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Abstract

Cardiovascular disease (CVD) and related pathologies are the leading cause of death
worldwide. Fruits and vegetables are known to improve CVD, an effect that has been
associated with flavonoid intake. The aim of this study was to simultaneously evaluate the
acute effect of a low molecular grape-seed proanthocyanidin extract (LM-GSPE) on two of the
main risk factors of CVD, high blood pressure (BP) and dyslipidaemia, using high fat diet-fed
rats. Therefore, male Wistar rats that were cafeteria diet fed for 10 weeks were administered
375 mg/kg of body weight of LM-GSPE, and the BP as well as plasmatic and hepatic
parameters were determined at 6 h post-administration. The BP and plasmatic and hepatic
lipid were decreased 6 h after the LM-GSPE administration. Moreover, the liver lipid
peroxidation products decreased after the LM-GSPE treatment, indicating a reduction in
oxidative stress. However, hepatic reduced glutathione or plasma angiotensin converting
enzyme activity was not altered by the LM-GSPE. In conclusion, grape proanthocyanidins is
able to simultaneously reduce more than one risk factor for CVD by decreasing the BP and
improving hypertriglyceridaemia at least in part due to an improvement in oxidative stress.
These results open up the possibility of using grape proanthocyanidins in functional foods for

CVD improvement.

Keywords: Cardiovascular disease; flavonoids; grape proanthocyanidins; hypertension;

dyslipidaemia; Oxidative stress
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Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide. A total of
17.3 million people died from CVD in 2008, which represents 30% of the global deaths; and in
2030, approximately 23.3 million people are estimated to die annually from this disease [68].
Two of the major risk factors for CVD, which often occur together, are hypertension (HTN)
and dyslipidaemia, which is the elevation of total cholesterol (TC) and/or triglyceride (TG)
levels. In fact, 20% of adults in the USA have been diagnosed with HTN and dyslipidaemia,
with the frequency increasing to 50% in elderly adults [69]. The molecular mechanisms that
explain the relationship of these two risk factors are mainly related to the damage of the
endothelial wall. Dyslipidaemia produces endothelial damage [41-43], which in addition to
diminishing the anti-atherogenic role of the vascular endothelium [25] and increasing the
oxidative stress [10], has a causal role in the molecular mechanisms leading to HTN.

Animals fed a high-fat diet are a good model for studying different risk factors
associated with CV events, conditions that cannot be regarded as a single disease and that
together comprise what is known as metabolic syndrome (MS), which is defined as a group of
interconnected factors that directly increase the risk of CVD [31]. The cafeteria diet is a robust
experimental model of a western high sugar and high fat diet extensively used to produce
obesity and MS in rats because its palatability induces the animals to increase their energy
intake [59; 62]. In fact, the cafeteria diet-fed rats present increased body weight and more
abdominal fat and develop hyperinsulinaemia, hyperglycaemia and hepatic steatosis (see
review of animal models of MS in [46]). In addition, dyslipidaemia [51] and elevated BP have
been reported in these animals [13; 14; 19; 29; 47].

There is evidence that a diet rich in vegetables and fruits decreases the risk of CVD
[27; 33; 35], which has been attributed to the phenolic compounds present in plants.
Specifically, grapes and wine are known to exert beneficial health effects. The major bioactive
compounds in these products are known to be the flavonoids [3], which are the most
abundant polyphenols in human diet [60]. Grape seeds, which are a by-product of the
grape/wine industry, are one of the richest sources of flavanols and proanthocyanidins (PASs),
a class of flavonoids [39], and their beneficial effects have been extensively investigated.

Grape seed PAs have been reported by many studies as being bio-active, exhibiting different
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beneficial properties on some MS-related parameters and CVD, acting as antioxidants [50],
limiting adipogenesis [49], presenting anti-inflammatory properties [37] and acting as insulin-
mimetic agents [11]. Moreover, a reduction of the de novo synthesis of hepatic lipids, mainly
TG, by grape seed PAs has been established [17]. Furthermore, the antihypertensive effect of
a low molecular grape-seed proanthocyanidin extract (LM-GSPE) in spontaneously
hypertensive rats (SHR) was recently reported by our group [52].

Therefore, the aim of this study was to assess the simultaneous effects of LM-GSPE
on two of the major risk factors for CVD, elevated BP and dyslipidaemia, in cafeteria diet-fed

rats.

Material and methods

Low-molecular proanthocyanidin-rich grape seed extract
LM-GSPE was obtained from white grape seeds and was kindly provided by Les
Dérives Résiniques et Terpéniques (Dax, France). Table 1 shows the flavanol and phenolic

acid contents of the grape seed extract used in this study (taken from [52]).

Animal experimental procedure

Male Wistar rats Crl:WI (Charles River Laboratories, Barcelona, Spain) that were 8
weeks old and weighed 150-175 g were singly housed in animal quarters at 22°C with a
light/dark period of 12 h. The rats (n=16) were fed standard chow Panlab A04 (Panlab,
Barcelona, Spain) and tap water ad libidum. After a quarantine period (1 week), the animals
were fed standard chow diet or the cafeteria diet consisting of bacon, biscuits with paté,
cheese, muffins, carrots, milk with 20% sucrose (w/v) daily and tap water in addition to the
standard chow diet. The cafeteria diet was composed of 13.6% fat, 21% carbohydrates, 9%
protein, 51.3% water and 5.1% other nutrients [5]. The different diets were maintained until
sacrifice.

Ten weeks after the beginning of the experiment, a group of cafeteria diet-fed rats
(n=8) were treated with 375 mg/kg LM-GSPE 6 h before being sacrificed, and the remaining

animals (n=8) were given water 6 h before being sacrificed. The sacrifice was conducted by



106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

live decapitation without anaesthesia after overnight fasting. The LM-GSPE and water were
orally administered by gastric intubation between 9 and 10 am. The volume orally
administered to the rats was consistently 1 mL. The systolic blood pressure (SBP) and
diastolic blood pressure (DBP) were recorded in the rats by the tail-cuff method [8], before
and 6 h post-administration. Before the measurement, the rats were kept at 38°C for 10 min
to allow the dilatation of blood vessels to increase the level of the heartbeat signal and also to
calm the animal, as recommended by the manufacturer. The equipment used in this study,
the LE 5001 Non Invasive Blood Pressure Meter (Panlab - Harvard apparatus, Barcelona,
Spain), can detect the SBP and DBP. Both the SBP and DBP values were determined by
calculating the average of at least seven measurements. The animals were maintained during
the measurements in a heater (LE 5610, Panlab - Harvard apparatus, Barcelona, Spain) to
maintain the animal in a state of relaxation as well as to retain an external view and minimise
environmental noises. To minimise stress-induced variations in BP, all measurements were
taken by the same person in the same peaceful environment. After the quarantine period, the
BP method was performed during a training period to acclimatise the animals to the
procedure. To ensure the accuracy of the results, the animals were subjected to the
experimental procedure for 2 weeks prior to testing, enabling them to adapt to the
measurement protocol and reducing the rat stress-induced errors during the test.

The animal protocol followed in this study was approved by the Bioethical Committee
of Rovira i Virgili University (European Commission Directive 86/609 and Spanish Royal

Decree 223/1988).

Plasma and liver lipid determinations

Blood samples from the sacrificed animals were collected in tubes containing the
anticoagulant lithium heparin. These samples were centrifuged at 2000 x g for 15 minutes at
4°C to obtain the plasma. In addition, the liver was removed and a lipid total extraction was
performed using the method described by Caimari et al. [9] . Both plasma and the tissue were
stored at -80°C until their use. Plasmatic and hepatic TC and TG concentrations were

determined by a colorimetric enzymatic kit (QCA, Barcelona, Spain).
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Thiobarbituric acid reactive substances (TBARS) analysis

The lipid peroxidation products in the liver were measured by a thiobarbituric acid
assay [58], modified as previously described [36]. The liver homogenate was mixed with 20%
trichloroacetic acid in 0.6 M HCI (1:1, v/v), and the sample tubes were kept on ice for 20 min
to precipitate the plasma components and thus avoid any interference. The samples were
centrifuged at 1500 x g for 15 min before adding thiobarbituric acid (120 mM in Tris 260 mM,
pH 7) to the supernatant in a ratio of 1:5 (v/v). The mixture was subsequently boiled at 97°C
for 30 min. Spectrophotometric measurements at 540 nm were conducted at 20°C. The liver

TBARS were expressed as nmol TBARS /g tissue protein.

Reduced glutathione (GSH) assay

The GSH levels in the liver were measured by the monochlorobimane fluorometric
method [34]. For this analysis, 90 uL of homogenised supernatant from the liver was mixed
with monochlorobimane (100 mM; Sigma, Barcelona, Spain) and 10 upL of the catalyst
(glutathione S-transferase) solution (1 U/mL), which was obtained from horse liver (Sigma)
The levels of GSH were quantified using a fluorometer, the FLx800 Fluorescence Microplate

Reader (Bio-Tek-IZASA, Barcelona, Spain) and expressed as pmol/g tissue protein.

Determination of angiotensin converting enzyme (ACE) activity in plasma

The ACE activity in plasma was measured using a fluorometric method, as previously
reported [38]. Briefly, plasma aliquots were incubated in triplicate for 15 min at 37°C with 40
ML of assay buffer containing the ACE substrate (5 mM Hip-His-Leu, 0,1 M sodium
tetraborate decahydrate, 300 mM NaCl, pH 8.3; Sigma, Barcelona, Spain). The reaction was
quenched by the addition of 0.35 M NaOH. The concentration of the product, His-Leu, was
measured fluorimetrically after 30 min of incubation with 2% O-phthaldialdehyde in methanol.
The fluorescence measurements were performed at 37°C in an FLx800 Fluorescence
Microplate Reader (Bio-Tek-IZASA) with 350 nm excitation and 520 nm emission filters and
Gen5TM Data Analysis Software. Black 96-well polystyrene microplates (Thermo Scientific,

MERCK, Barcelona, Spain) were used. A calibration curve was constructed by adding
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different concentrations of rabbit lung ACE (Sigma, Barcelona, Spain) to each plate. The ACE

activity was expressed as mU ACE/mL of plasma.

Statistical analysis

The results were expressed as the mean + standard error of the mean (SEM) and were
analysed by the unpaired Student t-test for independent samples using IBM SPSS Statistics
software (Version 20.0.0). Differences between the averages were considered significant

when p <0.05.

Results

Effects of cafeteria diet on BP and plasma lipid levels

The ingestion of a cafeteria diet for 10 weeks resulted in a significant increase in BP
compared with the values recorded before the diet administration. The measurements
showed increases of 24.75 + 3.06 and 25.39 = 3.88 mmHg for the SBP and DBP,
respectively, reaching values of 140.1 £ 2.86 mmHg for the SBP and 119.0 + 2.08 mmHg for
the DPB.

At the end of the cafeteria-feeding period, the plasma TC and TG levels were 67.5 +

4.9 mg/dL and 132.1 + 9.3 mg/dL, respectively.

Effect of LM-GSPE on BP and lipid levels in cafeteria diet-fed rats

Previous studies have demonstrated that the greatest antihypertensive effect of GSPE in
SHR rats was obtained 6 h after the administration of 375 mg/kg LM-GSPE [52]. Therefore, in
this study using cafeteria diet-fed rats, a dose of 375 mg/kg LM-GSPE was selected to be
administered for 6 h. The administration of LM-GSPE (375 mg/kg) resulted in a decrease in
both the SBP (Figure 1A) and DBP (Figure 1B) within 6 h, being significant for the SBP. In
contrast, the water administration did not lead to changes in either the SBP or DBP (Figures
1A and 1B). The LM-GSPE administration produced a decrement in both the plasmatic and
hepatic TC and TG levels (Figure 2) compared with the cafeteria diet-fed animals receiving

water.
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Effect of LM-GSPE on the lipid peroxidation products and GSH levels and ACE activity in the
cafeteria diet-fed rats

The TBARS levels as the lipid peroxidation products levels and GSH levels and the
plasma ACE activity were measured in cafeteria diet-fed rats that were untreated and treated
with 375 mg/kg LM-GSPE 6 h after the administration. The livers of the LM-GSPE-treated and
untreated animals had very similar GSH levels (Figure 3A). The levels of TBARS were
decreased in the livers of the treated cafeteria diet-fed rats (Figure 3B), whereas the plasma
ACE activity was similar in the untreated and LM-GSPE-treated rats 6 h after the

administration of 375 mg/kg LM-GSPE (Figure 4).

Discussion

Among the modifiable risk factors for CVD, HTN and dyslipidaemia, together with
smoking and diabetes mellitus, have particular relevance [63]. In addition, patients with one
risk factor tend to present other factors, and the probability of occurrence increases as the
number of risk factors increases, with the risk being more pronounced as the MS itself is
presented [30]. Thus, interventions for all risk factors present and assessing the “global CV
risk of the patients” are recommended [21; 23]. However, currently, there is not a
pharmacological treatment completely successful for the clustering of CVD risk factors, and
the overall approach used is the treatment of each individual component [57]. The
experimental model of rats fed a cafeteria diet proposed in this study can be especially useful
because, in addition to being induced by the diet, the increased BP is associated with other
risk factors of CVD, such as elevated lipid concentrations. Although the measured SBP after
10 weeks of feeding a cafeteria diet was not as high as that reached in SHR [52], the
obtained values can be considered to be borderline or a state that could be designated as
pre-hypertension, which thus already implies a risk factor.

Regarding the grape PAs effect on the lipid levels in this animal model, the LM-GSPE
treatment decreases the plasmatic and hepatic TC levels in animals fed with a cafeteria diet
after overnight fasting (22% and 21% decrement, respectively).Other studies have also found
a decrease in plasmatic TC after the administration of PAs from grape seeds [15-17; 45; 51].

However, a lack of an effect by grape seed PAs on plasma lipids has been previously
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reported for these animals [7]. These discrepancies could be due to the different doses of
extract used, the time of the administration of the extracts, the different types of cafeteria diet
used, the fasting period of the animals and even the use of different animal models [7; 9]. In
addition, to the findings for TC, a decrease in the plasmatic and hepatic TG levels after the
administration of LM-GSPE was recorded only 6 h after the administration of grape PAs (20
and 16% decrement, respectively). In agreement, a liver lipid decrement was previously
described in a lipid tolerance test after an acute treatment with a grape seed extract only 3 h
after the administration [6]. A repression of genes related to TG synthesis was highlighted as
the cause of this quick modulation of the concentration of hepatic TG by the grape seed
extract [15; 17; 51] (see the review about the hypolipidaemic effect of PAs and its biochemical

mechanisms in [7]).

The results of this study also showed that the administration of LM-GSPE exhibited
an antihypertensive effect with respect to the animals administered water in this model of pre-
hypertension. This antihypertensive effect of PAs has been previously reported in both short-
term [12; 40; 53] and long-term studies conducted with SHR [55; 65], once the hypertension
has been fully established.

One of the mechanisms involved in endothelial damage and the control of BP is
oxidative stress. The elevated production of free radicals in the endothelium, as has been
described for high lipid circulation, augments the contractibility of the vascular smooth muscle
and promotes its proliferation [64], which has been recognised as the central pathology for
HTN and atherosclerosis [61]. Moreover, free radicals in the endothelium can directly
scavenge NO and avoid NO-dependent vasodilatation. In addition, the oxidative stress also
stimulates the production of endothelium-derived vasoconstrictor factors and pro-
inflammatory agents [10]. Nevertheless, it is controversial whether the antioxidant properties
of polyphenols could explain their health benefits. In fact, an important feature of flavonoids is
the changes that occur to these molecules during first-pass metabolism. Moreover,
considerable quantities of the ingested PAs reach the large intestine where they are
degraded by colonic microbiota, yielding other smaller molecules that are also absorbed into
the body [18]. Consequently, the molecular forms that reach the peripheral circulation and

tissues are different from those that are present in foods. Therefore, their physiological
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properties differ from the original compounds ingested, including their antioxidant activities.
Two of the known biomarkers for the global oxidative stress status in the body are the liver
concentrations of GSH and TBARS. The latter are the final products of lipidic peroxidation
[32; 66]. In contrast, the GSH concentration can be directly related to the concentration of free
radicals in the tissue [67]. Although we did not find changes in this antioxidant system in the
liver, we describe in the present study a decrement in the hepatic lipid peroxidation products
of the rats treated with LM-GSPE, which indicates an improvement in oxidative stress. These
results are in concordance with other rat [54] and human [22] studies that revealed a
decrease in oxidative stress biomarkers after the administration of PAs.

Finally, as the renin—angiotensin—aldosterone system (RAAS) is a key factor in the
maintenance of arterial BP and one of its main components is the ACE, we studied whether
the administration of LM-GSPE modified the activity of this enzyme. ACE catalyses the
conversion of angiotensin | into the potent vasoconstrictor angiotensin Il [62]. In addition,
angiotensin Il stimulates the cell intake of lipids and their free radical production by promoting
the action of the enzyme NADPH oxidase [20]. The ACE inhibitory activity of PAs has been
demonstrated both in vitro [1; 2; 24; 44] and in vivo [48]. However, in this study, we did not
find any change in the plasmatic ACE activity 6 h after the administration of LM-GSPE,
although these results did not eliminate the participation of this enzyme before this moment or
the participation of the RAAS system in the improvement of the BP.

As is well known, lifestyle habits, such as dietary habits or physical activity, have
been associated with improvements in CVD, and the regular consumption of vegetables and
fruits has been associated with the reduced mortality and risk of CVD [4; 26; 28; 56]. In this
context, the study of the beneficial effects of plant-derived compounds, such as PAs, on
different risk factors associated with CVD can be very useful because these compounds can
be used as functional ingredients, especially when the limits set to begin pharmacological
treatment have not been reached yet for the pre-hypertensive state. Nevertheless, the
guantity of LM-GSPE necessary to decrease arterial BP in humans should be definitively
established when clinical trials are conducted.

Therefore, the results obtained in this study have demonstrated a simultaneous

beneficial effect of grape seed PAs on HTN and hepatic TG. In addition, the beneficial effect

10



284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306

307
308
309
310

311
312
313

of LM-GSPE on hepatic lipids and HTN is mediated, at least in part, by a reduction in
oxidative stress. In conclusion, we have described some mechanisms implicated in the
cardiovascular protective effect of LM-GSPE, a grape seed extract that could be used as a
functional food ingredient for simultaneously controlling different risk factors associated with

CVD.
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Figure Legends

Figure 1. Decrease in systolic blood pressure (SBP) (A) and diastolic blood pressure (DBP)
(B) in cafeteria diet-fed rats 6 h after the administration of 375 mg/kg LM-GSPE (®) or water
(o). The results are expressed as the mean + standard error (SEM). ** indicates significant

differences at p<0.01.

Figure 2. Plasma cholesterol (mg/dL) (A), plasma triglyceride (mg/dL) (B), hepatic cholesterol

(mg/g tissue) (C) and hepatic triglyceride (mg/g tissue) (D) levels in cafeteria diet-fed rats 6 h
after the administration of 375 mg/kg LM-GSPE (®) or water (©). The results are expressed

as the mean = standard error (SEM).

Figure 3. Hepatic TBARS (A) and reduced glutathione (GSH) (B) in cafeteria diet-fed rats 6 h
after the administration of 375 mg/kg LM-GSPE (®) or water (©). The results are expressed

as the mean + standard error (SEM). ** indicates significant differences at p<0.01.

Figure 4. Plasma angiotensin-converting enzyme activity (ACE) in cafeteria diet-fed rats 6 h
after the administration of 375 mg/kg LM-GSPE (®) or water (©). The results are expressed

as the mean + standard error (SEM).
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