffredo, L.; Perri, L.; Di Castelnuovo, A.; Iacoviello, L.; De Gaetano, G.; Violi, F. Supplementation with
vitamin E alone is associated with reduced myocardial infarction: A meta-analysis. Nutr Metab. Cardiovasc.
Dis. 2015, 25, 354–363. [CrossRef]

55. Wallert, M.; Ziegler, M.; Wang, X.; Maluenda, A.; Xu, X.; Yap, M.L.; Witt, R.; Giles, C.; Kluge, S.;
Hortmann, M.; et al. α-Tocopherol preserves cardiac function by reducing oxidative stress and inflammation
in ischemia/reperfusion injury. Redox Biol. 2019, 26, 101292. [CrossRef]

56. Jiao, Y.; Shang, J.; Ohta, Y.; Yan, H.; Liu, X.; Li, X.; Morihara, R.; Nakano, Y.; Fukui, Y.; Shi, X.; et al.
Neuroprotective Effects of Tocovid Pretreatment in a Mouse Stroke Model. J. Stroke Cerebrovasc. Dis. 2018, 27,
2166–2174. [CrossRef]

57. Urquiaga, I.; Troncoso, D.; Mackenna, M.; Urzúa, C.; Pérez, D.; Dicenta, S.; De la Cerda, P.; Amigo, L.;
Carreño, J.C.; Echeverría, G.; et al. The Consumption of Beef Burgers Prepared with Wine Grape Pomace
Flour Improves Fasting Glucose, Plasma Antioxidant Levels, and Oxidative Damage Markers in Humans:
A Controlled Trial. Nutrients 2018, 10, 1388. [CrossRef]

58. Castello, F.; Costabile, G.; Bresciani, L.; Tassotti, M.; Naviglio, D.; Luongo, D.; Ciciola, P.; Vitale, M.; Vetrani, C.;
Galaverna, G.; et al. Bioavailability and pharmacokinetic profile of grape pomace phenolic compounds in
humans. Arch. Biochem. Biophys. 2018, 646, 1–9. [CrossRef]

59. Costabile, G.; Vitale, M.; Luongo, D.; Naviglio, D.; Vetrani, C.; Ciciola, P.; Tura, A.; Castello, F.; Mena, P.;
Del Rio, D.; et al. Grape pomace polyphenols improve insulin response to a standard meal in healthy
individuals: A pilot study. Clin. Nutr. 2018, S0261-5614, 32561–32565. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/09629350123387
http://dx.doi.org/10.1097/FJC.0000000000000031
http://dx.doi.org/10.1161/ATVBAHA.109.201095
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.092098
http://dx.doi.org/10.1097/FJC.0000000000000312
http://dx.doi.org/10.1016/j.numecd.2015.01.008
http://dx.doi.org/10.1016/j.redox.2019.101292
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2018.03.014
http://dx.doi.org/10.3390/nu10101388
http://dx.doi.org/10.1016/j.abb.2018.03.021
http://dx.doi.org/10.1016/j.clnu.2018.11.028
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Diets 
	Survival Study 
	Prospective Detailed Assessment Study 
	Tissue Sampling 
	Blood Lipoprotein Separation 
	Blood Cholesterol Determinations 
	Determination of Plasma Levels TNF- and IL-10 
	Liver Function Tests 
	Analysis of High-Density Lipoprotein (HDL)-Containing Plasma Antioxidant Activity 
	Determination of Plasma Malondialdehyde Levels 
	Histological Characterization of Aortic Root Atherosclerosis 
	Cardiovascular Magnetic Resonance Imaging 
	MRI Data Analysis 
	Statistical Analyses 

	Results 
	RWGP Supplementation Attenuated Premature Death in Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice 
	Total and Lipoprotein Cholesterol Levels were Unaffected by RWGP in Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice 
	RWGP Supplementation Modulated Inflammatory Cytokines in Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice 
	RWGP Supplementation Increases HDL-Containing Plasma Antioxidant Activity in Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice 
	Decreased Atherosclerotic Lesions and Improved MRI-Assessed Endothelial Function Induced by RWGP Supplementation in Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice 
	RWGP Supplementation Attenuated Myocardial Dysfunction and Reduced Myocardial Infarction in Atherogenic Diet-Fed SR-B1 KO/ApoER61h/h Mice 

	Discussion 
	References

