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what you do today”
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SUMMARY

Hypertension (HTN) is currently one of the major risk factors for cardiovascular
disease. Natural antihypertensive compounds are considered as a good strategy
in decreasing blood pressure (BP). An interesting source of natural BP-lowering
compounds are agri-food industries, which generate large amounts of by-
products. This thesis aims to evaluate the potential of wine lees (WL), a winery
by-product, as source of antihypertensive compounds. The BP-lowering
properties of different WL were studied. WL from the Cabernet grape variety
exhibited antihypertensive effect in spontaneously hypertensive rats (SHR)
after acute administration. Their effects were associated to their high content
in flavanols and anthocyanins. Additionally, these WL were submitted to
enzyme-assisted extraction with Flavourzyme to release the phenolic
compounds from WL non-soluble fraction and phenolic-enriched WL were
obtained. Anthocyanins and flavanols were the largest families present in the
hydrolyzed WL, which also exhibited enhanced antioxidant and
antihypertensive activities. In addition to phenolic compounds, the hydrolysis
also produced the release of the novel antihypertensive peptides

FKTTDQQTRTTVA, NPKLVTIV, TVTNPARIA, LDSPSEGRAPG and LDSPSEGRAPGAD.

However, original WL also contain ethanol, which disappears in the drying
process. Considering that the drying process of WL is essential for their
commercialization, the antihypertensive activity of dried WL was investigated.
WL powder showed enhanced antihypertensive properties after their acute
administration at the most effective dose of 125 mg/kg bw. Their
vasoprotective and antioxidant effects were confirmed as the mechanisms
involved in their BP-lowering properties. However, since HTN is a chronic
disease, the antihypertensive effect of dried WL was also confirmed in SHR. In

addition, dried WL reduced heart rate and increased locomotor activity.

Therefore, the WL from the Cabernet grape variety, the obtained phenolic-

enriched WL, the identified antihypertensive peptides and the dried WL could
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be good candidates to be included in functional food, nutraceutical and food

supplement for the management of HTN.
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RESUMEN

Actualmente la hipertension (HTN) es uno de los principales factores de riesgo
de enfermedad cardiovascular. El uso de compuestos antihipertensivos
naturales se consideran una buena estrategia para la reduccidn de la presién
arterial (PA). La industria agroalimentaria genera grandes cantidades de
subproductos ricos en compuestos naturales con propiedades
antihipertensivas. Esta tesis tiene como objetivo evaluar el potencial de las lias
del vino (WL), un subproducto de la industria vitivinicola, como fuente de
compuestos antihipertensivos. Se estudiaron las propiedades antihipertensivas
de diferentes WL, donde las WL de la variedad Cabernet demostraron tener
efecto antihipertensivo tras una Unica administracion en ratas
espontaneamente hipertensas (SHR). Sus efectos se asociaron a su alto
contenido en flavanoles y antocianinas. Adicionalmente se realizé una
extraccion de compuestos fendlicos a la fraccién no soluble de éstas lias
mediante hidrélisis enzimatica con Flavourzime, obteniendo WL enriquecidas
en compuestos fendlicos. Las actividades antioxidantes y antihipertensivas
fueron mejoradas con el hidrolizado que presentaba principalmente
antocianinas y flavanoles. La hidrdlisis también generé la liberacién de nuevos
péptidos antihipertensivos FKTTDQQTRTTVA, NPKLVTIV, TVTNPARIA,
LDSPSEGRAPG y LDSPSEGRAPGAD.

Sin embargo, las lias originales también contienen etanol, el cual desaparece en
el proceso de secado. De modo que el proceso de secado de las lias es esencial
para su comercializacién. Ademas, las lias en polvo fueron estudiadas
mostrando una mejora de las propiedades antihipertensivas tras una Unica
dosis de 125 mg/kg por peso del animal. También se confirmd su efecto
vasoprotector y antioxidante mediante el estudio de los mecanismos
implicados en la reduccion de la PA. Sin embargo, la HTN es una enfermedad

crénica, asi, su efecto antihipertensivo a largo plazo también fue confirmado en
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SHR. Ademas, las lias secas reducen el pulso e incrementan la actividad

locomotora.

Por tanto, las lias de la variedad de Cabernet, las lias enriquecidas con
compuestos fendlicos, los péptidos antihipertensivos identificados y las lias
secas podrian ser buenos candidatos para ser incluidos como alimentos

funcionales, nutracéuticos y suplementos alimenticios para el control de la HTN.
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RESUM

Actualment la hipertensié (HTN) és un dels principals factors de risc de malaltia

cardiovascular. L'Us de compostos antihipertensius naturals es consideren una

bona estrategia per a la reduccié de la pressié arterial (PA). La industria

agroalimentaria genera grans quantitats de subproductes rics en compostos

naturals amb propietats antihipertensives. Aquesta tesi té com a objectiu

avaluar el potencial de les mares del vi (WL), un subproducte de la industria

vitivinicola, com a font de compostos antihipertensius. Es van estudiar les

propietats antihipertensives de diferents WL, on les WL de la varietat Cabernet

van demostrar tenir efecte antihipertensiu després d'una Unica administracio

en rates espontaniament hipertenses (SHR). Els seus efectes es van associar al

seu alt contingut en flavanols i antocianines. Addicionalment es va realitzar una

extraccié de compostos fenolics a la fraccié no soluble d'aquestes mares

mitjancant hidrolisi enzimatica amb Flavourzime, obtenint WL enriquides en

compostos fenolics. Les activitats antioxidants i antihipertensives van ser

millorades amb [I'hidrolitzat que presentava principalment antocianines i

flavanols. La hidrolisi també va generar l'alliberament de nous peéptids

antihipertensius FKTTDQQTRTTVA, NPKLVTIV, TVTNPARIA, LDSPSEGRAPG i

LDSPSEGRAPGAD.

No obstant aix0, les mares originals també contenen etanol, el cual desapareix

en el procés d'assecat. De manera que el procés d'assecat de les mares és

essencial per a la seva comercialitzacié. A més, les mares en pols van ser

estudiades mostrant una millora de les propietats antihipertensives després

d'una unica dosi de 125 mg/kg per pes de I'animal. També es va confirmar el

seus efectes vasoprotector i antioxidant mitjancant I'estudi dels mecanismes

implicats en la reduccid de la PA. No obstant aix0, la HTN és una malaltia

cronica, aixi, el seu efecte antihipertensiu a llarg termini també va ser confirmat

en SHR. A més, les mares seques redueixen el pols i incrementen I'activitat

locomotora.
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Per tant, les mares de la varietat Cabernet, les mares enriquides amb
compostos fenolics, els peptids antihipertensius identificats i les mares seques
podrien ser bons candidats per a ser inclosos com a aliments funcionals,

nutracéutics i suplements alimentaris per al control de la HTN.
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LIST OF ABBREVIATIONS

ACE Angiotensin converting enzyme
ACE2 Angiotensin converting enzyme 2
ACEi Angiotensin converting enzyme inhibitory
ACh Acetilcoline

Ang Angiotensin

ARBs Ang Il receptor antagonists

ATiR Angiotensin type 1 receptor

AT2R Angiotensin type 2 receptor

Akt Protein kinase B

BH; Tetrahydrobiopterin

BK Bradykinin

BP Blood pressure

BR1 Bradykinin receptor 1

BR: Bradykinin receptor 2

BSO Buthionine sulfoximine

BW body weight

cAMP Cyclic adenosine monophosphate
cGMP Cyclic guanosine monophosphate

COX Cyclooxygenase
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CVD Cardiovascular disease

DBP Diastolic blood pressure

DOCA Desoxycortisone acetate

ECE Endothelin converting enzyme

EDHF Endothelial-derived hyperpolarizing factors
eNOS Endothelial nitric synthase

ET Endothelin

ETa Endothelin-1 receptor A

ETs Endothelin-1 receptor B

FAD Flavin adenine dinucleotide

FMN Flavin mononucleotide

GA Gallic acid

GAE Gallic acid equivalents

GCS gamma-glutamylcysteine synthetase
Gl Gastrointestinal

GP Grape pomace

GPx Glutathione peroxidase

GR Glutathione reductase

GSE Grape skin extract

GSH Reduced glutathione

GSPE Grape seed proanthocyanidins extract
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GSSG oxided glutathione

GST Glutathione S-transferase

HDL High-density lipoprotein

HO-1 hemeoxygenase-1

HPLC High performance liquid chromatography

HTN Hypertension

H20; Hydrogen peroxide

ICAM Intercellular adhesion molecule-1

KKS Kallikrein-Kinin system

LDL Low-density lipoprotein

L-NAME N(w)-monomethyl-L-arginine

LM-GSPE Low-molecular weight grape seed polyphenol extract
MDA Malondialdehyde

NADPH Nicotinamide adenine dinucleotide phosphate
NO nitric oxide

NOX NADPH oxidase

NOXx Nitric oxide metabolites

0Oy Superoxide

ONOQO" Peroxide nitrite

PGFla 6-keto-prostaglandin Fla

PGHj; Prostaglandin H;
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PGI; Prostaglandin I or prostacyclin

PWL Phenolic-enriched wine lees

RAAS Renin-angiotensin-aldosterone system
ROS Reactive oxygen species

SBP Systolic blood pressure

SD Sprague-Dawley

SHR Spontaneously hypertensive rats

Sirt Sirtuin

SOD Superoxide dismutase

TBARS Thiobarbituric acid reactive substances
TGF-B1 transforming growth factor-p1

TNFa Tumour necrosis factor alpha

UHPLC Ultra high performance liquid chromatography
VSMC Vascular smooth muscle cell

WKY Wistar Kyoto

WL Wine lees

WLPW Wine lees powder
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INTRODUCTION

Hypertension (HTN) is a common risk factor for cardiovascular disease (CVD)
and a major global public health challenge. Treatments and prevention
strategies for lowering blood pressure (BP) and slowing the progression of BP
elevation are crucial for people with HTN. It has been suggested that the
reduction of both diastolic blood pressure (DBP) and/or systolic blood pressure
(SBP) by only 5 mmHg and10 mmHg respectively, reduce the risk of suffering

cardiovascular events [1]-[3].

The increment of HTN prevalence is attributed to unhealthy diets (i.e. high
sodium and low potassium intake) and lack of physical activity [4], [5]. Thus, the
consumption of diets rich in fruits and vegetables have been associated with a
lower risk of suffering CVD [6]. In this regard, several studies have shown
different beneficial effects of grapes and wine on BP, attributed to their
bioactive compound content, mainly phenolic compounds [7]-[9]. Grapes are
one of the world's largest fruit crops and the 57 % of the production is destined
to make wine [10]. Winery industry generates large amounts of by-products
[11]. Food by-products have recently emerged as a source of bioactive
compounds with a wide range of biological properties, including
antihypertensive [12]. In addition, this new by-product use allows for a

winemaking industry more sustainable and environmentally friendly [13], [14].

The objective of this review was to collect the reported evidences about the use
of winery by-products as sources of antihypertensive compounds, identifying
the potential bioactive compounds and highlighting the potential use of the

less-studied by-products.
1. Blood pressure and Hypertension

BP is the force exerted by the blood upon the walls of vessels, especially

arteries. It is represented by two events: 1) SBP, the pressure exerted in blood
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vessels when the heart is contracted and 2) DBP, the pressure exerted in the

vessels when the heart rests between beats [15].

HTN is defined as SBP > 140 mmHg and/or DBP > 90 mmHg and it is classified in
4 grades depending on the BP values (Table 1) [16]. HTN is the leading cause of
death globally and produces an increased risk of developing brain, hear, kidney
or other diseases [5], [17]. According to the World Health Organization (WHO),
1.13 billion of people worldwide suffer HTN. Furthermore, less than 20 % of
hypertensive people are under control [15]. HTN is also associated with other
diseases, where more than 50% of hypertensive people have other common
cardiovascular risk factors such as diabetes, lipid disorders, overweight-obesity

or metabolic syndrome [16].

Table 1. Blood pressure (BP) classification for adults.

Systolic BP Diastolic BP
Category
(mmHg) (mmHg)
Normal BP <130 and <85
High-normal BP or
. 130-139 and/or 85-89
prehypertension
Grade 1 hypertension 140-159 and/or 90-99
Grade 2 hypertension >160 and/or >100

Source: Extracted from 2020 International Society of Hypertension Global
Hypertension Practice Guidelines [16]

The development of HTN is due to different factors such as environmental,
genetic, behavioural or a combination of these factors. The genetic
predisposition to suffer HTN in combination with environmental factors such as
smoking, unhealthy diet, obesity or physical inactivity, contribute to increase
the pathogenesis of this disease [18]. In this regard, diet is the most important

modifiable factor to prevent HTN and other cardiovascular disorders.
2. Blood pressure regulation

The regulation of BP is mediated by complex mechanisms that involve multiple

organs and systems, including vasopressor and vasodepressor hormones,



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

autonomic nervous system, structure of the vascular system, renal function,

oxidative stress and total body fluid volume [19]. Some of the principal

mechanisms involved in the BP regulation are described below.

2.1. The renin-angiotensin-aldosterone system

One of the main mechanisms of BP regulation is the renin-angiotensin-

aldosterone system (RAAS) (Figure 1), which is activated by a sudden decrease

in blood pressure or Na* levels or increase K* levels. This system produces an

increase in the reabsorption of water and Na* and excretion of K" in the

nephrons [20]. The hormonal cascade system begins with the release of renin

by juxtaglomerular cells in the kidney in response to various stimuli as changes

in NaCl delivery, renal perfusion pressure, negative feedback by angiotensin Il

(Ang Il) or sympathetic nerve stimulation [21]. In the circulation system, renin

catalyses the conversion of angiotensinogen, released by liver, to the

decapeptide angiotensin | (Ang ). Then, angiotensin-converting enzyme (ACE)

cleavages the Ang | C-terminal end releasing the octapeptide Ang Il. ACE is

mainly expressed by capillary blood vessels in the lung, but it has also been

described in kidneys, heart, adipose tissue, brain and some segments of the

digestive tract [22], [23]. Ang Il is a potent vasoconstrictor, exerting its action

through Ang-Il type 1 receptor (AT1R). Recently, it has been evidenced that Ang

Il can also act as vasodilator when it binds to Ang-Il type 2 receptor (AT2R).

However, this last action is less frequent as AT;R is less expressed than AT3R in

the cells [24], [25]. Moreover, the binding of Ang Il to ATiR in adrenal glands,

induce the production of aldosterone in zona glomerulosa, which produce the

retention of Na* and water increasing the BP [26],[27].
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Figure 1. Representation of the renin-angiotensin-aldosterone system (RAAS).
Hormonal cascade system beings with the release of renin by kidney. In the
circulation system, renin catalyses’ the conversion of angiotensinogen, released
by liver, to the decapeptide angiotensin | (Ang I). Then, angiotensin-converting
enzyme (ACE) cleavages the Ang | C-terminal end releasing the octapeptide Ang
Il. Ang Il can act as vasoconstrictor, exerting its action through Ang-Il type 1
receptor (AT.R) or can also act as vasodilator when it binds to Ang-Il type 2
receptor (AT2R). Moreover, the binding of Ang Il to AT:R in adrenal glands,
induce the production of aldosterone in zona glomerulosa, which produce the
retention of Na* and water increasing the BP. Moreover, Ang Il can also be
broken down in its C-terminal region by ACE2, leading to the production of the
nonapeptide Ang-(1-9), which binds to AT,R exert a vasodilator effect. Ang-(1-
9) is in turn hydrolysed by ACE to produce Ang-(1-7), which can be also
generated by hydrolysing Ang Il through ACE2. Ang-(1-7) exerts a vasoactive

effect when it blinds to Mas receptor (MasR). In aditiion, Ang Il also can
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generate Ang Il (also called Ang-(2-8)) by the action of the brain
aminopeptidase A (APA) in the extreme N-terminal. Ang Il has the same Ang I
affinity for AT1R and AT;R, leading to exhibit a vasoconstrictor effect. Ang Ill is
degraded by aminopeptidase N (APN), produced by the brain, into Ang IV (also
called Ang-(3-8)) that produces vasodilatation through Ang Il type 4 receptor
(AT4R).

Moreover, Ang Il can also be broken down at its C-terminal region by ACE2,
leading to the production of the nonapeptide Ang-(1-9), which binds to AT2R
exert a vasodilator effect. Ang-(1-9) is in turn hydrolysed by ACE to produce
Ang-(1-7), which can be also generated by hydrolysing Ang Il through ACE2.
Ang-(1-7) exerts a vasoactive effect when it blinds to Mas receptor (MasR) [28].
MasR is predominantly expressed in the brain and the testes, while moderate
levels are found in the heart, kidney and vessels [29]. In addition, Ang Il also can
generate Ang Il (also called Ang-(2-8)) by the action of the brain
aminopeptidase A (APA) in the extreme N-terminal. Ang lll has the same Ang Il
affinity for AT;R and AT3R, leading to exhibit a vasoconstrictor effect. Ang Ill is
degraded by aminopeptidase N (APN), produced by the brain, into Ang IV (also
called Ang-(3-8)) that produces vasodilatation through Ang Il type 4 receptor
(AT4R) [26], [30].

As it has been shown, ACE plays an important role regulating BP as it mediates
the passage from Ang | to the vasoconstrictor Ang Il. However, this enzyme is
also relevant because metabolizes other peptides, including the vasodilator
bradykinin (BK) and kallidin to inactive metabolites [21]. Thus, an increase in
ACE production results in the presence of high levels of Ang Il and aldosterone,
producing vasoconstriction and BP increase. The overactivation of RAAS
contributes to the development of different diseases including HTN [31] and

plays an important role in the development of endothelial dysfunction [32].

2.2, Endothelial function
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The vascular endothelium has an important role in the regulation of vascular
tone and BP. Specifically, it controls the fluidity and coagulation of the blood
through the regulation of the clotting cascade and the fibrinolytic system [33],
[34]. Moreover, vascular tone is regulated by the endothelium-derived factors
by a balance between the production of vasodilators (nitric oxide (NO) or
prostacyclin (PGIl,)) and vasoconstrictors (endothelin-1 (ET-1) or Ang Il in the
endothelium) (Figure 2) [35].

Ang | Ang Il
N
| Ca
(8e) o, o, . Endothelial cells
Arachidonic acid eNOS enos o (ag | Angll - giger1
L-Arginine ——— L-Citruline Sirt-l — e Su— { P——
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Figure 2. Endothelial-derived vasoactive molecules. Vasorelaxant enzymes and

Vascular smooth muscle
cells

molecules are represented in green and vasoconstrictor enzymes and
molecules in red. ACE: angiotensin converting enzyme; Ang: angiotensin; AT;R:
Angiotensin type 1 receptor; cAMP: cyclic adenosine monophosphate; cGMP:
cyclic guanosine monophosphate; COX: cyclooxygenase; ECE: endothelin
converting enzyme; ET: endothelin; ETa: endothelin receptor A; ETs: endothelin
receptor B; eNOS: endothelial nitric oxide synthase; L-Arg: L-arginine; NADPH:
nicotinamide adenine dinucleotide phosphate; NOX-4: nicotinamide adenine
dinucleotide phosphate-oxidase 4; NO: nitric oxide; PGl,: prostaglandin |, or
prostacyclin; PGI,S: Prostaglandin I, synthase; ROS: reactive oxygen species;
Sirt-1: Sirtuin 1; IPR: prostaglandin receptor.

Endothelial dysfunction is characterized by an imbalance in endothelium-
dependent vasodilators and vasoconstrictors [36]. In a healthy state, the
endothelium promotes a vasodilator, antithrombotic, and anti-inflammatory
state. However, endothelial dysfunction is associated with different risk factors

such as hypercholesterolemia, hyperglycemia, HTN, established atherosclerosis
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or other CVD, which alter endothelial phenotype promoting atherogenesis,
lesion progression, and plaque vulnerability [37]. All risk factors are associated
with an attenuation/loss of endothelium-dependent vasodilation [35], [36],

[38].
2.2.1. Endothelial-derived vasodilator factors

NO is the main endothelium-derived vasodilator factor. It inhibits platelets,
leukocyte adhesion to the endothelial surface, and proliferation and
contraction of vascular smooth muscle cells (VSMC). NO is produced by the NO
synthase (NOS), which can be found in different isoforms including neuronal
(nNOS), inducible (iNOS) and endothelial (eNOS). In endothelial cells, eNOS is
located in the plasmatic membrane as inactive form [37] [39]. Upon activation
by different stimuli, eNOS uses L-arginine and O, to reduce nicotinamide-
adenine-dinucleotide phosphate (NADPH) and produce NO [40]. eNOS activity
is enhanced by agonists such as bradykinin, acetylcholine (ACh), and histamine,
which increase intracellular calcium (Ca?*). Hemodynamic shear stress and the
hormones insulin or plasma albumin, increment activity of eNOS by inducing
eNOS phosphorylation, independent of changes in intracellular Ca?* [41], [42].
Sirtuin 1 (Sirt-1), also called deacetylase silent information regulator factor 2
related enzyme 1, is one of the most relevant factors that activate eNOS. The
role of Sirt-1 is crucial in the regulation of NO production and in endothelium-
dependent vascular tone. Sirt-1 deacetylates eNOS activating it and increasing
NO production [43]. Moreover, many studies have demonstrated that Sirt-1
may inhibit endothelial apoptosis and improve vascular endothelial function
through increasing eNos expression, exerting anti-atherosclerotic effects [44],
[45]. Given the important role of Sirt-1 in maintaining vascular endothelial
homeostasis, Sirt-1 and their activators have been investigated considering
their potential as a target in pharmacological therapies for CVD treatment in
animals and humans [46], [47]. In HTN, NO levels are reduced [48] and this can

mainly occur by one of the following three methods: i) reduction of NO
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production due to decreased eNOS levels [49], ii) decrease in the NO availability
caused by reactive oxygen species (ROS) which convert NO to peroxynitrite [50]

or iii) antagonism of NO by endothelium derived contracting factors [51].

Endothelial function is also mediated by other vasodilator, Prostacyclin I (PGl,)
[52]. PGI; is a central cardioprotective hormone along with NO. Its main
functions, besides vasodilatation, are the inhibition of platelet activation,
reduction of the risk of thrombosis and reduction in VSMC remodelling and
cholesterol uptake [53]. For PGI; synthesis, arachidonic acid must be released
from membrane-bound lipids via the enzymatic actions of phospholipase A2
[54]. In endothelial cells, phospholipase A2 activation is a calcium-dependent
step [55]. Once liberated, arachidonic acid is metabolized by cyclooxygenase
(COX) enzymes to produce prostaglandin H, (PGH,) and in turn, PGH, is
transformed to PGl, by prostacyclin synthase (PGI,S). Two COX isoforms are
involved in the endothelial PGl synthesis, the endothelial-constitutive COX-1,
which generates the majority of prostanoids during physiological processes and
COX-2, that is only expressed when the endothelium is damaged and exposed

to inflammatory cytokines [52], [53], [56], [57].

2.2.2. Endothelial-derived vasoconstrictor factors

Vasoconstrictors factors also play an important role in the BP regulation [58].
Among these, Ang Il is one of the most relevant since ACE acts on the
endothelium converting Ang | to Ang Il. Ang Il binds to the ATiR of endothelial
cells promoting vasoconstriction. In addition, Ang Il also promotes the
endothelin-1 (ET-1) production, another potent endothelium-derived
vasoconstrictor factor. An increase of these both factors induce endothelial
dysfunction [38]. ET-1 is produced by the endothelin converting enzyme (ECE)
from the inactive precursor big ET-1 [59]-[61]. ET-1 contributes to vascular tone
and regulates cell proliferation through activation of ETa and ETg receptors. ETa
receptor is located exclusively on VSMC while ETg receptors on VSMC and

endothelial surfaces [62], [63]. When ET-1 binds to ETa or ETg receptors, smooth
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muscle Ca%* channels open, allowing the entrance of extracellular Ca?* into the
cell and producing vasoconstriction. However, when ETg is activated at the
endothelial surface, stimulates the release of NO and PGl, producing
vasodilation. ET-1 effect is determined by the receptor localisation and the
balance between ETa and ETg receptors [64]. Nevertheless, under physiological
conditions, the main ET-1 effect is vasoconstriction mediated by the ETa
receptor, which is partly counteracted by ETg receptor-mediated NO release.
Moreover, in endothelial dysfunction, it has been described that individuals
present an ETg receptor upregulation in VSMC, whereas in endothelial cells ETg
receptors are downregulated. This dysregulation resulting in an enhance in ET-

1-mediated vasoconstriction [65].
2.3. Oxidative stress and vascular homeostasis

Oxidative stress is defined as an imbalance between the generation of reactive
oxygen species (ROS) and antioxidant defence systems [66]. Overproduction of
ROS contributes to the development of CVD and endothelial dysfunction [67].
Furthermore, the increment of ROS levels in cardiovascular control organs elicit
targeted immune response, which potentiates systemic HTN and its
complications. Thus, oxidative stress induced by pro-inflammatory signals
worsens the immunologic response in endothelium, which produces the

progressive deterioration of vascular function [68].

High levels of oxidative stress in hypertensive states increase Ang Il levels, which
stimulate the production of ROS through NADPH oxidase. The main vascular
sources of ROS are mitochondrial enzymes, superoxide-producing enzyme
NADPH oxidase, xanthine oxidase and uncoupling of NOS (state in which this
enzyme produce superoxide instead of NO) [19]. NADPH oxidases (NOX) is a
complex with multiple subunits of NOX (NOX1, NOX2, NOX4 and NOX-5). NOX
participates in diverse processes as cell growth, migration, inflammation,
fibrosis and contraction [69]. The production of ROS by NOX is through its

catalytic domain which allow the electrons transfer from cytosolic NADPH to
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leads the reduction of the oxygen to O,  as well as to secondary ROS by-products
[65]. From the five NOX isoforms described, NOX2 and NOX4 are those
producing ROS in the endothelium, being NOX4 the most abundant isoform
[70]. NOX1/NOX2 are involved in the development of endothelial dysfunction,
HTN and inflammation. While NOX4 may have a protective role in vasculature
under stress condition; however recent studies showed that suppression of
NOX4 could prevent HTN [71], [72]. In fact, NOX4 contributes to increased ROS
generation when is stimulated by Ang Il, glucose, tumour necrosis factor alpha
(TNFa) and growth factors [73]. NOX5 has been reported to be related to
oxidative damage in human arthrosclerosis [72]. ROS activity and NOX
expression and activity are increased in VSCM in endothelial dysfunction and

are associated with oxidative stress and aberrant redox signalling [73], [74].

Some specific enzymes and low molecular weight substances are involved in the
elimination of reactive species in order to regulate the redox balance. Reduced
glutathione (GSH) is the leading antioxidant synthetized by cells [75]. In healthy
people and animals, most glutathione is kept in its reduced form (GSH) with low
levels of its oxidized form (GSSG) [75].The antioxidant effect of GSH is mediated
by different mechanisms where their disulphide form or oxidized (GSSG) can be
back to its GSH form by the enzyme glutathione reductase (GR) to restore the
unbalance between GSH/GSSG [76]. Glutathione peroxidase (GPx) is another
enzyme involved in protecting cells against oxidative damage. It uses GSH as a
cofactor to reduce H,0, and organic hydroperoxides, generating GSSG and
water. A stage of severe oxidative stress, as that found in HTN, can overcome
the capacity of GR to reduce GSSG, causing an accumulation of GSSG [69], [74].
Thus, in HTN, a reduction of GSH levels has been observed by the
overproduction of ROS [69], [74].

Moreover, an excessive ROS production also induce lipid peroxidation. These
process consist in the oxidation of fatty acids polyunsaturated in low-density
lipoprotein (LDL) in the cell membranes, generated during the different stages

lipid peroxyl radicals or malondialdehide (MDA) [77]. MDA is currently
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considered as a marker of tissue damage and failure of the antioxidant defence
mechanisms, produced by an excessive oxidized LDL [78]. In HTN, the levels of
MDA are increased. MDA plays an important role in the endothelial dysfunction
inhibiting the expression and activity of eNOS and consequently reducing NO

availability [79].

In the blood vessels, overproduction of ROS is related with a low level of
vasodilators generating endothelial dysfunction. NO is the main vasodilator
affected as it interacts with oxygen free radicals to generate peroxynitrite
(ONOO). This leads to a reduced NO availability and increased ROS levels
promoting HTN stage [66] [80].

3. Hypertension treatments

Currently, there are many treatments focused on the regulation and control of
HTN. Antihypertensive therapy has been clearly shown to reduce the risk of CVD
among people with vascular or renal disease, diabetes, or HTN with end-organ
damage or, in the absence of these conditions [81]. Implementation of lifestyle
modifications is the most recurrent method to treat HTN in patients with
prehypertension and less than 10% of pre-existing cardiovascular risk [82], [83].
However, in patients with HTN or a pre-existing cardiovascular risk of 10% or

higher, both lifestyle change and medication are recommended [84].
3.1. Pharmacological Treatments

Pharmacological treatments are widely used in the HTN treatment with the aim
of reducing BP, acting on different targets involved in this process [85].
Pharmacological antihypertensive treatments mainly include five classes of
drugs according to their targets: angiotensin Il receptor blockers and ACE

inhibitors, beta-blockers, diuretics, calcium-channel blockers, [86], [87].

ACE inhibitors (ACEi) are the most widely used drug for the treatment of HTN
and the first choice. Indeed, five of the drugs recommended by the European

Society of Cardiology in 2016 are ACEi: captopril, enalapril, ramipril and
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trandolapril [88]. ACE is a metalloprotease primarily found anchored in the

plasma membrane through a hydrophobic domain near its carboxy-terminal

region and, therefore, it is mainly located on the tissue cells surface. However,

ACE can also be released into the circulation by cleaving this carboxyl-terminal

region [89]. Two homologous domains (N-terminal and C-terminal) are found in

the somatic form of ACE and both contain an active site to bind zinc which active

ACE. Nevertheless C domain is the dominant domain in the ACE [90]. ACEi can

exert their inhibition on the RAAS system preventing the change from Ang | to

Ang Il or on the BK system degrading bradykinin and substance P (vasoactive

factors). These vasoactive factors are degrading by other enzymes such as

aminopeptidase P or carboxy-peptidase N when ACE is inhibited. Both systems

present cardioprotective branch: protection to heart failure, natriuretic,

antithrombotic, antihypertrophic, antifibrotic and antiarrhythmic effects, in

addition to present attenuation of plaque formation and improve of vascular

dysfunction [91].

Beta-blockers are in the second line of therapeutic recommendations for

essential HTN [92]. Beta-blockers refer to a diverse group of drugs such as

Bisoprolol or Carvedilol, which block the action of endogenous catecholamines

on beta-adrenergic receptors, part of the autonomic (or sympathetic) nervous

system [93]. These antihypertensive drugs are specially prescribed to reduce

cardio vascular complications in patients with heart failure and reduce cardiac

output [94].

Diuretics are other drugs used to decrease BP. They increase the excretion of

water by modulating the reabsorption of sodium at different segment of the

renal tubular system [95]. There are three main classes of diuretics in the HTN

treatment: thiazides, loop diuretics and potassium-sparing agents, being

thiazides the most used in the treatment of primary HTN [96]. Diuretics

treatment is commonly used in different diseases such as kidney failure,

congestive cardiac failure and HTN due to their ability to reduce blood volume,

cardiac output and systemic vascular resistance [96]-[98].
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Regarding Ca?* channel blockers, they have a positive effect on kidney and
cardiovascular diseases, improving the endothelial function [99]. The use of
calcium channel blockers avoids changes in VSMC contractility in response to
vasoactive stimuli, which modify arterial diameter and tissue blood flow and are
determined by alterations in the intracellular Ca?* concentration. An increment
of intracellular Ca?* concentration in VSMC produce vasoconstriction and leads
to HTN. For this reason, calcium channel blockers are used to prevent the entry
of extracellular Ca** and improve endothelial function [100]. In addition, Ca®
channel blockers, including Amlodipine, are also used for treating certain types

of abnormally rapid heart rhythms [101].

Another popular pharmacological therapy to improve HTN is the use of
antagonists for Ang Il such as Losartan or Atacand [102]. The Ang Il receptor
antagonists (ARBs) block ATiR located in smooth muscle cells, liver, kidney,
heart, aorta, lung and testes. This bound produces the blockade of RAAS system

generating a drop of BP [103].

Nowadays, ARBs and ACE inhibitors are the most used and successful
antihypertensive drugs reducing morbidity and mortality amongst patients with
HTN or myocardial infarction [104], [105]. However, they can have unwanted
side effects such as hypotension, dizziness, hyperkalaemia or increase
creatinine levels among others [106]. Moreover, these drugs are not suitable
for treating pre-hypertensive or normotensive individuals at risk of
cardiovascular diseases. Indeed, they are not wusually treated with
pharmacological therapy and changes in life style, are normally the first step to
prevent elevated BP [90]. However, is important to act at the pre-hypertensive
stage with the aim to avoid the development of HTN [90]. Neither drugs such
as B-blockers or diuretics are suitable for the treatment of pre-hypertension as
they may have different metabolic side effects. Thus, angiotensin-receptor
inhibitors and some calcium channels inhibitors are the only drugs capable of

treating prehypertension in a safer way [107]. Therefore, there is a need to
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develop new therapeutic antihypertensive treatments with reduced side

effects and suitable for pre-hypertensive patients.

In this sense, natural products are of high interest for both scientific and food
industry communities as they are a great source of bioactive compounds with
several beneficial effects including antihypertensive [14], [108]. Indeed, new
natural treatments aiming to reduce BP have emerged in the last years, specially

ACE inhibitors [109].
3.2. Non-pharmacological Treatments

Lifestyle modifications such as salt reduction, healthy diet (dietary patterns
characterized by a high consumption of fruit, vegetables, whole grains,
legumes, seeds, nuts, fish, low-fat dairy, and a low consumption of meat and
sweets), healthy drinks, moderation of alcohol consumption, weight reduction,
smoking cessation and regular physical activity, have been shown to reduce BP
in several clinical studies [16]. These changes may improve the HTN stage in
patients who are being already treated pharmaceutically, which in turn allows

for reducing the dosage of hypertensive drugs [110].

HTN stage shows different grades of HTN, when low grades of HTN are not
treated to the same way that severe HTN grades. For example, in pre-
hypertensive individuals is recommended to change their lifestyle, including
diets rich in fruits and vegetables and physical activity, with the aim of
alleviating this disease without the need for drugs. In this sense, the use of
natural compounds as a source of antihypertensive compounds may be a great

alternative as they are considered a safer option.
3.3. Natural antihypertensive compounds

Fruits and vegetables extracts are a valuable source of bioactive compounds,
mainly phenolic compounds and peptides which have ACEi properties [90].

These bioactive compounds present similar or even more potent
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antihypertensive effects than pharmacological therapies, inspiring many

researchers to explore new therapies for HTN [111].
1.1.1. Phenolic compounds

Phenolic compounds constitute a large group of bioactive phytochemicals that
present one aromatic ring at least with one or more hydroxyl group in their
main structure [112]. These can be classified into flavonoids (flavanols,
flavonols, anthocyanins, flavones, flavanones and isoflavones), stilbenes,
phenolic acids and lignans [113]. Different studies have shown the health
properties of phenolic compounds, including their antihypertensive effect
[114]-[118]. A study carried out by Guerrero et al. have demonstrated the
relationship between the structure of ACE and the capacity of flavonoids to
inhibit it. Seventeen flavonoids were evaluated in vitro where their inhibitory
potencies ranged from 17-95 % at a concentration of 500 uM. The better
activity in vitro were related with sub-structures on the flavonoid skeleton,
mainly the catechol group in the B-ring, the double bond between C2 and C3 at
the C-ring and the cetone group in C4 at the C-ring [118]. Consumption of
phenol-rich foods has been associated with a range of health benefits, including
the reduction of cardiometabolic risk factors in humans [113]. Within
flavonoids, flavanols of different sources such as grapes or cocoa have been
proved to improve CVD by reducing BP [119], [120]. The intake of flavanols and
proanthocyanidin-rich foods such as red grapes or red wine are associated with
an improvement of endothelial function and the reduction of BP in hypertensive
rats [121]-[123]. Furthermore, foods and extracts rich in flavanols and
proanthocyanidins also improve the CVD through the reduction of BP in
hypertensive and pre-hypertensive subjects [124], [125]. These beneficial
effects are mainly due to the involvement of flavanols in regulating the
production of the vasodilator NO, increasing NO levels in the endothelial cells
[114], [126]. Furthermore, these studies are corroborated with the

administration of individual flavanols such as catechin and epicatechin in
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hypertensive animals, with the consequent reduction in BP [127]. Anthocyanins
are the responsible of the colour of fruits and vegetables, being mainly found in
blueberries and red grapes [128]. Dietary intake of anthocyanins has been
studied for its health-promoting effects, more specifically with respect CVD
prevention [129]. Anthocyanin-rich extracts of different sources as chokeberry,
bilberry or elderberry showed the increase of NO endothelial via regulation of
eNOS expression and activity, promoting vasorelaxation in pig coronary arterial
rings [130]. In addition, anthocyanin-rich black soybean has demonstrated their
antioxidant and antihypertensive properties acting in the prevention of
oxidative damage with the increment of NO bioavailability and with the
reduction of NADPH oxidase activity in lipopolisacharide (LPS)-stimulated RAW
264.7 cells [131]. Three meta-analyses of randomized controlled demonstrated
the association between consumption of different sources of anthocyanins and
the significant reduction of SBP and improve the vascular function [132]-[134].
One of these meta-analysis conducted with 24 clinical studies in healthy and
hypertensive subjects showed that anthocyanin consumption improves the
flow-mediated dilatation in acute and chronic supplementation. Additionally,
the pulse was also improved in the acute supplementation, improving the
vascular health [134]. The antihypertensive effect of berries rich in
anthocyanins were demonstrated in a meta-analysis conducted with 22 clinical
trials in healthy subjects and hypertensive subjects when berries consumption
reduced SBP and LDL glucose [132]. Calfio et al. showed that the main
responsible of the vasodilatation produced by anthocyanins are delphinidin-3-
glucoside, petunidin-3-glucoside and malvidin-3-glucoside with the higher
levels of vasodilatation in vitro in the endothelium [135]. Within stilbenes
family, resveratrol is the found most abundant in grapes, red wine and berries
with numerous beneficial effects associated with its intake, including
antihypertensive effects [136]. Thus, resveratrol has been shown to exert
antihypertensive properties in different models of hypertensive rats associated

with the improvement of endothelium through vascular relaxation [137]-[140],
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enhanced eNOS activity [137], [139], [140] and subsequently the increase of NO

[140]. This antihypertensive potential of resveratrol is also related to its

antioxidant capability. Hence, resveratrol administration to hypertensive

rodents led to increased SOD [140]-[143], catalase [141], [142], GPx [143] and

GSH [142]—-[144] activity. Furthermore, resveratrol activate sirtuins such as Sirt-

1 with is implicated in the deacetylation and consequent activation of eNOS

[145]. However, there is some controversy regarding the effects of resveratrol

on BP in humans. Thus, a meta-analysis of randomized controlled trials showed

no relationship between resveratrol and pressure drop [146]. Other meta-

analysis in obese or pre-hypertensive subjects showed a reduction in SBP after

intake of resveratrol [147]-[149], and, in some cases, this effect was only

observed at high doses [148].

Regarding the flavonol group, quercetin and kaempferol are the most widely

distributed in foods with potential cardiovascular-related benefits [116].

Quercetin is found mainly in asparagus, onion and berries and kaempferol in

the green leafy vegetables like spinach, but they are also found to a lesser

extent in red wine [116]. Quercetin stands out for its capacity of improving

endothelial function by the modulation of vasoactive agents with the increase

of NO production and the reduction of ET-1 production, in addition to prevent

the endothelial cell apoptosis [150], [151]. Quercetin acts via radical scavenging

ability regulating enzymes such as hemeoxygenase-1 (HO-1) and reduces ROS

production in macrophages [152]. In hypertensive animal model, quercetin

presented the ability to inhibit ACE, reducing BP levels [152]. In subjects with

metabolic syndrome, the intake of quercetin decreases SBP [153] and their

intake in hypertensive subjects reduced the SBP and DBP in hypertensive

subjects but not in subjects with pre-hypertension [150]. Endothelial function

is also improved in healthy men as shown by a randomized, placebo-controlled,

crossover trial where the administration of quercetin increased the levels of NO

and reduced ET-1 [154]. In a randomised double-blinded controlled cross-over

trial in pre-hypertensive subjects intake of a quercetin-rich onion skin extract
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reduced the arterial BP probably by the regulation of ET-1 production [155]. In
addition, a meta-analysis of 7 randomized controlled trials showed the

reduction of SBP and DBP after supplementation with quercetin [156].
3.3.2. Bioactive peptides

In addition to phenolic compounds, the antihypertensive properties of
bioactive peptides have been evidenced [90]. Bioactive peptides are small
protein fragments that when are released to the native protein can exert a
biological activity [157]. Three different ways involved in bioactive peptide
release: by the action of proteolytic microorganisms, through breakdown by
digestive enzymes and by hydrolysis with proteolytic enzymes from plants or
microorganisms [158]. Bioactive peptides can regulate important bodily
functions through their myriad activities, including antihypertensive,
antimicrobial, antithrombotic, immunomodulatory, opioid, antioxidant, and
mineral binding functions [159]. Antihypertensive effects are one of the most
important properties attributed to bioactive peptides. This effect can be
mediated by the inhibition of ACE, which is achieved after being absorbed in an
intact form [157]. In recent years, the study of bioactive peptides is booming
due to the great variety of foods in which they are found and their use in the

revaluation of by-products [159].

The biological activity of the different protein hydrolysates is related to their
composition, their amino acid sizes and sequence and their peptide
configuration. Most of peptides contain 2 to 20 amino acids and are generally
rich in hydrophobic amino acids [160]. The hydrolysis of food proteins is the
best way to obtain an increment of bioactive peptides. In this regard, the study
of bioactive peptides from dietary proteins has received great attention for
their ACEi properties. Small-sized peptides, consisting of 3-12 amino acids, are
most likely to exhibit ACEi activity. However, factors such as intestinal

absorption, the position of amino acids within the peptide and the possible
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degradation of the peptides by digestive enzymes must be taken into account

[161].

4. Grape, wine and winery by-products as sources of bioactive

compounds

Food-derived compounds have emerged as a potential alternative to manage
HTN. In addition to foods, other interesting source of these functional
compounds are agri-food industry by-products [162], [163]. Their use allows
enhancing the valorisation of these wastes and making these industries more
environmentally friendly. The shortage of raw materials around the world is an
economic, social and environmental problem, making food products more
expensive, exploiting natural resources and increasing levels of poverty,
malnutrition and new diseases [164]. The current linear economic model is
based on the constant need for short shelf-life products, forcing greater
production to alleviate the high demand from the consumer and generating an
environmental and economic crisis due to the limitation of natural resources
[165], [166]. Indeed, according to the Food and Agriculture Organization (FAO)
of the United Nations, about 1.3 billion tonnes of foods are lost or wasted
globally [167]. Thus, a new (circular) economy model has emerged in the last
decade in order to respond to high demands by generating fewer waste
products and reusing them, contributing to a more sustainable and

environmentally friendly economy [168].

Therefore, agri-food by-products have emerged as a novel source to obtain
natural bioactive compounds with a wide range of beneficial activities, including
antihypertensive properties [12], [90], [162], [169]-[172]. Hence, the significant
potential of these by-products to obtain these bioactive compounds allows for
increasing their value, as they can be used as functional ingredients or
nutraceuticals, in addition to the aforementioned contribution to the circular

economy [173] [174]. In this regard, grapes are one of the world’s largest fruit
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crops and the wine production process generates large amounts of by-products

[11].
4.1. Grapes

Grapes are one of the most common and important fruits worldwide, and they
are often consumed raw or after being converted to juice, wine, or jam [7],
[175]. Five countries represent 50 % of the world vineyard, where Spain is the
one with the largest vineyard area. Grape production in 2018 was 77.8 mt
worldwide. Only a 36 % of this production is destined to be consumed as a fruit.
The rest is destined to produce wine or make other grape products using dried
grape (57% and 7%, respectively) [10]. Grape berries are rich in bioactive
compounds such as phenolic compounds, being both the natural product and
its by-products generated after their processing a subject of study by the
scientific community. In this sense, fruits like grape, blueberry or apple have
been widely studied and have shown strong cardioprotective and
antihypertensive effects [115] [176]-[179]. Their beneficial effects have been
mainly associated to their phenolic compounds content [180]. This fact,
together with their high production and consumption in the world, has made
them and its derivatives one of the most studied products to evaluate their

beneficial effects.

The phenolic composition of grapes may vary depend on different factors such
as soil, climate, degree of maturity or grape variety [181], [182]. Focusing on
grape variety, the red ones have a higher total amount of phenolic compounds
than the white varieties. This is due to the pigments contained in the red grape
responsible for the different shade of the grape. These pigments are mainly
anthocyanins that are absent in white grapes. Table 2 shows an example of the
phenolic composition found in the most studied grape varieties. Phenolic
compounds in grapes are mostly distributed in grape seeds at 60%—70%,
followed by skin at 28%—35% and pulp with less than 10% [163]. Anthocyanins

are mainly found in red grapes since they are responsible for their red colour.
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Indeed, they also contribute with other pigmentations (blue or purple) of many

flowers, fruits and vegetables [128]. There are five main types of anthocyanins

found in red grapes: malvidin-3-O-glucoside, cyanidin-3-O-glucoside,

delphinidin-3-O-glucoside,  petunidin-3-O-glucoside, and peonidin-3-O-

glucoside. Malvidin-3-O-glucoside was the most predominant [111], [183],

[184].

Regarding flavanols, (+)-catechin and its isomer (-)-epicatechin are the most

abundant in grapes. Frequently, flavanols are conjugated with gallic acid giving

rise to the gallate flavanols which include epicatechin gallate, catechin gallate,

epigallocatechin gallate and gallocatechin gallate [185]. Condensed tannins,

also known as proanthocyanidins, are oligomeric and polymeric compounds

which consist in couple flavanol units. Within proanthocyanidins, procyanidins

are the most abundant, which contain exclusively (epi)catechin units [112].

Flavonols are less distributed in grapes than anthocyanins and are typically

found as glycosides. The main flavonols found in the grapes are quercetin,

kaempferol and isorhamnetin glucosides [150], [186], [187]. The disaccharide

quercetin-3-O-rutinoside is a common dietary component [112].

Moreover, grapes also contain non-flavonoids, composed by two groups:

phenolic acids and stilbenes. Stilbenes are compounds presenting two aromatic

rings connected by ethylene bridge. Resveratrol and its structural analogue,

pterostilbene, are the main stilbenes found in grapes [188]. Gallic acid (GA) is

the main phenolic acid found in grapes [189]-[191].
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4.2. Winemaking process

The main grape-derived product is wine, being more than 50 % of grape
production used to this purpose. According to 2019 statistical report from the
International Organization of Vine and Wine, Spain is the third wine-producing
country in the world with 44.4 million hectolitres, behind Italy and France (54.8
and 48.6 million hectolitres, respectively). However, Spain is the country with
the highest number of hectares of vineyard [192], [193]. The general procedure
to make wine starts with the harvest of grapes and, depending on the desired
wine composition, stems can be removed (Figure 3). Grapes are crushed and,
in the case of red wine, fermentation and maceration are carried out with the
juice and pomace providing pigments, mainly anthocyanins, which are
responsible of its red colour. Afterwards, the generated grape juice is pressed
to remove grape bagasse, also called grape pomace, grape skin and grape seed.
Then the fermentation can either continue in the tanks or finish. After the
fermentation process, wine is separated from solid residues called lees (lees of
first decanting step) by transferring it to another container, a process called
racking. The obtained wine may continue with the malolactic fermentation in
the tanks if it is desired. Lees can also be obtained from this second
fermentation after sedimentation decanting. Finally, wine suffer a process of
maturation in barrels and natural clarification and stabilization before bottling.
In white winemaking process, the process is the same but with the exception of

the first fermentation, which is not carried out [194].
4.2.1. Wine

Wine is composed mainly of water, carbohydrates, organic acids, minerals,
alcohol, polyphenols and aromatics [195]. Wine may be classified in red, white
and rosé wines being the red and white wines the most commonly consumed.
Wine contains a large quantities of phenolic compounds responsible of its
beneficial effects. Among the two main types of wine, phenolic compounds

content ranges from around 189-554 mg/L in white wine and from 1,538-3,406
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mg/L in red wine. This difference is mainly due to the high anthocyanins content
of red wine (>700 mg/L), which are absent in white wine [196]. Thus, red wine

is the most studied by its higher content in phenolic compounds.

The main phenolic compounds found in wine are: kaempferol, myricetin,
quercetin and their respective glycosides in the flavonol group; catechin,
epicatechin and proanthocyanidins in flavanol group; caffeic acid, ferulic acid,
p-coumaric acid, o-coumaric acid, 2,3-dihydroxybenzoic acid, 2-hydroxybenzoic
acid, 4-hydroxybenzoic acid, gallic acid and vanillic acid in the phenolic acids;
resveratrol and piceatannol in stilbene group and cyanidin, delphinidin,
malvidin, peodinin, petunidin and their derivatives (commonly linked to sugar

molecules, aliphatic acids or acyl groups) in anthocyanin group [196].

Resveratrol is one of the phenolic compounds found in great quantity in wine
and of great importance in research. Thus, resveratrol is the most studied
phenolic compound in wine, and have been related with several healthy
properties including: amelioration of renal injury, decrease of oxidative stress,
improvement of cardiac function, reduction of lipogenesis and anti-

inflammatory and antihypertensive properties [197]-[201].

In addition to wine, winery industries produce millions of tons of waste.
Winemaking process is based on an ancestral procedure so that the winemaking
process has been closely linked to artisan techniques or practices, limiting
progress technology to those applications aimed at minimizing waste. Thus, the
valorisation of these by-products is of great interest. The main residues of this
activity are, in order of importance, organic residues (bagasse, seeds, pulp,
skins, scrapes and leaves), sewage, emission of greenhouse gases (CO2, volatile
organic compounds, etc.) and inorganic residues (diatomaceous earth, perlite,

clays, bentonite) [162].
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Figure 3. General procedure of winemaking process. Grapes are crushing and
in the case of red wine, fermentation and maceration is carried out with the
juice and pomace. Generated grape juice is pressed to remove grape bagasse
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(also called grape pomace) grape skin and grape seed. Then the fermentation
can continue in the tanks or end. After the fermentation process, wine is racking
to be separated of solid residues called lees (lees of first decanting step). The
obtained wine continues with the malolactic fermentation in the tanks and
obtain lees of the second decanting step after sedimentation decanting. Finally,
wine suffer a process of maturation in barrels and natural clarification and
stabilization before bottling. In white winemaking process, the first
fermentation process with pomace is not carried out, the rest of the process is
the same that in red wine.

The characteristics and composition of these by-products are very related to
the winemaking techniques used. Thus, the bioactive compounds such as
phenolic compounds may vary in the same by-product depending on the
winemaking process. The most interesting or investigated by-products for their
bioactive compounds content are grape pomace, grape seed, grape skin, grape

stem and wine lees (WL) [11], [169], [170], [202].
4.2.2. Grape pomace

Bagasse or commonly called grape pomace (GP) is an abundant by-product
from the wine industry, resulting from the pressing and/or fermentation
processes. GP consists of the remaining skin, seeds and stalks and represents
around 25% of total grape weight used in the winemaking process [194]. It has
a high content in dietary fibre with values between 172.8-887.0 mg/g of dry
weight following by carbohydrates (122.0-405.3 mg/g) and protein (35.7-141.7
mg/g) [203]. In red wine the first fermentation before generation of pomace is
the only step that does not occurs in white wine, however, there are not large
changes in their bioactive compounds content. Therefore, significant amounts
of bioactive compounds such as phenolic compounds are retained in red and
white grape pomace [194]. GP phenolic composition may vary depending on
the variety and maturity of grape and climatological conditions [203]. It has a
wide range of phenolic compounds as it is made up of polyphenol-rich grape
skin and seed. Thus, we found (+)-catechin and (-)-epicatechin like the most

abundant flavonoids, followed by gallic acid, quercetin and quercetin-3-
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glucoside. The stilbene compounds are low with trans-resveratrol and
piceatannol. Anthocyanins, the main group in red grapes, are mainly
concentrated in the skin and flavanols in the seed. Malvidin 3-O-glucoside is the
anthocyanin predominant followed by peonidin, delphinidin-3-glucoside or

petunidin [204].
4.2.3. Grape seed

Grape seeds are another by-product from the grape/wine industry that has
been widely studied. They represent 13 % of the grape’s weight and from 38%
to 52 % of GP in dry weight. They are composed of around 40% dietary fibre, 16
% oil, 11 % proteins and 7% phenolic compounds and other compounds [205].
Regarding phenolic composition, flavanols are the major group found in grape
seeds, being proanthocyanidins the most abundant. These dimeric compounds
are composed by flavanols units of (+)-catechin and (-)-epicatechin linked
together through interflavanoid bonds and by gallate esters [206]. In addition,
quercetin and their derivatives are other flavonols found in high quantities in
grapes seeds [207]. Moreover, these seeds contain phenolic acids, standing out

the gallic acid found as gallic acid and gallic acid ethyl ester [208], [209].

Therefore, due to its high phenolic content, grape seeds have been extensively
used to generate different proanthocyanidin -rich extract [210]-[212]. As an
example, Quifiones et al. 2013 studied a grape seed proanthocyanidin extract
(GSPE) comprised of 52 % of phenolic compounds. The analysis of the individual
phenolic compounds in GSPE by reverse-phase LC-MS revealed that the most
abundant phenols included GA, monomeric flavanols (-)-epicatechin and (+)-
catechin, and dimer flavanols, both in their free and linked to gallate forms

[120].
4.2.4. Grape skin

Grape skins can be obtained from pomaces generated in the vinification. Their

phenolic content represents between 28%—35% of the total phenolic content in
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grapes [163]. However, the quantity of phenolic compounds depends on
different factors such as the winemaking process used. Grape skins obtained in
white winemaking preserve nearly all their phenolic compounds while those
obtained from red winemaking are less interesting. They loss an important part
of their content in these compounds (mainly anthocyanins) in the maceration

process during alcoholic fermentation [213].

Anthocyanins are the main group of phenolic compounds found in white grape
skin, with malvidin 3-O-glucoside as the predominant compound mostly
followed by peonidin 3-O-glucoside. This is due to the lack of alcoholic
fermentation and maceration steps in white winemaking [214]. Flavanols are
the second group found in the major quantities in white grape skin and the first
in red grape skin, being (+)-catechin the main monomer present in grape skin,
followed by (-)-epicatechin and procyanidins (B1 and B3) [215]. High levels of
flavonols, specially quercetin and kaempferol derivatives glycosides (myricetin-
3-O-glucoside, quercetin-3-O-galactoside, quercetin-3-O-glucoside and
kaempferol-3-O-glucoside) [216]. Regarding phenolic acid group, gallic acid,
protocatechuic acid, caftaric acid, coutaric acid, p-hydroxybenzoic acid and
caffeic acid are identified although their content is small in comparison to the
other groups [214], [215]. Trans-resveratrol and trans-polydatin are the main
stilbenes found in grape skin. Many studies use the skin together with the seed
of the grapes, since both by-products are extracted at the same time in the

winemaking (fermentation or pressing) [208], [217], [218].
4.2.5. Grape stem

The grape stem represents 5% of the grapes processed by dry weight, being
approximately 25% of the total by-products generated by the wine industry. As
mentioned earlier, like other the wine industry by-products, the grape stem is
rich in phenolic compounds with amounts between 187-378 mg/gallic acid by
dry matter [219], [220]. Forty-two phenolic compounds have been identified in

grape stem extract, including phenolic acids, stilbenes, flavonols and flavanols,
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being flavanols the predominant in grape stem. Gallic and caftarc acids are the
principal phenolic acids in grape stem extract. Trans-resveratrol, -viniferin,
trans-resveratrol-glucoside (piceid), along with different dimmers and trimers
of trans- and cis-resveratrol, are the main stilbenes identified. Catechin
followed by epicatechin, was the main monomeric compound and procyanidin
dimer B1 the highest dimer compound in the flavanols group. The most
remarkable flavonols are quercetin-3-O-glucuronide, followed by quercetin-3-
O-glucoside, and malvidin-3-O-glucoside is the most abundant anthocyanin

[219].
4.2.6. Wine lees

According to the Council Regulation (EEC) No. 337/79, wine lees (WL) are “the
residue that forms at the bottom of recipients containing wine, after
fermentation, during storage or after authorized treatments, as well as the
residue obtained following the filtration or centrifugation of this product” [221].
Wine lees (WL) represent between 14-25% of waste wineries [202]. They are
mainly composed of yeasts, tartaric acid, inorganic matter and phenolic
compounds [222]. WL has two phases, a solid and a liquid. The solid phase is
rich in protein and essential free amino acids. However, the high amounts of
phenolic compounds associated with these proteins make this solid fraction not

assimilable [194], [223], [224].

Phenolic profile of WL have been characterized in phenolic extracts obtained
from the liquid and solid fractions (Table 3). The most common technique for
extraction of phenolic compounds from WL is solid-liquid extraction. Most of
the studies are carried out on the solid fraction of WL after a centrifugation
process and show a high content of phenolic compounds [225]. However, many
phenolic compounds after the centrifugation process are still found in the solid
phase, remaining bounded to yeast cell walls. The presence of phenolic
compounds in WL is due to the great adsorption capacity of the yeast cell wall

used in the winemaking process. Thus, the use of extraction methods are
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required to extract all the phenolic potential contained in this by-product [226].

The phenolic compound profile of WL varies depending on the type of grape

used and the winemaking process [222]. Total phenolic content shows a high

level of phenolic compounds with higher quantity of non-flavonoids vs.

flavonoids. Within flavonoids, anthocyanins are the most abundant in WL [202],

[227]. Rutin and quercetin followed by ellagic, gallic, caffeic and p-coumaric

acids have been described as the most abundant phenolic compounds in WL

[227], [228]. However, full phenolic characterization of this by-product is not

well known yet, leaving a field open for future research.

Table 3. Phenolic profile, identification and quantification in wine lees.

Compound Identification method Quantification Ref.
Catechin HPLC-MS/MS 121 +6 pg/mL [299]
Flavanols Epicatechin LC-QqTOF-MS/MS n.q. [300]
Procyanidin B2 LC-QqTOF-MS/MS n.q. [300]
HPLC 620 +42 mg/kg  [227]
Quercetin HPLC-DAD-MS n.g. [202]
HPLC-MS/MS 0.85-1.42 mg/g [301]
HPLC-MS/MS 1216 + 61 pg/mL [299]
Quercetin-3-0-glucuronide HPLC-DAD-MS n.g. [202]
Flavonols HPLC 59 + 6 mg/k [227]
Kaempferol HPLC-MS/MS 0.04—0.17gmg§g [301]
Kaempferol-3-O-galactoside HPLC-DAD-MS n.g. [202]
Myricetin HPLC-DAD-MS n.g. [202]
Myricetin-3-O-glucoside HPLC-DAD-MS n.g. [202]
Rutin HPLC-MS/MS 2640 + 132 pg/mL  [299]
Gallic acid HPLC-DAD-MS n.q. [202]
HPLC 620 + 42 mg/kg [227]
Phenolic Caffeic acid HPLC 128 + 14 mg/kg [227]
acids p-Coumaric acid HPLC 158 + 17 mg/kg [227]
Egallic acid HPLC 219 + 23 mg/kg [227]
Chlorogenic acid HPLC 82 £ 9 mg/kg [227]
trans-resveratrol HPLC-MS/MS 42 £ 2 pg/mL [299]
stilbenes HPLC-MS/MS 0.03-0.13 mg/g [301]
trans-resveratrol-3-O- HPLC-MS/MS 0.01-0.78 mg/g [301]
glucoside
Delphinidin-3-O-glucoside LC-MS/MS n.qg. [302]
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Delphinidin-3-O-(6"'-p-acetyl- LC-MS/MS n.g. [302]
glucoside)
Delphinidin-3-0-(6""-p- LC-MS/MS n.g. [302]
coumaroyl-glucoside)
Delphinidin-3-(6-coumaroyl)- HPLC-DAD-MS n.q. [202]
hexoside
Delphinidin-3-hexoside HPLC-DAD-MS n.g. [202]
Petunidin-3-0O-glucoside LC-MS/MS n.q. [302]
Petunidin-3-glucoside HPLC-MS/MS 0.97-3.41 mg/g [301]
Petunidin-3-(6-coumaroyl)- HPLC-DAD-MS n.qg. [202]
hexoside
Petunidin-3-0-(6""-p- LC-MS/MS n.q. [302]
coumaroyl-glucoside)
Petunidin-3-hexoside HPLC-DAD-MS n.g. [202]
Anthocyanins Petunidin-3-(6-acetyl)- HPLC-DAD-MS n.qg. [202]
hexoside
Malvidin-3-hexoside HPLC-DAD-MS n.qg. [202]
Malvidin-3-glucoside HPLC-MS/MS 2.36-4.24 mg/g [301]
Malvidin-3-0O-glucoside LC-MS/MS n.q. [302]
Malvidin-3-(6-O-acetyl)- HPLC-MS/MS 1.06-1.74 mg/g [301]
glucoside
Malvidin-3-(6-acetyl)-hexoside HPLC-DAD-MS n.q. [202]
Malvidin-3-(6-coumaroyl)- HPLC-DAD-MS n.g. [202]
hexoside
Malvidin-3-0-6""-acetyl- LC-MS/MS n.qg. [302]
glucoside
Malvidin-3-(6-O-p-coumaroyl)- HPLC-MS/MS 0.79-1.80 mg/g [301]
glucoside
Malvidin-3-0-(6""-p- LC-MS/MS n.q. [302]
coumaroyl-glucoside)
Malvidin-3-hexoside-pyruvate HPLC-DAD-MS n.g. [202]
Cyanidin-3-hexoside HPLC-DAD-MS n.g. [202]
Cyanidin-3-(6-coumaroyl)- HPLC-DAD-MS n.qg. [202]
hexoside
Cyanidin-3-0-(6""-p- LC-MS/MS n.q. [302]
acetylglucoside)
Peonidin-3-hexoside HPLC-DAD-MS n.qg. [202]
Peonidin-3-(6-coumaroyl)- HPLC-DAD-MS n.q. [202]
hexoside
Pelargonidin-3-hexoside HPLC-DAD-MS n.g. [202]
10-carboxypyranomalvidin-3- LC-MS/MS n.g. [302]

6’’-p-coumaroyl-glucoside

n.g. (hon-quantified
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5. Antihypertensive effect of grapes, wine and winery by-products

Although, there are some clinical trials focus on the evaluation of the BP-
lowering effect of grapes and grape-derived products in humans (Table 4), most
of the studies are carried out using experimental models of HTN. Different
animal models are used by researchers to study the HTN and their possible
treatments. Spontaneously hypertensive rats (SHR) is an experimental model of
HTN that was developed by inbreeding Wistar rats with the highest BP values
[229] This model is one of the most used and well-established experimental
model of HTN, very similar to the HTN found in humans. The animals develop
many HTN-derived features such as cardiac hypertrophy, cardiac failure and
renal dysfunction [230]. In this animal model, the values of SBP reach
approximately 200 mmHg SBP at 17-20 weeks of age [119]. Wistar kyoto (WKY)
rats are the normotensive controls of SHR, being both animal models
genetically related. Thus, this animal model is included in many studies to rule
out possible undesirable hypotensive effects [231]. In addition to this model,
rats fed a cafeteria diet is a well-stablished method to induce metabolic
syndrome and related pathologies, including high BP and other risk factors of

CVD such as elevated lipid concentrations [232].

Although the measured SBP after 10 weeks of feeding a cafeteria diet was not
as high as that reached in SHR [120], 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 [232]. Other experimental models include the
use of different drugs, which induce HTN such as Ouabain, Nw-nitro-L-arginine
methyl ester (L-NAME), Buthionine sulfoximine (BSO) or desoxycortisone
acetate (DOCA)-salt, among others. Ouabain works as an endogenous regulator
of blood pressure and Na*, K*-ATPase activity generating HTN [233]. L-NAME is
an inhibitor of eNOS that reduce production of NO generating HTN [234]. BSO
generate oxidative stress by GSH depletion through the inhibition of y-

gluthamylcysteine synthase, an enzyme involved in the synthesis of GSH.
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As mentioned above, oxidative stress is involved in the HTN process, therefore,
the administration of BSO is a way to induce HTN as well [235]. DOCA-salt
hypertension is widely used in animal models as a classical model of cardiac
remodeling, kidney hypertrophy and renal injuries. In the kidney, severe renal
histopathological  lesions, including  glomerulosclerosis,  glomerular
hypertrophy, and interstitial mononuclear cell infiltration, occur in DOCA-salt

hypertensive rats [236].
5.1. Antihypertensive effects of grapes and wine

The antihypertensive properties of grapes and wine have been reported by
some studies (Table 4). In this regard, the administration of grape powder (600
mg/day) to SHR produced an improvement of the endothelial function
mediated by an increment of eNOS production, which was accompanied by a
BP lowering effect (10 mmHg) [237]. Moreover, administration of 330 mg of
grape powder to Sprague-Dawley rats with BSO-induced hypertension, also
reduced BP by 20% via extracellular signal-regulated protein kinase-1/2 (ERK-
1/2) [238]. In addition, an antihypertensive effect has also been evidenced in
humans after intake of grape polyphenols. In this sense a meta-analysis of 10
randomized controlled trials in subjects with HTN or pre-HTN have

demonstrated to reduce SBP [239].

Regarding wine, many are its beneficial effects mostly attributed to its content
in resveratrol. However, the rest of the phenolic compounds found in wine have
also shown beneficial effects. Thus, different wine extracts rich in phenolic
compounds have been shown to exert several beneficial bioactivities [85],
[123], [240], [241]. Moderate consumption of red wine [195], [242],
dealcoholized red wine [243] or the red wine extracts [123], [240] have also
been related to cardioprotective and antioxidant properties, including BP
lowering effects and improvement of endothelial function [240], [243], [244].
Production of NO is the main mechanism implicated in the regulation of BP

mediated by phenolic compounds of red wine. In this sense, red wine
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polyphenols prevent HTN by inhibiting NADPH oxidase expression and
increasing the release of NO in endothelium [240]. Furthermore, red wine
reduces plasmatic levels of the vasoconstrictor ET-1 at a single dose of 8.1 dL in
hypertensive subjects, being improved in dealcoholized red wine [245]. A
clinical trial in hypertensive subjects have shown that the moderate
consumption of red wine (272 mL/day for 4 weeks) slightly reduces SBP (2.3
mmHg) and DBP (1 mmHg). Nevertheless, their effect was higher in the same
red wine without alcohol with a reduction of 5.8 and 2.3 mmHg in SBP and DBP
respectively, and increased the levels of plasmatic NO [243]. Pechanova et al.
also reported that administration of red wine polyphenols at a dose of 40
mg/kg/day during four weeks in hypertensive rats induced by L-NAME,
increased eNos expression and the release of NO [241]. Similar results were
found in vitro where red wine polyphenols extract increase eNos expression and

thus endothelial NO production [123].

In addition to phenolic compounds, wine may contain antihypertensive
peptides. Pozo-Baydn et al. 2005 demonstrated that red wine contain peptides
with high ACEi activity [246]. Furthermore, Alcaide-Hidalgo et al show the
importance of hydrophobic peptides in the ACEi activity in sparkling wines and
red wines aged on lees [247]. On the other hand, certain yeasts are used in the
winemaking process that can generate bioactive peptides in the fermentation
process. In this sense, it has been observed that the released peptides by
Saccharomyces cerevisiae EC118 in the wine production could present
multifunctional activity, highlighting their ACEi properties [248]. In the same
way that wine contains these bioactive peptides generated by yeasts during the
fermentation process, other by-products of the wine industry could contain
them as long as they have participated in the fermentation process, leaving a

new door open to study.

In addition to grapes and wine, given the high phenolic compound content in

winery by-products, some of them have been used to obtain phenolic-enriched
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extracts. These extracts have shown to exert a wide range of functionalities,

including antihypertensive [169], [180].
5.2. Antihypertensive effect of grape pomace

As discussed above, GP is mainly composed by seeds and skins. Del Pino-Garcia
et al. showed that seedless red wine pomace seasoning (RWPS) reduce BP and
the oxidative damage in SHR at a dose of 300 mg/kg/day bw during 4 weeks by
the increase of NO bioavailability. Restoration of eNOS, mitochondrial
superoxide dismutase (SOD2), HO-1 and reduction of ACE aortic gene
expression were the leading mechanism involve in the reduction of BP
mediated by RWPS in SHR [249]. In addition, the intake of 20 g/day of wine
grape pomace flour during 16 weeks improved SBP and DBP with a reduction of
4.3 and 5.3 mmHg respectively in subjects with metabolic syndrome [250]. In
vitro studies have demonstrated that dry GP extract exerts antioxidant effects
in endothelial and muscle cells through the increment of gamma-
glutamylcysteine synthetase (GCS) and glutathione S-transferase (GST)
enzymes [251]. GCS is the first enzyme in the biosynthetic pathway of GSH, with
a critical role for cell survival [252]. GST is induced under conditions of oxidative
stress and is involved in the detoxification of organic epoxides, hydroperoxides
and unsaturated aldehydes formed after lipid peroxidation. GST detoxifies

these products through their conjugation with GSH [253].
5.3. Antihypertensive effect of grape seed

Grape seeds is one of the most studied grape by-products for their
antihypertensive effects [122], [210]. Different extracts have been elaborated
showing different bioactivities, highlighting their antihypertensive effects due
to their content in phenolic compounds, especially in proanthocyanins [210]. In
this sense, antihypertensive mechanisms of GSPE have been widely elucidated
in many studies in vitro and in vivo (animal and human). Acute administration
of GSPE (375 mg/kg bw) produced a reduction of 50 mmHg over BP in SHR and

ameliorated oxidative stress. In addition, it was observed an increase of hepatic
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GSH levels [120]. However, no effects were observed in Wistar Kyoto (WKY) rats
after GSPE consumption. Additional studies showed the implication of NO in the
lowering BP mediated by the single administration of GSPE (375 mg/kg bw) and
partial mediation of the vasodilator PGl, with an increment of 6-keto-
prostaglandin Fla (PGFla) in plasma [126]. Sirt-1 has demonstrated to play an
important role in the decrease of BP mediated by GSPE at the same dose than
the study before, where GSPE increases the expression of Sirt-1, which in turn
causes the deacetylation of eNOS increasing the bioavailability of NO [121]. In
other model of hypertensive rats through cafeteria diet-fed, GSPE showed a
moderate reduction of BP with around 17 and 13 mmHg in SBP and DBP,
reaching normotensive values of BP. The antihypertensive effect of acute dose
of GSPE (375 mg/kg bw) in this animal model was also related to an increase of
NO availability and partially to PGIl, [172]. Also, similarly to SHR, their BP
lowering properties in this hypertensive model were related to their antioxidant
properties since a reduction in MDA liver levels, a marker of lipid peroxidation,
were observed in the animals administered GSPE [232]. A dosage study in that
animal models have demonstrated that the higher dose of GSPE (500 mg/kg bw)
is not the most efficient, showing the best results the intermediate dose (375
mg/kg bw) [172]. The same results have been shown in SHR models treated with
extracts rich in flavanol-rich compounds such as cocoa or grape seed [120],
[254]. These results could be explained by the pro-oxidant properties and the
excessive production of reactive oxygen species caused by high doses of
flavanols [172]. Mas-Capdevila el al. reported that chronic administration of
GSPE (25 mg/kg bw per day during three weeks) to cafeteria diet-fed rats,
reduced SBP and DBP by 15 and 10 mmHg, respectively. The increment of GSH
liver levels observed in these animals related the long-term effect of GSPE to an

improvement of the oxidative stress associated with HTN [255].

In addition, it has been shown that GSPE improves endothelial function, since a
single dose of GSPE (375 mg/kg bw) restored the imbalance between

vasoconstrictors and vasodilators in SHR. Pons et al. observed the increasing of
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aorta eNos and Sirt-1 expression levels, that could favour the production of

endothelium-derived NO and reducing the expression levels of the enzyme Nox-

4 and the vasoconstrictor Et-1 [121]. Furthermore, GSPE (250 mg/kg/day for

five weeks) was shown to regulate the NO and ET-1 balance and the suppression

of transforming growth factor-p1 (TGF-B1) expression, which is associated with

endothelial cells remodelling, decreasing BP in Sprague-Dawley (SD) rats with

HTN induced by administration of Ouabain [233]. In addition, administration of

GSPE also reduced plasmatic ET-1 levels and in cardiac and renal tissue which

restored endothelial dysfunction and oxidative stress in L-NAME-induced HTN

pregnant mice [256].

The antihypertensive properties of GSPE have also been demonstrated in

hypertensive or pre-hypertensive patients. The results of clinical trials shows

that consumption of GSPE (400 mg/kg/day) for 12 weeks could ameliorate

vascular stiffness and regulate the BP at a normal stage [257]. In hypertensive

subjects with metabolic syndrome, reduction of oxidative stress by GSPE is one

of the main pathways of BP reduction [258]. In addition, different meta-analysis

have demonstrated the positive relation among grape seed extract

consumption and BP reduction. A meta-analysis with 16 randomized controlled

trials demonstrated the beneficial impact of grape seed extract on BP, which

was more evident in younger or obese subjects as well as in people with

metabolic syndrome after treatment [259]. Other meta-analysis conducted

with 9 randomized controlled trials showed grape seed extract exert their

antihypertensive effect over SBP and not over DBP [260]. A recent meta-

analysis of 6 controlled clinical trials showed that GSPE supplementation

reduces SBP and BPD in hypertensive and pre-hypertensive subjects, being

interesting in the treatment of HTN or as a preventive method in pre-

hypertensive subjects [260].

5.4. Antihypertensive effect of grape skin
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Grape skin extracts (GSE) have also been studied for their antioxidant and
antihypertensive activities. Administration of 100 mg/kg bw of GSE during 30
days showed a significant antihypertensive, vasodilator and antioxidant effects
in desoxycortisone acetate (DOCA)-salt and L-NAME hypertensive rats probably
mediated by restoration of NO levels [261]. De Costa et at. showed that GSE
(200 mg/kg/day for 12 weeks) prevented the development of HTN in SHR due
to their antioxidant effect increasing the SOD activity and decreasing MDA
levels [262]. The increment of NO synthesis and restoration of SOD, catalase,
GPx and MDA levels produced by chronic administration of GSE, prevented the
development of HTN in rats with metabolic syndrome induced by a high-fat diet
[263], [264]. Additional studies demonstrated that pre-treatment with GSE
avoided the HTN stage in rats that were induced HTN by the administration of
doxorubicin (Dox). Dox induce cardiomyopathy by the overproduction of ROS
[265]. Furthermore, studies carry out in hypertensive-induced pregnancy
female rats with L-NAME, showed the involvement of NO in the

antihypertensive effect of GSE avoiding the HTN stage in rats [266].
5.5. Antihypertensive effect of grape stem

Grape stem is a great source of bioactive compounds which may be used to
extract phenolic compounds with antioxidant and antihypertensive effects
[219]. In this sense, antioxidant activity improves the redox system in
endothelial cell cultures with an increase of GSH and decrease of MDA levels
after treatment with grape stem extract. The antioxidant effect of grape stem
extract depend on their qualitative phenolic composition with considerable
amounts of trans-resveratrol, gallic acid, catechin, syringic acid or quercetin
[251]. Grape stem extract presented an ACEI activity of 72.27 % in vitro at a
concentration of 200 ug/mL and ICso value of 69.5 pg/mL in vitro. Single and
chronic dosage of grape stem extract reduce BP in SHR probably due to their
phenolic compounds. Specifically, the phenolic compound (+)-visitin A were

isolated from grape stem extract by their ACEl activity, showing
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antihypertensive effects in SHR by increasing NO release from endothelial cells

[267].
5.6. Antihypertensive effect of wine lees

WL is a great source of phenolic compounds and they have been used to obtain
extracts with antioxidants effects [225], [268]. However, to the best of our
knowledge neither WL nor extracts obtained from WL have been tested against
hypertension. It has been evidenced that phenolic compounds identified in WL
such as resveratrol, quercetin, gallic acid, (+)-catechin, (-)-epicatechin or
malvidin-3-glucoside exhibits antihypertensive effects in hypertensive animal
and human models [127], [149], [150], [189]. Considering these evidence
together with the great antioxidant effect of WL extracts and the relationship
between oxidative stress and HTN, WL could be a great alternative to manage

HTN.
6. Extraction of bioactive compounds

As has been mentioned, winery by-products can be considered as a good source
of antihypertensive compounds, mainly phenolic compounds; however, many
of these phenolic compounds are bound to proteins or to the structures of the
cell matrix, making their release difficult. Thus, extraction of these bioactive

compounds is an important factor when using by-products.

Different extraction procedures allows for the separation of bioactive
compounds from inactive compounds present in plants [269]. Factors such as
temperature, pH, pressure, extraction time or solvent are decisive to achieve
an effective extraction. In addition to these factors, the structure of the
bioactive compounds to be extracted must also be preserved intact, being
another factor to take into account when selecting the extraction method [270].
Different methods of extraction of phenolic compounds have been used in
order to revalue by-products [162]. They are commonly classified in

conventional techniques and green technologies [269]. Most conventional
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extraction methods are based on the use of different solvents with the
application of heat and/or mixing. Nevertheless, these techniques consume a
lot of time, energy, and polluting solvent. Thus, in the last decade, there has
been an increasing demand for new extraction techniques with the aim to
reduce use of organic solvents, the time of extraction and prevent the pollution
between others [269]. Within green technologies are the ultrasound-assisted
extraction, microwave-assisted extraction, pressurized-liquid extraction,
supercritical fluid extraction or enzyme-assisted extraction [271]. Some of these
techniques have been used for the extraction of certain phenolic compounds in
winery by-products or for the extraction of phenolic compounds in general. For
example, microwave-assisted extraction has been used to extract quercetin,
catechin or anthocyanins from grape seeds and skins and supercritical fluid
extraction for release total phenolic compounds in grape seeds and pomace

[272]-1275].

Enzyme-assisted extraction is one of the extraction techniques booming by its
ability to improve the yield of compound extraction while the use of solvents is
reduced in the process [276]. Enzymatic hydrolysis is commonly used in
bioactive compounds extractions for producing softer hydrolysis when the
selection of the appropriate hydrolytic enzyme depends of the source of cell
walls which mainly consists of lignin, polysaccharides, cellulose, hemicellulose,
pectin and proteins [276]. Winery by-products presented fiber, carbohydrates
and proteins, which are susceptible to hydrolysis. Phenolic compounds, one of
the main bioactive compounds presents in wine and by-products of
winemaking, can be found attached to proteins or other structures of the cell
matrix, being of interest the use of extraction methods to release these
bioactive compounds [162], [275]. Enzymatic hydrolysis allows for the release
of phenolic compounds bound to proteins, but proteins can also be hydrolyzed
by releasing peptides with different bioactivities, including antihypertensive

[108]. In this sense, Rodriguez-Morgado et al. have shown enzymatic extraction
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of GP with protease generate a release of phenolic compounds and peptides

which improve its anti-inflammatory properties [277].

CONCLUSION

In conclusion, this review emphasizes the problem generated by hypertension

worldwide where new treatments based on the use of functional foods have

emerged in order to reduce the use of drugs that can have several adverse

effects. In addition, the wine industry generates large amounts of waste that

can be reused in order to create a more sustainable environment. Waste or by-

products generated by wine industry contain large amounts of bioactive

compounds, being phenolic compounds and bioactive peptides the most

relevant. The use of these by-products rich in bioactive compounds and their

extracts elaborated by different means of extraction have been useful for the

treatment of HTN. Nevertheless, some by-products rich in bioactive compounds

such as WL have been little studied in the HTN treatment, opening the door to

their study.
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HYPOTHESIS AND OBJECTIVES

HTN is one of the major risk factors of CVD and the reduction of its prevalence
by 25 % is a global target to be attained for 2025. Pharmacological treatments
for HTN are effective in the majority of hypertensive patients, but some of
synthetic drugs can produce several side effects. Thus, natural antihypertensive
agents are highly searched. Moreover, these alternative compounds could be
especially useful for pre-hypertensive subjects, since this population is not
usually clinically treated. In this regard, an interesting source of natural BP-
lowering compounds are agri-food by-products, since their valorization makes

to these industries more environmentally friendly.

Wine industry has a high socio-economic impact in different regions of the
world, but also generates an elevate amount of wastes. Winery by-products are
rich in grape phenolic compounds with evidenced antihypertensive activities. In
this regards, some winery by-products have already been used to elaborate
phenolic-rich  extracts with different functional activities, including
antihypertensive. However, some of these by-products, as WL, have not been
considered so far as potential sources of antihypertensive compounds. In
addition to grape phenolic compounds, they have a high amount of proteins
coming from grape and yeasts used in the winemaking process. Hydrolysis of
these proteins could release antihypertensive peptides. In addition, enzyme-
assisted extraction has been also efficiently used to release phenolic
compounds entrapped in the vegetal matrix. Moreover, since WL also contain
ethanol and it can modify BP, the WL dealcoholization could enhance their

potential antihypertensive effects.

Therefore, WL could be a good source of natural compounds with BP-lowering

properties after their oral administration.

Thus, the main objective of this thesis was to obtain WL-derived products with

antihypertensive activities after their oral administration to hypertensive rats
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and identify their bioactive compounds and the underlying mechanisms

responsible of its bioactivity.

To achieve these general objectives, the following specific objectives were

proposed:

1. To evaluate the potential of WL as a source of antihypertensive

compounds (Chapter 1).

WL are rich in grape phenolic compound and their composition is depending on

grape variety and harvest conditions. However, although some of the phenolic

compounds identified in WL have demonstrated antihypertensive activities, the

potential WL antihypertensive effect remains unexplored.

In addition, enzyme-assisted extraction has been recently reported as a good

methodology to release phenolic compounds from food matrix. However, the

use of this methodology can generate or release other bioactive compounds

different to phenolic compounds, including peptides with antihypertensive

properties.

Considering these facts, the following aims were proposed:

a) To evaluate the potential antihypertensive effect of WL and to

identify the compounds responsible of their activity

The potential in vitro ACEi and antihypertensive activities of WL from

different single grape varieties will be investigated. In addition, the

phenolic compounds involved in their bioactivity will be identified.

Furthermore, a potential hypotensive effect of WL in normotensive rats

will be ruled out and the reproducibility of the functionality of the

selected WL obtained in different harvests will be evaluated

[Manuscript 1].

b) To obtain WL enriched in antihypertensive compounds
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b.1. To release non-soluble phenolic compounds from WL by using
an enzyme-assisted extraction to maximize the phenolic yield

and their functional properties [Manuscript 2].

b.2. To identify the ACE inhibitors and/or antihypertensive peptides
released during the enzyme-assisted extraction process carried

out in WL [Manuscript 3].

2. To evaluate the antihypertensive effect of WL dealcoholization and
stablish the mechanisms involved in their BP-lowering effect (Chapter

2).

Biological functionalities of phenolic compounds not always act in a dose-
dependent manner. Therefore, the establishment of the most effective dose of
a functional ingredient is essential to optimize the effectivity and manufacturing
of this product. In addition, the study of the dried WL is essential to
commercialize the WL as functional ingredient or nutraceutical. Nevertheless,
WL contain ethanol, which could modify BP and will disappear after the drying
process. Therefore, the dealcoholized WL could change their BP-lowering
properties. Thus, the antihypertensive effect of the dealcoholized WL will be
investigated. In addition, in the development of a functional ingredient is

recommendable to know the underlying mechanisms taking part of this activity.
Therefore, the following goals were proposed:

a) To determinate the most effective antihypertensive dose of WL after
an acute administration to SHR, evaluate the role of alcohol in their
antihypertensive effect administrating dried WL to the animals and
discard a possible hypotensive effect of the free-alcohol WL in

normotensive WKY rats [Manuscript 4].

b) To establish the mechanisms underlying in the BP-lowering effect of the
alcohol-fee WL in SHR. Since it has been evidenced that phenolic
compounds can exhibit a BP-lowering effect by acting on components

of ACE system, improving endothelial function and reducing ROS, these



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

antihypertensive mechanisms will be investigated [Manuscript 4] and

[Manuscript 5].

3. To assay the effect of dealcoholized wine lees after a long-term

administration in hypertensive rats (Chapter 3).

The large majority of patients showing HTN requires lifelong treatments to
control their BP levels. Thus, natural antihypertensive compounds should be
effective reducing BP after a long-term administration. SHR is one of the most
commonly used animal models to evaluate antihypertensive compounds after
their acute and chronic administrations. In addition, different methodologies
are used to record BP. Methods as telemetry allows for the continuous and
stress-free measurement of SBP and DBP and other parameters such as heart
rate, locomotor activity and body temperature yield more information about

the bioactivity of the compounds.
Considering these facts, the following aim was proposed:

a) To investigate the effect of WL after long-term administration to SHR
on BP and other cardiovascular parameters using a telemetry system

[Manuscript 6].

This thesis was performed in the Nutrigenomics Research Group of the
Universitat Rovira i Virgili from October 2018 to March 2020. In addition, an
international research stay was carried out in the Institute of Public Health and
Clinical Nutrition at University of Eastern Finland (UEF) (Kuopio, Findland) under
the supervision of Dr. Carlos Godmez Gallego and Dr. Hani ElI-Nezami from

15%August 2020-2" December 2020.

The research carried out in this Ph.D. has been developed within a collaborative
framework among a university “Universitat Rovira i Virgili”, a technological
center “Eurecat”, a winery “Grandes Vinos y Vifiedos S.A” and a food industry

association “Cluster Aragonés de Alimentacion”. It has been supported by the
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EXPERIMENTAL DESIGNS

Different experimental designs were used to assess the main hypothesis and

reach the experimental objectives previously described in this thesis.

1. Evaluation of the potential antihypertensive effect of WL and

identification of the compounds responsible of their activity.

WL from different red grape varieties (Mazuela, Cabernet, Garnacha and
Merlot) and from one white grape variety (Macabeo) were obtained and
submitted to centrifugation process. The ACEi activity of the obtained soluble
fractions were determined. Mazuela, Cabernet and Garnacha were selected
according to their ACEi properties. Their phenolic profile by UHPLC-ESI(+/-)-Q-
TOF-MS and their in vivo antihypertensive effect at an acute dose of 5 mL/kg
bw in SHR were determined. Captopril (50 mg/kg bw) and water were used as
positive and negative controls. BP was recorded before administration and at
2, 4,6, 8, 24 and 48 h post-administration by tail cuff method. Cabernet WL
were selected according their BP-lowering effects and were tested in
normotensive rats (WKY) at the same dose (5 mL/kg bw) in order to rule out a
hypotensive effect, Additionally, reproducibility of antihypertensive effect of
Cabernet WL from different vintage were evaluated in SHR at a single dose of 5

mL/kg bw (Figure 1).

) | Obtainment and Selection of wine lees (WL) | Characterization of phenolic compounds
L UHPLC-ESI(+/-)-qTOF-MS
N
ACEi activity Mazuela —
O [ > ' [ > > Cabernet |:> Ea
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‘iﬂ W\i
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*  Merlot

Macabeo

/’ Discard hypotensive effect of Cabernet WL on blood pressure in WKY |\ )\l
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Figure 1. Experimental procedure to evaluate the potential antihypertensive
effect of WL and identify the compounds responsible of their activity.

2. Obtainment of a wine lees enriched in antihypertensive

bioactive compounds

To obtain a wine lees enriched in bioactive compounds, an enzyme-assisted
extraction was used, which is based on the hydrolysis of WL compounds. WL
were submitted to a hydrolysis process with Flavourzyme at 25 2C, pH 4 for 2h.
A control of the process was done submitting the WL to the same procedure
but without enzyme. Phenolic and amino acid profile were determined in both

samples by UHPLC-ESI(+/-)-Q-TOF-MS. ACEi radical

activity and DPPH
scavenging activity were determined in the samples. In addition, their
antihypertensive effect was evaluated in SHR at a single dose of 5 mL/kg bw.
Captopril (50 mg/kg bw) and water were used as positive and negative controls.
BP were recorded before administration and at 2, 4, 6, 8, 24 and 48 h post-

administration by tail cuff method (Figure 2).

> Obtaining process of wine lees (WL) samples » Characterization of PWL and OWL

Flavourzyme

Y —=

Centrifugation

c->;|Z>

i Hydrolysis
259C, 2 h, pH: 4

O Water

qqqqqqq \m
/ N
i i 2’;  —

-—
Phenolic-enriched WL
(PWL)

Centrifugation

WL ——J) Control WL
S ® (owL)
Stirring
259C, 2 h, pH: 4

Phenolic and amino acid
profile

=L 1
——

» Antioxidant and angiotensin-converting enzyme
inhibitory (ACEi) activities in vitro

DPPH and ACEi
assay

8 :
-—
OWL and PWL

» Antihypertensive effect on blood pressure in SHR

- 2
——> 0h 2h 4h 6h 8h 24h 48h
N Y ER

Water
' owWL

@ Captopril
- PWL

DPPH: 2,2-diphenyl-1-picryl-hydrazyl-hydrate
SHR: spontaneously hypertensive rats

Figure 2. Experimental procedure to the elaboration of wine lees enriched in

antihypertensive compounds.

In addition, these WL enriched in antihypertensive compounds were further

analyzed to identify the ACE inhibitors and/or antihypertensive peptides
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released during the enzyme-assisted extraction process carried out in WL. WL
peptides were separated by RP-HPLC. The ACEi activity were measured in the
RP-HPLC fractions and the most active were further analyzed by a nanoLC-LTQ-
Orbitap HPCL-MS to identify the peptides. The identified peptides were
synthesized and their ACEi and antihypertensive were determined. The
synthetized peptides were administered to SHR at a dose of 10 mg/kg bw. SBP
and DBP were measured before administration and at 2, 4, 6, 8, 24 and 48 h
post-administration by tail cuff method. Moreover, peptides were submitted to
a gastrointestinal digestion using an in silico approach with ExPASy
PeptideCutter to evaluate the peptide digestion after their oral administration.
The peptide-derived fragments were searched in the Biopep database to find

the potential reported antihypertensive effect of these peptides (Figure 3).

-

N

Preparation of the wine lees (WL) hydrolysate Separation and identification of peptides
/ Flavourzyme \ / \
—_ 7y " m
s Centrifugation }g) —_— e = =
F — S E— —— (G ‘-‘ o A — = &
i h ] Phenollc(-Pe"le'-l)chedWL > 3KDa Selection of fractions 1
WL Hydrolysis by ACEi activity . - .
258C, 2 h, pH: 4 6 |dent!f!e::! peptldes
. i 3 " . i i ACEi activi
Search of reported ACEi Gastrointestinal digestion Antibypertns affect HECta
and antihypertensive of peptides O
activities G NYRTS
i ater
BIOPEP data base R NExPASY @ Captopril :
s i s 1. Peptides P1, P2, § - )
~ " P3,P4,P5andP6 AN AN
In silico approach to identify the bioactive Evaluation of the peptide bioactivities

peptide-derived fragments

Figure 3. Representation of the methodology used to prepare WL hydrolysate,
separate and identify the peptides contained in WL hydrolysate by their
angiotensin-converting  enzyme inhibitory  activity = and/or  their
antihypertensive effect in vivo and their possible gastrointestinal digestion in

silico.
3. Determination of the most effective dose of the WL and evaluation of

the antihypertensive effect of dealcoholized WL



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

To determinate the most effective antihypertensive dose of the WL, three
different acute doses (2.5, 5.0 and 7.5 mL/kg bw) were administered to SHR.
The dose of 5.0 ml/kg was set as the most effective and selected to evaluate
the antihypertensive effect of WL powder (WLPW). For that, WL were
lyophilized, removing the alcohol in the process, and were administered to SHR
at a dose of 125 mg/kg bw (equivalent to the dose of 5 mL/kg bw). In addition,
its potential hypotensive effect was evaluated in the normotensive rats at the
same dose to discard this undesirable effect. In all in vivo studies, BP was

recorded before administration and at 2, 4, 6, 8, 24 and 48 h post-

administration by Tail cuff method (Figure 4).

Obtaining process of
wine lees samples
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Centrifugation

Soluble fraction of
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Figure 4. Representation of the methodology used to determine the most
effective dose of the wine lees and evaluate the antihypertensive and

hypotensive effect of dealcoholized WL powder (WLPW).

4. Evaluate the possible antihypertensive mechanisms involve in

the lowering BP effect of WLPW
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In order to identify the underlying mechanisms taking part of the BP-lowering
effect of WLPW, an acute dose of 125 mg/kg bw WLPW or water were orally
administered to SHR. Animals were sacrificed at 6 h post-administration, time
point of their maximum antihypertensive effect and plasma and liver were
collected. Plasma ACE activity was determined to evaluate the involvement of
the renin-angiotensin system in the antihypertensive effect of these WLPW.
Moreover, plasma nitric oxide metabolites (NOx) and MDA and hepatic ROS and
GSH were measured in animals to evaluate the antioxidant effect as mechanism

involved in the WLPW antihypertensive effect (Figure 5).

Study of molecular
mechanisms

Intragastric
administraticn

7
P Water U
/ (? WLPW (125 ma/kg b} S
P
' SHRn=6 0 | = E] —p Sacrifice

Time (h}

- Effect on renin-angiotensin system

QQ‘; ACE activity

- Antioxidant effect in plasma and
liver

“V . ox @F’ o

<« MDA + GSH

Figure 4. Schematic representation of methodology followed to evaluate the
involvement of the renin-angiotensin system and antioxidant effect in the
antihypertensive effect of wine lees powder (WLPW).

Moreover, in order to elucidate the implication of NO, PGl, and Sirt-1 in the
WLPW antihypertensive effect, rats administered WLPW (125 mg/kg bw) or
water were treated with L-NAME (30 mg/kg bw, inhibitor of NO synthesis),
indomethacin (1 mg/kg bw, inhibitor of PGI, synthesis) or sirtinol (1 mg/kg bw,
inhibitor of sirtuins synthesis) 4 h after WLPW administration. BP was recorded
before and 6 h after WLPW administration. Moreover, an additional experiment

was carried using also SHR that were administered WLPW (125 mg/kg bw) or
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water. 6 h post-administration rats were sacrificed and aorta was extracted to
determine the endothelial gene expression of eNos, Sirt1, Nox4 and Et1 (Figure

6).

Role of nitric oxide, prostaglandin I, and sirtuin 1 in the antihypertensive effect of wine
lees phenolic compounds

‘ Intragastric administration Intraperitoneal injection ‘

- Water
- Winelees powder
(WLPW; 125 mg/kg

bw) ; g

h 4h

Saline

L-NAME (30 mg/kg bw)
Indomethacin (1 mg/kg bw)
Sirtinol {1 mg/kg bw)

Blood pressure recorded by Tail Cuff method

Effect of wine lees phenolic compounds on endothelial-related gene expression

‘ Intragastric administration

- Water Aortic gen expression
- WLPW (125 mg/kg
bw) eNos
- Sirt1
Etl
sHRn=6 0 h 6h |

Figure 5. Experimental procedure followed to evaluate the role of the
endothelium-derived factors in the blood pressure-lowering effect of WLPW.

5. Evaluation of the long-term administration effects of wine lees

powder on BP and other cardiovascular parameters using a

telemetry system in SHR.

In order to evaluate the long-term effects of WLPW, an oral dose of WLPW (125
mg/kg/day) or vehicle were administered during five weeks to SHR. The 6
week of the study animals did not receive any treatments. Body weight and
food and water intake were measured once a week during all the experiment.
BP, heart rate, locomotor activity and body temperature were monitored
before, after treatments (24 h/3 times/week) during the first 5 weeks and at

the end of the 6" week. These parameters were monitored by a telemetry
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system through the insertion of a HD-S10 telemetry transmitters in the aorta of

the animals (Figure 7).

Parameters analysed by
telemetry

Blood pressure @?
(systolic and diastolic)
Heart rate —dv—'\/’

Body temperature

Locomotor activity

1
6 Weeks

Body weight
Food intake

Water intake

Treatment period (125
mg/kg/day WLPW)

Figure 6. Experimental design carried out to evaluate the effect of the long-term
administration of the dried wine lees on blood pressure, heart rate,
temperature and locomotor activity by telemetry system to SHR.
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CHAPTER 1:

To evaluate the potential of WL as a

source of antihypertensive
compounds
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Manuscript 1:

Objective:

To evaluate the potential antihypertensive effect of WL and to
identify the compounds responsible of their activity

ACE inhibitory and antihypertensive activities of
wine lees and relationship among bioactivity and phenolic
profile
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Abstract: Wine lees (WL) are by-products generated in the winemaking process. The aim of this
study was to investigate the angiotensin-converting enzyme inhibitory (ACEi) activity, and the blood
pressure (BP) lowering effect of WL from individual grape varieties. The relationship among their
activities and phenolic profiles was also studied. Three WL, from Cabernet, Mazuela, and Garnacha
grape varieties, were firstly selected based on their ACEi properties. Their phenolic profiles were
fully characterized by UHPLC-ESI-Q-TOF-MS. Then, their potential antihypertensive effects were
evaluated in spontaneously hypertensive rats (SHR). BP was recorded before and after their oral
administrations (2, 4, 6, 8, 24, and 48 h) at a dose of 5 mL/kg bw. Cabernet WL (CWL) exhibited a
potent antihypertensive activity, similar to that obtained with the drug Captopril. This BP-lowering
effect was related to the high amount of anthocyanins and flavanols present in these lees. In addition,
a potential hypotensive effect of CWL was discarded in normotensive Wistar-Kyoto rats. Finally, the
ACEi and antihypertensive activities of CWL coming from a different harvest were confirmed. Our
results suggest the potential of CWL for controlling arterial BP, opening the door to commercial use
within the wine industry.

Keywords: blood pressure; Cabernet grape variety; hypertension; polyphenols; SHR; winery by-product

1. Introduction

Nowadays, the leading cause of death worldwide is cardiovascular disease (CVD),
being hypertension (HTN) one of their major risk factors [1]. The global prevalence of HTN
is high since it is suffered by one in four adults [2]. In fact, a 25% reduction of its prevalence
is one of the global targets to be attained by 2025 [3]. The adoption of healthy lifestyles in
combination with pharmacological therapy has been shown to be effective for controlling
blood pressure (BP) and improving CVD [4]. In this sense, angiotensin-converting enzyme
(ACE) inhibitors, such as Captopril or Enalapril, are the first-choice treatments for HTN [5].
These drugs act blocking the ACE, which plays an important role in the BP regulation
within the renin-angiotensin system [6]. In fact, its inhibition exerts a clear BP-lowering
effect since ACE catalyzes the hydrolysis of the peptide angiotensin I (Ang I) to generate the
vasoconstrictor Ang II. ACE is also involved in the kallikrein—kinin system, degrading the
vasodilator bradykinin. Despite the effectiveness in controlling the BP of ACE inhibitors,
new natural compounds are being investigated since drugs can cause certain side effects
in some patients [7]. These alternatives could result in the reduction of HTN at the early
or mid-stages of the disease [8]. Thus, antihypertensive compounds from natural sources
have emerged as an excellent alternative to synthetic drugs, and are highly demanded,
and researched.

Agri-food by-products have emerged as a novel source to obtain these natural anti-
hypertensive agents since they can contain compounds with a wide range of biological

Nutrients 2021, 13, 679. https:/ /doi.org/10.3390/nu13020679

https://www.mdpi.com/journal /nutrients



UNIVERSITAT ROVIRA | VIRGILI
WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

Nutrients 2021, 13, 679

2of16

properties [9]. The use of these waste products as a source of bioactive compounds al-
lows their revaluation, making the food and agricultural industries more sustainable and
environmentally friendly [10,11]. Grapes are one of the world’s largest fruit crops and
the wine production process generates large amounts of by-products [12]. Some winery
by-products, such as grape seeds and skin, have already been used as a source for the ex-
traction of phenolic compounds with numerous health benefits, including antihypertensive
properties [13-17]. However, the presence of antihypertensive compounds in other winery
by-products as wine lees (WL) remains unexplored.

According to the Council Regulation (EEC) No. 337/79, WL are “the residue that
forms at the bottom of recipients containing wine, after fermentation, during storage or
after authorized treatments, as well as the residue obtained following the filtration or
centrifugation of this product” [18]. The potential application in the food, cosmetics, and
pharmaceutical industries of WL has been suggested [19]. In fact, some studies have
reported antioxidant, antimicrobial, anti-inflammatory, and cardioprotective properties of
WL [19-21]. Differently from other winemaking by-products, WL have been least studied
and exploited, and only the extraction of ethanol and tartaric acid is performed on a large
scale [22]. However, WL could present ACEi and/or antihypertensive properties since their
use as a source of phenolic compounds has been suggested [20]. In this sense, some studies
have detected anthocyanins, flavonols, flavanols, and phenolic acids in WL [19,23-26].

Therefore, the aim of this study was to investigate the potential antihypertensive effect
of WL. Thus, the ACEi activity was evaluated in five different WL generated from the wine-
making process using single grape varieties. Three of these WL were selected according
to their ACEi activity. Their phenolic profile was fully characterized and their antihyper-
tensive activities were tested in spontaneously hypertensive rats (SHR). In addition, we
evaluated BP-lowering effect of the selected WL in normotensive rats Wistar-Kyoto (WKY)
to rule out a potential hypotensive effect. Furthermore, their ACEi and antihypertensive
activities were evaluated using WL from a different harvest.

2. Materials and Methods
2.1. Chemicals and Reagents

Human Angiotensin-converting enzyme (ACE, EC 3.4.15.1, 5.1 U/myg), Captopril (Pub-
Chem CID: 44093) and N-Hippuryl-His-Leu (Hip-His-Leu), were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). O-aminobenzoylglicil-p-nitrofenilalanilprolina
(0-Abz-Gly-p-Phe(NO2)-Pro-OH, PubChem CID: 128860) was provided by Bachem Fein-
chemikalien (Bubendorf, Switzerland). Acetonitrile and trifluoroacetic acid HPLC grade
were purchased from Sigma-Aldrich (Madrid, Spain). Gallic acid, (—)-epicatechin, p-
coumaric acid, and (+)-catechin were purchased from Fluka/Sigma-Aldrich; chlorogenic
acid, caffeic acid, malvidin-3-O-glucoside, (—)-epigallocatechin gallate, and procyanidin
dimer B2 were purchased from Extrasynthése (Lyon, France); cyanidin-3-O-rutinoside was
purchased from PhytoLab (Vestenbergsgreuth, Germany); resveratrol was purchased from
Carl Roth (Karlsruhe, Germany); and rutin was kindly provided by Nutrafur S.A. (Murcia,
Spain). All other chemical solvents used were of analytical grade.

2.2. Wine Lees

WL were provided by Grandes Vinos y Vifiedos, S.A located in the Carifiena P.O.D
area (Zaragoza, Spain). They were collected after racking the wines. All the wines were
elaborated with a single grape variety and following the same manufacturing procedure.
The selected grape varieties were Cabernet, Garnacha, Mazuela, Merlot (all of them red
grape varieties), and Macabeo (white grape variety). Moreover, lees obtained in the
elaboration of wine with Cabernet grapes were supplied from two different harvests
(CWL and CWL2). WL were centrifuged at 3000 x g for 15 min at 4 °C to remove solid
particles. Supernatants were collected and kept at 4 °C until their analysis or administration
to animals.
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2.3. Measurement of the ACEi Activity

ACEi activity was measured by a fluorescence technique according to
Mas-Capdevila et al. [27]. This technique is based on the ability of ACE to hydrolyze
the fluorescence compound o0-Abz-Gly-p-Phe(NO;)-Pro-OH. Inhibition of this enzyme
produces a decrease in fluorescence values. Thus, an aliquot of 40 pL of WL was added to
a microtiter-plate well and mixed with 160 uL of 0.45 mM o-Abz-Gly-p-Phe(NO;)-Pro-OH
dissolved in 150 mM Tris-base buffer (pH 8.3), containing 1.125 M NaCl. The enzymatic
reaction started by adding 40 uL of an ACE solution prepared in 0.15 M Tris buffer (pH 8.3)
containing 0.1 uM of ZnCl, (enzyme concentration in the well was 0.04 U/mL). The reac-
tion was carried out at 37 °C during 30 min. At this time point, fluorescence measurements
using Aex 360 nm and Aem 400 nm were recorded and used to determine the inhibitory
activity. The ACEi activity was calculated using the following formula:

ACEi activity (%) : 1 — Is)i Bs

x 100

where S is the fluorescence emitted after the action of ACE on the substrate, with inhibitor
(sample), Bs is the fluoresce emitted by the substrate and the sample, Pc is the fluoresce
emitted after the action of ACE on the substrate, without inhibitor, and B is the fluoresce
emitted by the substrate and the sample.

ACEi activity was expressed as a percentage (%) or ICsy (uL). Percentage of ACEi
activity was determined at WL volume of 0.16 uL in order to compare the effects of different
WL on ACE activity. ICsy was calculated by linear approximation regression. Data are
represented as the mean value of three determinations + SD.

2.4. Detection and Quantification of the Phenolic Compounds from Wine Lees

The individual phenolic profile of WL from Garnacha, Cabernet, and Mazuela WL was
carried out by high-performance liquid chromatography coupled to electrospray ionisation
and quadrupole time-of-flight mass spectrometry (UHPLC-ESI-Q-TOF-MS). WL samples
were diluted twice with water:methanol with 1% of formic acid (50:50, v:v), centrifuged for
5 min at 17,150 x g at room temperature and supernatants were directly analyzed using a
1290 UHPLC Infinity II series coupled to a Q-TOF/MS 6550 (Agilent Technologies, Palo
Alto, CA, USA). Two different methodologies based on UHPLC-ESI-Q-TOF-MS systems
were used to separate, detect, and quantify the non-anthocyanin and anthocyanin phenolic
compounds. For the separation of non-anthocyanin compounds, an Acquity HSST3 C18
column (150 mm x 2.1 mm i.d., 1.8 pm particle size) (Waters, Milford, MA, USA) was
used and the mobile phase consisted of (A) water:acetic acid (95:5, v:v) and (B) acetonitrile.
The gradient mode was as follows: initial conditions, 0% B; 0-0.5 min, 0% B; 0.5-18 min,
0-30% B; 18-21 min, 30-95% B; 21-24 min, 95% B; and 24-25 min, 100-0% B. A post-run of
6 min was required for column re-equilibration. The flow rate was set at 0.550 mL/min and
column temperature was 45 °C. The injection volume was 2.5 uL for all runs. Electrospray
ionization (ESI) operating in negative mode was conducted with a gas temperature at
200 °C and the flow rate was 14 L/min. Nebulizer gas pressure was 20 psi, sheath gas
temperature was 350 °C, sheath gas flow was 11 L/min, and the capillary voltage was
3000 V. The anthocyanins compounds were separated on an Acquity BEH C18 column
(100 mm x 2.1 mm, 1.7 um particle size) (Waters) and the mobile phase consisted on
water:formic acid (9:1, v:v) (A) and acetonitrile (B). The gradient mode was as follows:
initial conditions, 0% B; 0-0.5 min, 0% B; 0.5-5 min, 0-9% B; 5-7 min, 9-15% B; 7-9.5 min,
15-30% B; 9.5-10 min, 30-100% B; 10-12 min, 100% B; and 12-12.1 min, 100-0% B. A post-
run of 5 min was required for column re-equilibration. The flow rate was set at 0.4 mL/min
and column temperature was 25 °C. The injection volume was 2.5 uL for all runs. ESI
operating in positive mode was conducted with a gas temperature set at 200 °C and the
flow rate was 14 L/min. Nebulizer gas pressure was 20 psi, sheath gas temperature was
350 °C, sheath gas flow was 11 L/min and the capillary voltage was 3000 V. The mass
spectra were recorded between 100-1000 m/z at 2.5 spectra/s for both methodologies.
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The assignment of the phenolic compounds was performed by direct comparison
with the commercial standards available or by bibliographic information using chromato-
graphic behavior, mass accurate molecular ion ([M-H]J- or [M-H]+), and fragmentation
patterns [19,28,29]. The obtained calibration curves of commercial standards available were
used for the quantification of their corresponding phenolic compounds. When commer-
cial standards were not available, a tentative quantification was carried out by using the
calibration curve of the standard more similar.

2.5. Experimental Procedure in Rats

Male SHR and WKY rats (17-20-week-old, weighing 310-350 g) were purchased from
Charles River Laboratories Espafia S.A. (Barcelona, Spain). The animals were housed
at a temperature of 23 °C with 12/12 h light/dark cycles and 50% of humidity. After
quarantine and a training period of 2 weeks, animals were given tap water and a standard
diet (A04 Panlab, Barcelona, Spain) ad libitum during the experiments. The initial values
of the systolic blood pressure (SBP) and diastolic blood pressure (DBP) in the SHR were
186.6 & 1.7 and 153.6 &= 2.6 mmHg, respectively.

Figure 1 shows a graphical representation of the three experimental designs used
in this study. A first study was carried out in SHR in order to evaluate antihypertensive
effect of three WL obtained in the winemaking process with three different grapes varieties:
Cabernet, Garnacha, and Mazuela (Figure 1A). For that, a single dose of 5 mL/kg bw of the
WL was administered to SHR rats. Water and Captopril (50 mg/kg bw, dissolved in water)
were used as a negative and positive control, respectively. A second study was carried out
in WKY rats to discard a possible hypotensive effect of the Cabernet WL (CWL, Figure 1B).
These WL were administered to animals in a single dose (5 mL/kg bw). Water was used as a
negative control. In both studies, SBP and DBP were recorded in the animals before and 2, 4,
6, 8,24, and 48 h after treatment administration to rats using the tail-cuff method, according
to Quinones et al. [30]. ASBP and ADBP were calculated as the difference between the
mean values of SBP or DBP after and before treatment administration for each rat. Data
were expressed as the mean values + SEM for a minimum of six experiments.

A Intragastric
administration
* Water

« Captopril (50 mg/kg bw) D
* WL (5 mL/kg bw of Mazuela, Cabernet or Garnacha) g ﬁ ﬁ

=& (0o 2 a4 6 8 J( 24 )(48h)

SHR BP were measured by tail euff method
n=6 per group

B Intragastric
administration

¢ Water

{

g * CWL (5 mL/kg bw) ﬁ
b
el (0 2 a4 6 8 (24 )(4a8h)
WKY BP were measured by tail cuff method
n=6 per group
Intragastric
C R
administration
* Water
¥, « CWL2 (5 mL/kg bw) ﬁ
SHR BP were measured by
n=6 per group tail cuff method

Figure 1. Graphical representation of the three in vivo studies carried out to investigate (A) the effect
of three wine lees (WL) on blood pressure (BP) in spontaneously hypertensive rats (SHR), (B) the
effect of Cabernet WL (CWL) on BP in normotensive Wistar-Kyoto rats (WKY) and (C) the effect of
CWL from a different harvest (CWL2) at 6 h post-administration in SHR.
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For the evaluation of the effect of different harvests of CWL on the decrease in BP,
an additional trial was conducted with SHR (Figure 1C). The study was carried out by
administering a dose of 5 mL/kg bw of CWL2 to SHR (1 = 6 per group). Water was used as
a negative control. BP was recorded before and 6 h after administration.

In all the in vivo studies, treatments were administered by gastric intubation between
9 and 10 am in a volume between 1.5 and 2 mL by oral gavage.

All animal protocols followed in this study were approved by the Animal Ethics
Review Committee for Animal Experimentation of the Universitat Rovira i Virgili and
further approved by Generalitat de Catalunya (permission number 10780).

2.6. Statistical Analysis

BP differences produced by the administration of the different WL were analyzed
by a two-way analysis of variance (ANOVA) for the studies with SHR and WKY rats.
Student’s T-test was used to evaluate differences between CWL from different campaigns
in both IC5( analysis and antihypertensive study. A one-way ANOVA was used to evaluate
differences between phenolic compounds in WL. All the analyses were performed using
GraphPad Prism 7.04 for Windows (GraphPad Software, San Diego, California). Outliers
were determined by using Grubbs’ test. Differences between groups were considered
significant when p < 0.05.

3. Results
3.1. Selection of the Wine Lees

Table 1 shows the ACEi activity of the five WL used in this study. As it is shown, WL
obtained from red grape varieties (Cabernet, Garnacha, Mazuela, and Merlot) showed a
greater ACEi activity than the one related to the white grape variety (Macabeo). Specifically,
red grapes showed a percentage of ACEi activity between 28% and 56%. In addition, the
concentration of WL needed to inhibit 50% of the ACE activity (ICsp) was also determined.
They ranged between 0.15 & 0.01 and 3.74 + 0.05 uL. Cabernet, Garnacha, and Mazuela
WL were the ones with the highest activities (lower than 0.5 puL, Table 1) and were selected
for further studies. The dose-response of ACE inhibition of some of the tested WL is
represented in Figure 2.

Table 1. Angiotensin-converting enzyme inhibitory (ACEi) activity of the wine lees obtained in the
winemaking process using different individual grape varieties.

ACEi activity
Grape Variety
%* 1Cs0 (uL)
Cabernet 55.69 £+ 1.92 0.15 £+ 0.01
Garnacha 44.16 £2.54 0.22 £ 0.01
Mazuela 50.70 + 8.10 0.21 £+ 0.03
Merlot 28.76 £+ 0.34 0.32 £ 0.02
Macabeo <10 3.74 £+ 0.05

*ACEi activity showed by a wine lees volume of 0.16 L.

1204 -5 CabermetWL -m- Gamacha WL - Merlot WL  —¥- Macabeo WL

1004 -

60+

40+

ACE inhibitory activity (%)
N
S

o

T T T T ,
0 1 2 3 4 5
Volume (uL)

Figure 2. Dose-response curves (effect as a function of the dose in pL) for Cabernet, Garnacha,
Merlot, and Macabeo wine lees (WL). Values are the average of three replicates & SD.
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3.2. Determination of the Phenolic Profile of the Three Selected Wine Lees

Phenolic composition of the selected WL was determined using commercial stan-
dards. As standards of all the phenolic compounds were not always available, a tentative
quantification of these other compounds was carried out using the calibration curve of the
most similar available structures. Figure 3 shows the results of the overlapped extract ion
chromatograms (EIC) of non-anthocyanin phenolic compounds analyzed by UHPLC-(ESI-
)-Q-TOF-MS (Figure 3A) and anthocyanin phenolic compounds analyzed by UHPLC-(ESI
+)-Q-TOF-MS (Figure 3B). Table 2 shows the total phenolic content and total content of
flavanols, flavonols, phenolic acids, stilbenes, and anthocyanins of Cabernet, Mazuela, and
Garnacha WL. The total content of phenolic compounds in the CWL was almost double
than the content measured in Mazuela and Garnacha WL (690.6, 395.3, and 379.6 mg/L,
respectively). In addition, the contribution of the different phenolic families to the total
phenolic content was different depending on the type of WL. Flavanols was the main
family in the CWL distantly followed by anthocyanins and phenolic acids (311.1, 153.5,
and 133.5 mg/L, respectively). However, flavanols and phenolic acids, in the same pro-
portion, were the main groups in Mazuela and Garnacha WL. The main difference found
between CWL and both Mazuela and Garnacha WL was the highest content of flavanols
and anthocyanins showed by CWL (Table 2).

18

28 19

\ 30 ! 33 40 21
V17 34 20/ ; \
12\&12 i 2o om ;! 39,\&
A R SN G T A A L
10 11

2 13 14 15 16 17 18 19 20 21
Counts vs. Acquisition Time (min)

8

0.5 1 15

2 25 3 35 4 45 5
Counts vs. Acquisition Time (min)

Figure 3. Overlapped extract ion chromatograms (EIC) of (A) non-anthocyanin wine lees (WL)-phenolic compounds
analyzed by UHPLC-(ESI-)-Q-TOF-MS and (B) anthocyanin WL-phenolic compounds analyzed by UHPLC-(ESI + )-Q-TOF-
MS. Chromatographic peaks are numbered according to Tables 3 and 4.

Table 2. Total composition of flavanols, flavonols, phenolic acids, stilbenes, and anthocyanins in
studied wine lees (WL).

Phenolic Compounds Cabernet WL (mg/L) Mazuela WL (mg/L) Garnacha WL (mg/L)
Flavanols 331.11 122.63 154.60
Flavonols 57.62 44.83 57.28

Phenolic acids 133.54 132.75 103.05
Stilbenes 14.73 20.08 13.59
Anthocyanins 153.53 74.99 51.12

Total 690.63 395.28 379.64
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Table 3. Characterization of phenolic compounds in Cabernet, Mazuela, and Garnacha wine lees (WL) by UHPLC-(ESI-)-Q-

TOF-MS.
. Fragment  Cabernet WL Mazuela WL Garnacha
Compounds R.T. (min) [M-H]- (i /2) (mg/L) (mg/L) WL (mg/L)

Flavanols
1 Catechin 8.17 289.0718 97.63 £0.622 39.27 £ 025 56.6540.36 ¢
2 Catechin gallate ! 6.66 441.0827  289.07209 0.80 +0.01° 1.53 4+ 0.03P 0.79 £0.012
3 Epicatechin 9.96 289.0718 4348 £0.232 12.94 +0.07° 2016 £0.11P
4  (Epi)catechin O-glucoside isol 2 6.55 451.1246  289.0721 0.50 +£0.002 0.50 £0.002 0.90 +£0.002
5  (Epi)catechin O-glucoside iso2 2 7.41 451.1246  289.0721 0.33 +£0.002 0.29 £0.002 0.43 +£0.002
6  (Epi)catechin O-glucoside iso3 2 8.37 451.1246  289.0721 147 £0.03° 0.77 +0.01° 1.64+£0.032
7 Procyanidin dimer B2 9.30 577.1387  289.0733 34.60 £0.012 9.61 +0.00° 9.09 +0.00 €
8 Procyanidin dimer isol 3 7.68 577.1387  289.0733 64.21 +£0.342 32114017  32374+0.17P
9 Procyanidin dimer iso2 3 7.97 577.1387  289.0733 14.26 +0.09 @ 419 +0.03b 581 +£0.04¢
10 Procyanidin dimer iso3 3 8.18 577.1387  289.0733 296 +0.022 0.84 +0.01P 1.50 +0.01 ¢
11 Procyanidin dimer iso4 & 8.99 577.1387  289.0733 12.80 +0.00 271 £0.00b 3.79 £0.00 €
12 Procyanidin dimer iso5 11.14 577.1387  289.0733  4.32£0.042 154 4+0.02° 197 +£0.02°
13 Procyanidin trimer isol 3 5.46 865.2016  577.1369 16.28 +0.29 2 5.14 + 0.09 P 791 +0.14°¢
14 Procyanidin trimer iso2 3 8.67 865.2016  577.1369 1435+ 0.712 462 +023b 515+025¢
15 Procyanidin trimer iso3 8.89 8652016  577.1369  6.11 4+0.032 2374001  2554001°P
16 Procyanidin trimer iso4 3 10.55 865.2016  577.1369 322+0.142 1.38 + 0.06 P 1.19 4+ 0.06
17 Procyanidin trimer iso5 3 10.71 865.2016  577.1369 13.79 £ 0.232 2.82+0.05P 2.70 £ 0.05b

Flavonols
18 Quercetin 17.80 301.0372 36.78 £0.172 28.62 +0.13P  25354+0.12°¢
19 Quercetin-3-O-glucoside 4 13.00 463.0904  301.0361 1.63 +0.042 2.73 +0.08° 7.68 +0.21°¢
20 Quercetin-3-O-glucuronide 4 12.95 477.0702  301.0369 242 4+0.012 5.62 +0.03P 4.86 +0.02 ¢
21 Kaempferol + 20.07 285.0405 5.15+0.02° 1.63 4+ 0.01P 9.35 +0.04°¢
22 kaempferol-3-O-glucuronide 4 14.22 461.0763  285.0412 048 +0.012 1.31 +0.02° 3.24 +0.05¢
23 Isorhamnetin 4 20.31 315.0531 11.16 £0.122 492 +0.05>  6.8040.07°¢

Phenolic acids

24 Gallic acid 3.13 169.0193 120.87 +£3.672  121.19 £3.682 96,11 +2.92P
25 Caffeic acid 8.63 179.0401 327 +£0.042 2,18 £0.022 1.09 +£0.012
26  Caffeic acid O-glucoside iso1 ° 7.64 341.0878  179.0350 0.55+0.022 1.21 +£0.052 0.13+0.012
27  Caffeic acid O-glucoside iso2 5 8.29 341.0878  179.0350 0.66 £0.032 113+ 0.052 0.20+0.012
28 p-Coumaric acid 10.65 163.0439 3.44 +£0.032 373 £0.042 1.15+0.012
29 4-Hydroxybenzoic acid 8.17 137.0243 1.67 +£0.052 0.89 £0.032 1.19+£0.042
30 Ferulic acid 12.00 193.0506 0.75+0.012 0.27 £0.002 0.51+0012
31 Vanillic acid 8.51 167.0350 2.33+£0.072 2.15+£0.082 2.67 £0.042

Stilbenes
32 trans-Resveratrol © 15.73 227.0714 4.60 +0.02° 3.63 +0.02P 3.12 +0.01¢
33 Resveratrol iso1® 18.00 227.0714 295+0.012 256 +0.01P 0.97 £0.00 €
34  Resveratrol O-glucoside isol 6 12.44 389.1242  227.0721 0.27 £0.002 1.22 +0.02° 1.17 +0.02°
35  Resveratrol O-glucoside iso2 ° 14.92 389.1242  227.0721 1.35+£0.02° 6.01+0.10° 3.32+0.05¢
36 Piceatannol © 2.59 243.0663  203.0727 420+0.052 496 +0.06° 4.04 £0.05°€
37  Piceatannol 3-O-glucoside isol 6 12.89 405.1208  243.0670 022+0.012 0.14 +0.00 0.04 £0.00 €
38  Piceatannol 3-O-glucoside iso02 13.15 405.1208  243.0670 0.06 +0.00 2 0.18 +0.00 P 0.05+0.002
39 Viniferin-iso1 © 19.53 453.1344  116.9291 027 £0.012 033+£0012 0.15 4+ 0.00 P
40 Viniferin-iso2 © 19.92 453.1344  116.9291 0.81 +£0.022 1.05 4+ 0.03 P 0.73 £0.02°¢

Abbreviations: Retention time (R.T.). Wine lees (WL). *P¢ Different letters indicate significant differences in the content of each individual
phenolic compound between the different WL (p < 0.05; one-way ANOVA).! Tentatively quantified using the catechin calibrating curve.
2 Tentatively quantified using the epicatechin calibrating curve. 3 Tentatively quantified using the procyanidin dimer B2 calibrating curve.
4 Tentatively quantified using the quercetin calibrating curve. > Tentatively quantified using the caffeic acid calibrating curve. ¢ Tentatively
quantified using the resveratrol calibrating curve.
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Table 4. Characterization of anthocyanin in Cabernet, Mazuela, and Garnacha wine lees (WL) by UHPLC- (ESI +)-Q-TOF-MS.

. . Fragment Cabernet WL Mazuela WL Garnacha
Anthocyanins R.T. (min)  [M-HI+ (r%t/z) (mg/L) (mg/L) WL (mg/L)
1 Gallocatechin-Malvidin-3-glucoside dimer ! 3.58 797.2035 0.25+0.01° 0.10 £0.002 0.16 £ 0.00°
2 Malvidin-3-glucoside-(epi) catechin * 484 781.1974 1.11+£0.01° 0.53 £ 0.00° 0.50 = 0.00®
3 Delphinidin-3-glucoside 2 5.06 465.1028  303.0511 3.69 +0.04° 298 +0.03° 1.39 £0.01¢
4 Cyanidin-3-glucoside 2 5.85 449.1078  287.0531 0.23 +£0.01° 0.20 £0.01° 0.16 £0.01°
5 Petunidin-3-glucoside 3 6.47 479.1184  317.0669 5.03 +0.06 2 4.90 4+ 0.06° 218 £0.03°
6 Petunidin-3-glucoside-pyruvic acid 7.05 547.1082 385.0547 0.09 £0.00* 0.06 £0.00* 0.03 +£0.00*
7 Peonidin-3-glucoside * 7.14 463.1235  301.0717 2.72£0.04° 1.83 £ 0.03° 248 £0.04¢
8 Malvidin-3-glucoside ! 7.48 493.1341 331.0843 60.67 +£0.68% 4390 +0.49° 2678 +0.30°¢
9 Peonidin-3-glucoside-pyruvic acid 3 7.81 531.1133  369.0607 0.04 +0.002 0.02 +0.00? 0.02+0.002
10 Delphinidin-(6-acetyl)-3-glucoside * 7.87 507.1133  303.0496 0.91 £0.02° 0.09 +0.00° 0.02 +£0.00°
11 Visitin A (malvidin-3-glucoside-pyruvic acid) ! 8.11 561.1239 399.0730 1.23+0.01° 0.63 +0.01° 0.35+0.00 ¢
12 Visitin B (malvidin-3-glucoside-acetaldehyde) ! 8.32 517.1341 355.0826 3.06 £0.08? 492 4+0.12° 5.11 £ 0.00°
13 Malvidin-3-glucoside-ethyl-(epi) catechin ! 8.40 809.2287 0.37 +0.00* 0.09 £ 0.00° 0.31+0.13%
14 Cyanidin-(6-acetyl)-3-glucoside 2 8.45 491.1184  491.1189 0.20 +0.00* 0.02 +0.00° 0.01 +0.00°
15 Acetylvisitin A1 8.50 603.1344  399.0718 0.79 +0.03 2 0.10 & 0.00® 0.15 4+ 0.00°
16 Malvidin-3-glucoside-ethyl-(epi) catechin ! 8.57 809.2287 1.38 +0.02° 0.51 +£0.01° 1.65 4+ 0.00 ©
17 Petunidin-(6-acetyl)-3-glucoside ° 8.66 521.1378 317.0667 1.29 +£0.04° 0.16 +0.01° 0.04 +0.02°
18 Malvidin-3-glucoside-ethyl-(epi) catechin ! 8.75 809.2287 2.04 +0.062 0.80 +0.03° 2.63 £ 0.00
19 Acetylvisitin B! 8.77 559.1446  355.0813 1.66 +£0.052 0.47 +£0.01° 0.27 +£0.08°
20 Peonidin-(6-acetyl)-3-glucoside * 9.08 505.1341 301.0714 132 £0.03° 0.13 +0.00° 0.08 +0.01°
21 Delphinidin-(6-coumaroyl)-3-glucoside 2 9.08 611.1395  303.0508 044 +0.012 0.55 4 0.01 0.09 + 0.00°
22 Malvidin-(6-acetyl)-3-glucoside ' 9.13 535.1446  331.0836 28.39 +0.03° 2.57 +0.00° 0.79 £ 0.00 ©
23 Coumaroylvisitin A ! 9.29 707.1607  399.0718 0.20 £0.00* 0.13 +£0.00° 0.04 £ 0.00°
24 Malvidin-(6-caffeoyl)-3-glucoside 9.41 655.1657  331.0808 0.36 £0.02° 0.10 £ 0.00° 0.04 £0.00°
25 Cyanidin-(6-coumaroyl)-3-glucoside 2 9.42 595.1446  287.0560 0.10 £0.00* 0.11£0.00* 0.03 £ 0.00°
26 Catechin-ethyl-Malvidin-3-acetylglucoside dimer ! 9.43 851.2511 0.88 +0.03* 0.03 £ 0.00° 0.06 £ 0.00°
27 Petunidin-(6-coumaroyl)-3-glucoside 3 9.52 625.1552  317.0662 0.74 +0.03 2 0.78 +0.01* 0.16 +0.00°
28 Pinotin A (malvidin-3-glucoside-vinylcatechol) ! 9.53 6251552 463.0998 0.84 £0.02° 0.88 £0.02 0.18 £ 0.00°
29 Malvidin-glucoside-vinyl-catechin ! 9.56 805.1974 0.15+0.00° 0.08 +0.00° 0.16 £0.00*
30 Coumaroylvisitin B! 9.58 663.1708  355.0822 0.91 +0.032 1.08 +£0.04° 1.12 +£0.04°
31 Malvidin-3-glucoside-vinylguaiacol * 9.63 639.1708 331.0823 0.59 £0.01? 0.37 +0.01° 0.17 £0.00°
32 Catechin-ethyl-malvidin-3-coumaroylglucoside dimer ! 9.70 955.2785 0.68 £0.01° 0.21 +0.00° 0.51 £0.01°
33 Catechin-ethyl-malvidin-3-acetylglucoside dimer ! 9.81 851.2511 0.14+0.00°  0.02+0.00°  0.02+000°
34 Peonidin-(6coumaroyl)-3-glucoside 9.87 609.1603 301.0716 0.94 +£0.03 0.60 + 0.02° 0.42 +£0.01°¢
35 Malvidin-(6-coumaroyl)-3-glucoside ! 9.92 639.1708 331.0823 10.77 £ 0.02 443 +£0.01° 231+£0.01¢
36 Malvidin-glucoside-vinyl-catechin ! 9.99 805.1974 0.16 £0.00* 0.06 +0.00° 0.14 £ 0.00*
37 Acetyl-pinotin A ! 10.19 667.1657 0.01 +0.00? 0.00 +0.00° 0.01 £0.00°
38 Malvidin 3-O-glucoside 4-vinylphenol (Pigment A) ! 10.22 609.1603  447.1079 0.64 +£0.01° 0.44 +0.00° 0.44 +0.00°
39 Catechin-ethyl-malvidin-3-coumaroylglucoside dimer ! 10.33 955.2785 0.12 £0.00* 0.04 +0.00° 0.10 £0.00*
40  Malvidin acetyl 3-O-glucoside 4-vinylphenol (Acetyl-pigment A) ! 10.50 651.1708 447.1076 0.38 £0.01? 0.03 4 0.00® 0.02 & 0.00°

Abbreviations: Retention time (R.T.). Wine lees (WL). #P< Different letters indicate significant differences in the content of each individual
phenolic compound between the different WL (p < 0.05; one-way ANOVA). ! Tentatively quantified using the calibrating curve of malvidin
glucoside. ? Tentatively quantified using the calibrating curve of cyaniding rutinoside. 3 Tentatively quantified using the calibrating curve
of peonidin rutinoside.

The sample individual phenolic profile on flavanols, flavonols, phenolic acids, and
stilbenes is shown in Table 3. The major compounds in all samples were catechin, epi-
catechin, procyanidin dimer B2, and procyanidin dimer isol, with higher levels found in
CWL compared to Mazuela and Garnacha WL. Regarding the content of the other phenolic
families, the major compounds found were: quercetin and isorhamnetin in the flavonols
group, gallic acid in the phenolic acid group, and trans-resveratrol and piceatannol in the
stilbene group.

Regarding the anthocyanin composition (Table 4), a total of forty different antho-
cyanins were identified in the WL with malvidin-3-glucoside > malvidin-(6-acetyl)-3-
glucoside > malvidin-(6-coumaroyl)-3-glucoside as the major compounds. The content of
these three compounds was notably higher in the CWL compared to the other WL.

3.3. Effect of Different Wine Lees on Blood Pressure in Hypertensive Rats

The antihypertensive effect of Cabernet, Garnacha, and Mazuela WL was evaluated
in SHR rats after an acute oral dose (5 mL/kg bw). SBP and DBP results of this study
are shown in Figure 4A,B, respectively. As expected, animals that received water did not
show changes in their BP. In contrast, Captopril administration (50 mg/kg bw) led to
a continuous decrease in the animals” SBP and DBP 2 h post-treatment. The maximum
decreases were observed at 6 h (—43.2 & 3.9 and —47.2 + 1.5 mmHg for SBP and DBP,
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respectively). Regarding the WL, only CWL showed an antihypertensive effect on both
SBP and DBP in SHR, being their behavior similar to the one observed by Captopril. The
maximum decrease in BP was also observed at 6 h post-administration (—36.4 4= 3.4 and
—38.8 £ 4.6 mmHg for SBP and DBP, respectively). Initial BP values were recovered at
24 or 48 h for SBP and DBP, respectively. No significant changes in BP were found between
the Garnacha or Mazuela WL groups and water group (Figure 4A,B). CWL were selected
according their antihypertensive effect for further studies.

A -O- Water (a) -~ Captopril 50 mg/kg (b)
-4~ Garnacha WL 5 mL/kg (a) -¥- Cabernet WL 5 mL/kg (b) —— Mazuela WL 5 mL/kg (a)

-60 T T T T T T U
0 2 4 6 8 24 48
Time (h)
B -O- Water (a) -~ Captopril 50 mg/kg (b)
—A- Garnacha WL 5 mL/kg (a) -¥- Cabernet WL 5 mL/kg (b) <~ Mazuela WL 5 mL/kg (a)
104
04
-104
=)
E 20
E
& -30-
0
<
-40
.50
-60 T T T T T T T
0 2 4 6 8 24 48
Time (h)

Figure 4. Decrease of systolic blood pressure (SBP, A) and diastolic blood pressure (DBP, B) in
spontaneous hypertensive rats after the administration of water, Captopril (50 mg/kg bw), and
the three selected wine lees (WL; 5 mL/kg bw): Garnacha WL, Cabernet WL, and Mazuela WL.
Data are expressed as mean (1 = 6) & SEM. Significant differences (p < 0.05) between treatments are
represented by different letters in the legend. p value was estimated by two-way ANOVA and Tukey
test was used as post hoc.

3.4. Effect of Cabernet Wine Lees on Blood Pressure in Normotensive Rats

The effect of CWL on BP was also evaluated in normotensive rats (WKY) in order to
discard possible hypotensive effects. Initial values of SBP and DBP were 119.1 4= 4.2 and
87.9 £ 8.8 mmHg, respectively. The administration of a single dose of CWL (5 mL/kg bw)
did not modify SBP or DBP values in the animals during the experiment (Figure 5). BP
values were significantly similar to those showed by the animals that ingested water.



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

Nutrients 2021, 13, 679 10 of 16

-O- Water -¥- Cabernet WL (5 mL/kg bw)

-40-

-50

-404
.50
'60 T T T T T T T
0 2 4 6 8 24 48
Time (h)

Figure 5. Decrease in systolic blood pressure (SBP, A) and diastolic blood pressure (DBP, B) caused
in Wistar-Kyoto rats after the acute administration of water or Cabernet WL (5 mL/g bw). Data are
expressed as mean (1 = 6) & SEM. No significant differences (p < 0.05) were found. p was estimated
by two-way ANOVA.

3.5. Variability between Cabernet Wine Lees from Two Different Harvests

Finally, the variability of ACEi and antihypertensive activities of CWL harvested
in two different years (CWL and CWL2) were evaluated. ACEi activity (%) and ICsg
did not show differences between CWL from different grape harvests (Figure 6A,B). The
antihypertensive properties of CWL and CWL2 were also evaluated in SHR at a single
dose of 5 mL/kg bw at 6 h post-administration. No differences were found in SBP and
DBP between different harvests (Figure 6C,D).
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Figure 6. Variability between Cabernet wine lees (CWL) from two different harvests (CWL and CWL2). ACEi activity
for both harvests is represented as dose-response curve (%, A) and ICsg (B). Data are shown as mean £ SD (n = 3). No
significant differences (p < 0.05) were found between ICsy values (Student’s T-test). Decrease in systolic blood pressure (SBP,
C) and diastolic blood pressure (DBP, D) caused in spontaneous hypertensive rats by the acute administration of water,
CWL, or CWL2 (both 5 mL/kg bw). Data are shown as mean £ SEM (1 = 6). No significant differences (p < 0.05) were
found between CWL and CWL2 (Student’s T-test). * represents significant differences (p < 0.05) between CWL and CWL2
and their respective water control groups estimated by Student’s T-test.

4. Discussion

Annually, a large number of agri-food by-products are generated during food process-
ing and their valorization has attracted a great deal of attention over the past few years [9].
In fact, one of the most emerging purposes is to be used as a source of bioactive com-
pounds. These compounds are highly valued by the food, pharmaceutical, and cosmetic
industries because they show a wide range of beneficial health effects. In this sense, winery
by-products have been successfully used to obtain antioxidant [31], antimicrobial [32], anti-
inflammatory [33], antihyperglycemic [34], or antihypertensive compounds [14,16,17,35].
For instance, extracts rich in phenolic compounds (proanthocyanidins or resveratrol), with
antihypertensive properties in both rats and humans, have been extracted from stem, grape
seeds, or skin, respectively [13,15-17,36-38]. However, to our knowledge, no studies have
been performed to evaluate whether WL can present ACEi or antihypertensive properties.
Thus, the aim of this study was to evaluate the ACEi and antihypertensive activities in
several WL. For this, five WL samples were obtained in the elaboration of wine with a single
grape variety (red grapes varieties: Cabernet, Garnacha, Mazuela, Merlot, and white grape
variety: Macabeo) were selected to determine their ability to inhibit ACE. ACE inhibitors, as
Captopril, Enalapril, or Lisinopril, are usually used to treat hypertension [39]. In fact, ACEi
activity is commonly used as a screening tool in the search for natural antihypertensive
compounds. The determination of the ACEi activity of the five WL showed that lees ob-
tained from red grape varieties exerted higher activity than those obtained from the white
grape variety (Table 1; Figure 2). Phenolic compounds are present in red grapes in larger
quantities than in white grapes [40]. Therefore, these compounds could be responsible for
the ACEi effects since in vitro studies have demonstrated inhibitory properties of phenolic
compounds on ACE [8]. Similar results were reported by Pozo-Bayon et al. and Alcaide-
Hidalgo et al., who studied the ACEi activity of red (Tempranillo) and white (Airén, Verdejo
and Sauvignon Blanc) wines, respectively [41,42]. The ACEi activity of the WL was also
calculated as ICsg. The expression of this value in volume is indicative of the microliters of
the WL necessary to inhibit the enzyme by 50% under the assay conditions, where the total
volume is 240 uL. Therefore, it is a measure of the pharmacological potency, given that the
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lower the IC5), expressed in volume, the higher the potency of ACE inhibition of the WL
assayed [43]. All WL obtained from red grapes showed a potent ACEi activity, although
differences in the ICsy values can be noted (Table 1). ACEi activities of red WL ranged
among 0.15 &£ 0.0 and 0.32 & 0.0 uL. These inhibitory potencies are higher than those
reported by other authors in milk fermented with Enterococcus faecalis and Lactobacillus
helveticus [43,44]. These results clearly reveal important ACEi potency in WL obtained
from red grapes. Although ACEi activity is frequently used to select antihypertensive
compounds, it does not always correspond to an in vivo effect. Gastrointestinal digestion
could produce variations over different WL compounds. In addition, first pass metabolism
and microbiota metabolism will significantly modify the ingested phenolic compounds [45].
All these modifications could lead to changes in their ACEi properties. Therefore, in vivo
studies must be carried out to demonstrate the antihypertensive effect of WL. In the
present study, the antihypertensive effect of Cabernet, Garnacha, and Mazuela WL, se-
lected by their ACEi activity, was evaluated in SHR after a single oral dose of 5 mL/kg bw
(Figure 4). While Garnacha and Mazuela WL did not exhibit BP-lowering effects, CWL
showed a clear antihypertensive effect. The maximum antihypertensive effect was reached
at 6 h post-administration. The ACE inhibitor Captopril also exhibited a similar response
time. A maximum decrease in BP at 4 or 6 h post-administration has been also reported
by our group for other natural ACE inhibitors such as phenolic rich cocoa or grape seed
extracts [30,46] or bioactive peptides [47]. Furthermore, the powerful antihypertensive
effect of the CWL was similar to that observed for the drug Captopril. Phenolic extracts
obtained from grape seeds (GSPE) have shown similar antihypertensive effects, with a
maximum drop in BP at 6 h post-administration [15,17]. Similarly, Valls et al. observed
a significant enhancement of endothelial function 5 h after administration to volunteers
of a phenolic-enriched olive oil. In addition, this effect correlated with an increase of
phenolic-derived metabolites in blood 2 h after its intake [48]. Notably, the BP-lowering
effect produced by CWL (approximately 30 mmHg) could be a promising result since small
reductions in BP may have an important impact on cardiovascular events in the hyperten-
sive population [49]. In this sense, a reduction in 5 mmHg for DBP and 10 mmHg for SBP
produces a significant reduction in the risk of suffering or worsening CVD [50,51]. The
effect on BP of CWL was also tested in normotensive rats in order to rule out hypotensive
effects. CWL did not modify the BP of these animals (Figure 5). This indicates that the
antihypertensive effect of these CWL is specific to the hypertensive condition.

In order to understand the different BP-lowering effects exhibited by the tested WL
in rats, the phenolic profile of these three samples was studied. Phenolic compounds
have been widely investigated due to their large number of beneficial properties, such
as their cardioprotective effect [52], in which antihypertensive activity is included [53].
Specifically, a meta-analysis focused on grape phenolic compounds showed that their daily
consumption reduced SBP by 1.48 mmHg when compared with the control group [54].
Thus, the different BP-lowering effects exhibited by the three WL would lie within the
phenolic composition. According to this, results revealed that CWL contained twice the
amount of total phenolic compounds when compared to Mazuela or Garnacha WL. These
results highlight the importance of phenolic compounds for the antihypertensive activity of
the WL. Specifically, it can be observed a higher concentration of flavanol and anthocyanin
families in CWL compared to Mazuela or Garnacha WL (Table 2). Numerous studies
have shown that the intake of flavanol-rich foods such as cocoa, red grapes, and red
wine can be associated with improved vascular function and can repair and reduce BP in
both hypertensive and pre-hypertensive individuals [55]. It has also been reported that
flavanol-rich extracts from grape seed or cocoa showed antihypertensive effect after their
acute [15,17,30,46] and chronic administration [16] to hypertensive rats. Furthermore, the
flavanol monomers epicatechin and catechin have shown antihypertensive effect in both
rats and humans administered at low concentrations [56-58]. The high levels of catechin,
epicatechin, and procyanidins (Table 3) present in CWL suggest that these compounds
could be in part responsible for the BP-lowering effect of this variety of WL. In addition, the
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polyphenol family of anthocyanins has also shown cardioprotective and antihypertensive
properties [59,60]. Their circulating metabolites have also been directly related to vascular
benefits [61]. Moreover, malvidin-3-glucoside, a compound from the anthocyanins family,
has been reported as a potent vasodilator [62]. In our study, the anthocyanin content in
CWL was higher than in the other WL. The main differences were in the levels of malvidin-3-
glucoside, malvidin-(6-acetyl)-3-glucoside, and malvidin-(6-coumaroyl)-3-glucoside (Table 4).
Therefore, anthocyanin family and specifically these compounds could be also involved in
the BP-lowering effect of CWL.

Finally, the ACEi and antihypertensive activities of a CWL coming from a different
harvest were also studied. No significant differences in the ACEi activity or in the de-
crease of BP produced by the different CWL were observed (Figure 6), indicating good
reproducibility of the CWL beneficial effects.

5. Conclusions

This study shows that WL from red grapes present a potent ACEi activity and that
CWL, WL coming from the grape variety Cabernet, also exhibited a potent BP-lowering
effect, specific to a hypertensive condition. It is noteworthy that in this study CWL were
administered at 5 mL/kg bw. This dose corresponds to an intake of 73 mL/day in humans,
using a translation of animal to human doses [63] and estimating the daily intake for an
adult human with body weight 70 kg and body height 175 cm. Although experimental
results obtained in animals cannot be directly translatable to humans, the fact that only
73 mL of CWL exhibit antihypertensive effects opens the door to the valorization of CWL
by their BP-lowering properties. Nevertheless, the quantity of CWL necessary to decrease
arterial BP in humans should be definitively established when clinical trials are conducted.
CWL antihypertensive activity has been related to their highest content in anthocyanins
and flavanols. In addition, these beneficial effects were reproducible in CWL from different
vintages. These findings open the door to the use of CWL to alleviate hypertension. At
the same time, this study would also allow the wine industry to revalue by-products as
WL and, therefore, reduce their associated environmental problems. However, HTN is a
chronic pathology that requires chronic treatment; thus, chronic studies are necessary to
evaluate of antihypertensive effect of long-term administration of CWL.

6. Patents

Patent application “Wine lees, derivatives thereof and their uses”: application number
EP20382358.8 and PCT/EP2021/053051.
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Abstract: The antihypertensive effect of the soluble fraction of wine lees (WL) from Cabernet variety
grapes was recently reported by our group. This blood pressure (BP)-lowering effect was attributed to
the presence of flavanols and anthocyanins. In this context, phenolic-enriched wine lees (PWL) could
potentially exhibit a stronger bioactivity. Therefore, the aim of this study was to obtain a soluble
fraction of WL with increased phenolic content and evaluate its functionality. The PWL were obtained
using an enzyme-assisted extraction based on the hydrolysis of WL proteins with Flavourzyme®.
They contained 57.20% more total phenolic compounds than WL, with anthocyanins and flavanols
being the largest families present. In addition, PWL also showed greater angiotensin-converting
enzyme inhibitory and antioxidant activities. Finally, the antihypertensive activity of the PWL was
evaluated in spontaneously hypertensive rats. A single dose of 5 mL/kg body weight of PWL
showed a greater BP-lowering effect than the one shown by WL. Moreover, this antihypertensive
effect was more prolonged than the one produced by the antihypertensive drug Captopril. These
results demonstrate that enzymatic protein hydrolysis is a useful method to maximize the extraction
of phenolic compounds from WL and to obtain extracts with enhanced functionalities.

Keywords: hypertension; phenolic compounds; hydrolysate; spontaneously hypertensive rats;
bioactive compounds; enzymatic hydrolysis; UHPLC; grape by-products

1. Introduction

Nowadays, it is known that some dietary components play an important role in the
prevention of hypertension (HTN) [1]. Thus, an increase of fruit and vegetable intake
has been evidenced to reduce the risk of cardiovascular disease (CVD) in hypertensive
subjects [2,3]. Their health benefits are attributed to the presence and synergetic effect of
different bioactive compounds including fiber, vitamins or phenolic compounds [4]. In the
last two decades, phenolic compounds have been widely studied for their beneficial health
effects, including antihypertensive activity [5-7].

There are different mechanisms related to the blood pressure (BP)-lowering effect of
phenolic compounds. Some of these have been referred to their antioxidant capacity [6,8].
In fact, it has been reported for anthocyanin, flavanol or flavonol rich extracts that the
oxidative stress improvement is one of the mechanisms responsible for their antihyper-
tensive properties [9-11]. In addition, phenolic compounds can also act on HTN via the
inhibition of angiotensin-converting enzyme (ACE) [12]. This enzyme is key in the BP
regulation produced by the renin-angiotensin-aldosterone system (RAAS). In fact, ACE
inhibition is usually used in HTN treatment [13,14]. Although synthetic ACE inhibitors
such as Enalapril or Captopril are very efficient in reducing BP, in some cases they can cause

Antioxidants 2021, 10, 517. https:/ /doi.org/10.3390 /antiox10040517

https:/ /www.mdpi.com/journal /antioxidants



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

Antioxidants 2021, 10, 517 20f18

unwanted side effects [15,16]. Thus, new antihypertensive compounds, acting on different
HTN targets, are being highly investigated, mainly from natural sources. In this regard, the
ACE inhibitory (ACEi) activity of different phenolic compounds has been demonstrated
in in vitro studies [17]. Phenolics do not reach the potency of drugs commonly used in
the treatment of HTN as Captopril but they may be considered as naturally functional
compounds since their dietary intake can be as high as 1 g/day [17].

Agri-food by-products have recently emerged as a new source of bioactive com-
pounds [18]. In this regard, winery by-products (seeds, skin, pomace, stems, or lees) have
been used to obtain extracts rich in phenolic compounds with antioxidant and/or anti-
hypertensive properties [10,11,19-21]. However, these phenolic compounds can be in the
food matrix in free form or covalently bound to soluble or insoluble substances [22]. For
example, tannins, phenolic compounds present in winery by-products, form complexes
with proteins [23]. Thus, extraction methods must be used to release these bioactive com-
pounds [22]. However, some of these methods produce residual substances and more
eco-friendly alternatives are being developed. In this regard, enzyme-assisted extraction
has emerged as a green technique that brakes or softens the cell wall to release bioactive
compounds [24]. Agri-food by-products contain macromolecules that can be susceptible to
hydrolysis such as proteins, cellulose, lignin or hemicellulose [25]. In fact, this reaction has
already been used to release phenolic compounds from the cell wall matrix [22]. Specifi-
cally, protein hydrolysis has been evidenced to be a good method to release proteins and
phenolic compounds [26,27].

Wine lees (WL), a winery by-product, account for 25% of the waste from the wine-
making process [28]. The Council Regulation (EEC) No. 337/79 defined this by-product
as “the residue that forms at the bottom of recipients containing wine, after fermentation,
during storage or after authorized treatments, as well as the residue obtained following the
filtration or centrifugation of this product” [29]. WL can be classified according to the stage
of the wine making process, as first-fermentation WL, second-fermentation WL, and aging
WL (after wine alcoholic fermentation, malolactic fermentation or aging in wood barrels,
respectively) [30]. WL can be separated into two phases after centrifugation or filtration of
WL, the solid and the liquid phases. The proportion of both phases can vary depending on
the type of WL or the procedure to obtain the WL, since water can be added to remove WL
from wine tanks. The solid phase is mainly composed of yeasts, insoluble carbohydrates,
phenolic compounds, proteins, lignin, tartrates, and other materials such as grape skins [31].
Regarding the soluble phase, this is composed of organic acids, ethanol, and soluble pheno-
lic compounds [19,31]. A previous study from our group evidenced the antihypertensive
effect of the soluble fraction of WL from grapes of the Cabernet variety [19]. Phenolic
analysis revealed that this fraction was rich in flavanols and anthocyanins. However, since
only a centrifugation was performed and no particular extraction method was applied,
phenolic compounds from the non-soluble fraction of WL were not extracted. In this regard,
the presence of phenolic compounds in the solid fraction, bound to yeast cell walls, has
been reported [32]. Enzymatic-assisted extraction using Glucanex® and Mannaway® (-1,
3 glucanase and 3-1,4-mannanase activities, respectively) has been efficiently used in WL as
treatment previous to a solid-liquid extraction to release anthocyanins or glycocompounds
from the non-soluble fraction [33,34]. Considering this evidence, the aim of this study was
to increase the release of WL phenolic compounds by protein hydrolysis of WL to maximize
the phenolic yield, improving the valorization of this by-product. The antioxidant, ACEi
and antihypertensive activities of the phenolic-enriched WL (PWL) were also evaluated.

2. Materials and Methods
2.1. Chemicals and Reagents

Flavourzyme® 1000 L (EC 3.4.11.1, 500 leucine amino peptidase units (LAPU)/g
from Aspergillus oryzae) was kindly provided by Novozymes (Bagsveerd, Denmark). ACE
(EC 3.4.15.1), 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), picrylsulfonic acid and
acetonitrile for HPLC were purchased from Sigma-Aldrich (Madrid, Spain). Captopril
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(PubChem CID: 44093) and resveratrol were provided by Santa Cruz Biotechnology (Dallas,
TX, USA) and Carl Roth (Karlsruhe, Germany), respectively. Folin-Ciocalteu reagent,
coumaric acid, quercetin, gallic acid, catechin, and epicatechin were purchased from
Fluka/Sigma-Aldrich. 4-Hydroxybenzoic acid, caffeic acid, procyanidin dimer B2, vanillic
acid, and malvidin-3-O-glucoside were purchased from Extrasynthése (Lyon, France).
Ferulic acid, cyanidin-3-O-rutinoside, and peonidin-3-O-rutinoside were purchased from
PhytoLab (Vestenbergsgreuth, Germany). Analytical grade reagents were always used.

2.2. Preparation of the Wine Lees Hydrolysate

WL were kindly provided by the cellar Grandes Vinos y Vifiedos S.A (Carifiena PDO
area, Carifiena, Spain). They were collected after racking the red wine (first-fermentation
WL), which was made from grapes of Cabernet variety. The preparation of the new
PWL was as follows: 10 mL of WL were mixed with the commercial enzyme solution
Flavourzyme® (enzyme/substrate ratio, 80 LAPU/g protein). Hydrolysis was carried out
at 25 °C for 2 h at pH 4.0 and 250 rpm in a MaxQ Orbital Shaker Thermo Scientific (Thermo
Fisher Scientific, Waltham, MA, USA). These enzymatic conditions were set according
to a previous study focus on selecting the most appropriate enzymatic preparation and
choosing process conditions easily applicable on an industrial scale (data not shown).
Reaction was finished adding 1 M HCI to decrease the solution pH to 3. The final volume
of the hydrolysate was 11.25 mL. Subsequently, the hydrolysate was centrifuged at 3000x g
for 15 min at 4 °C to eliminate non-soluble particles and the supernatant (PWL) was
collected for analysis. In addition, no-hydrolysis control WL (0 WL) was also subjected to
the same procedure but replacing the enzyme volume by Milli-Q water.

2.3. Characterization of Wine Lees

Initial WL consisted of 28.0 &= 6.6% (w/v) solid, determined by AOAC official method [35],
27.14 + 1.13% ((w/(w), protein, determined applying the factor 6.25 to the total nitro-
gen content measured by the Kjeldahl method [35] and 100.50 + 1.36 mg GA/g total
phenolic compound contents, determined by the Folin-Ciocalteu method according to
Iglesias-Carres et al. [36]. Gallic acid (GA) was used as the calibration curve (40-400 mg/L)
and mg GA equivalents per mL of WL (mg GAE/mL) were used to express the results.
Protein and total polyphenol contents were expressed per gram of dry weight. The analysis
was done in triplicate.

The percentage of solid (%, (w/(v) and total protein contents (%, (w/w) of both 0
WL and PWL were determined according the AOAC official methods [35] and total phe-
nolic compounds (mg GAE/g of dry weight), were determined by the Folin—Ciocalteu
method [36], as already mentioned. The determination of the total amino acid content
was carried out following the method described by Mas-Capdevila et al. [37]. Briefly,
proteins in the samples suffered both acidic and basic hydrolysis under heat conditions for
1.5 h using increasing temperatures up to 150 °C. Identification and quantification of the
amino acids in the samples were performed using high-performance liquid chromatogra-
phy coupled to electrospray ionization and quadrupole time-of-flight mass spectrometry
(UHPLC-Q-TOE/MS). All analyses were done at least in duplicate.

The hydrolysis degree of the PWL was determined by the TNBS (2,4,6-trinitrobenzenes
ulfonic acid) method according to Aldler-Nissen through the determination of free x-amino
acid groups [38]. Total hydrolysis was performed adding 6 N HCI to the sample, incubating
it for 24 h at 110 °C. Leucine was used as a calibration curve. The protein content used to
calculate the hydrolysis degree was the one obtained by the Kjeldahl method. The analysis
was done in triplicate.

All the analyses were carried out using the samples directly without any extrac-
tion method.
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2.4. Identification and Quantification of the Phenolic Profile

The phenolic profiles of 0 WL and PWL were also analyzed. Separation, identifica-
tion, and quantification of anthocyanin and non-anthocyanin phenolic compounds were
performed following the method described by Lépez-Fernandez-Sobrino et al. [19]. 0 WL
and PWL were diluted with water:methanol (50:50, v:v) and directly injected in a 1290 UH-
PLC Infinity II series coupled to a Q-TOF/MS 6550 (Agilent Technologies, Palo Alto, CA,
USA). Both positive and negative ionization ([M-H]- or [M-H]+) were used to identify
parental ions and fragmentation patterns as shown by Lopez-Fernandez-Sobrino et al. [19].
Commercial standards were used to construct a calibration curve to carry out the quanti-
tative analysis of coumaric acid, procyanidin dimer B2, quercetin, catechin, epicatechin,
4-hydroxybenzoic acid, gallic acid, malvidin-3-O-glucoside, caffeic acid, vanillic acid, fer-
ulic acid, cyanidin-3-O-rutinoside, peonidin-3-O-rutinoside, and resveratrol. For the rest
of the compounds, the analysis was semi-quantitative using the calibration curve of the
commercial standard having the most similar structure to the analyzed compound.

2.5. Antioxidant Activity

DPPH assay was used to determine the antioxidant activity of both samples following
the method described by Shen et al. 2010 [39] with some modifications. An aliquot of
500 uL of sample was mixed with 200 L of DPPH 0.5 mM (in ethanol). After vortexing, the
samples were kept in the dark at room temperature for 30 min. Absorbance was measured
at 517 nm. Ascorbic acid was used as a positive control, and samples were diluted in
ethanol at different concentrations (0—400 pg/mL). A non-lineal fit was performed on the
experimental data to calculate the ECs, that is the quantity necessary to reduce 50% of
radical scavenging. DPPH radical scavenging activity was expressed as percentage of
activity (%) or ECsg (ug of dry weight/mL of dissolution). Data are presented as the mean
value of three determinations + SD.

2.6. ACE Inhibitory Activity

ACEi activity was determined according to Lopez-Fernandez-Sobrino et al. [19].
The method uses the fluorescence compound 0-Abz-Gly-p-Phe(NO,)-Pro-OH as ACE
substrate. In the presence of an ACE inhibitor, a partial or total loss of fluorescence is
produced during the reaction depending on the ACE inhibitory potential of the studied
compound. Specifically, in this study, fluorescence was measured at 30 min (37 °C), using
360 nm and 400 nm as excitation and emission wavelengths respectively. ACEi activity
was expressed as percentage of inhibition (%) or ICs( (g of dry weight/mL of dissolution).
The comparison of the percentage of ACEi activity of both WL was carried out using the
same volume of the samples, 0.16 uL. IC5y was calculated by constructing a dose-response
curve. A linear approximation regression was used. Data are presented as the mean value
of three determinations 4= SD. Captopril, a synthetic ACE inhibitor, was used to validate
the methodology.

2.7. Antihypertensive Effect

Male spontaneously hypertensive rats (SHR) (17-20 weeks old, weighing 350400 g)
were purchased from Charles River Laboratories Espafia S.A. (Barcelona, Spain). Rats were
singly housed in a temperature-controlled animal quarter (22 °C) with a 12 h light/dark
period. During the experiment, they had free access to standard chow (Panlab A04, Panlab,
Barcelona, Spain) and to water.

After a 10-day adaptation period and two weeks of a training period, animals were
given a single dose of the different tested compounds between 9 and 10 a.m. by oral
gavage. A dose of 5 mL/kg body weight (bw) of PWL and 0 WL was administered to SHR.
Captopril (50 mg/kg bw, a known antihypertensive drug) and tap water were used as
controls (positive and negative, respectively).

BP was measured in the SHR before and after (2, 4, 6, 8, 24, 48, and 72 h) administra-
tion of treatments, using the tail-cuff method and the LE 5002 system (Letica, Hospitalet,
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Barcelona, Spain) according to Quifiones et al. [40]. Prior to BP measurements and to facili-
tate the detection of the tail artery pulsations, SHR were kept at 38 °C for 10 min. Changes
in systolic and diastolic BP (SBP and DBP, respectively) were expressed as the differences
in these variables before and after the administration for each treatment. Data are shown
as the mean values + standard error of mean (SEM) for a minimum of six experiments. BP
measurements were recorded by the same person in a peaceful environment to minimize
stress-induced variations.

Experimental in vivo studies were carried out following the European Communities
Council Directive (86/609/EEC). In addition, the protocol was reviewed and approved by
the Animal Ethics Review Committee for Animal Experimentation of the Universitat Rovira
i Virgili and further approved by Generalitat de Catalunya (permission number 10780).

2.8. Statistical Analysis

Differences between 0 WL and the PWL in their amino acid content, total phenolic
content, phenolic profile, antioxidant activity, and ACEi activity were analyzed by Student’s
T-test. Two-way analysis of variance (two-way ANOVA) and Tukey test as post hoc
were used to detect differences between treatments in BP over the evaluated time. One-
way ANOVA was used to analyze the BP treatment differences at a specific time point.
Differences between compounds were considered significant when p < 0.05. GraphPad
Prism 7.04 for Windows (GraphPad Software, San Diego, CA, USA) was used to perform
the statistical analysis. Grubbs’ test was used to detect outliers.

3. Results
3.1. Wine Lees Composition

Samples were characterized according to their humidity, total protein, total amino
acid, total phenolic content, and hydrolysis degree. Solid contents of 0 WL and PWL were
2.49 £ 0.05% and 2.78 + 0.16%, respectively. Total protein contents of the 0 WL and PWL
were 26.08 & 0.60 and 27.50 % 0.71%, respectively. Total amino acid compositions of the
0 WL and PWL are shown in Table 1. The amino acid content of the 0 WL was 24.83 mg/g
of dry product, with Pro being the major amino acid found. Regarding PWL, total amino
acid concentration was 1.7 times higher (41.20 mg/g of dry product) than the one shown
by the WL without hydrolysis. An increase in the content of Pro, Leu, Ile and Val (1.4, 6.6,
5.6 and 5.5 times higher, respectively) was observed in the hydrolysate compared to the
0 WL. In addition, PWL also contained Trp, while this amino acid residue was not found in
the 0 WL. The hydrolysis degree of the PWL was 7.61 £ 0.65%.

Total phenolic content of PWL, measured by the Folin—Ciocalteu method, was
160.06 + 0.32 mg GAE/g, significantly higher than the one observed by 0 WL (148.03 &= 0.48 mg
GAE/g).

3.2. Determination of the Phenolic Profile in Wine Lees Samples

Phenolic profiles of the 0 WL and PWL were determined. As example, Figure 1 shows
the PWL phenolic profile of non-anthocyanin (Figure 1A) and anthocyanin (Figure 1B)
analyzed by UHPLC-(ESI)-Q-TOF-MS. The total amount of phenolic compounds in the
PWL was significantly higher than the one shown by 0 WL (15.59 mg/g and 24.50 mg/g,
respectively) (Figure 2A). This increase was observed in all phenolic families following this
order: anthocyanins > flavonols > flavanols > phenolic acids > stilbenes (Figure 2A).
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Table 1. Total amino acid content of 0 WL and PWL by UHPLC-Q-TOF/MS.

Amino Acids 0 WL (ug/g) PWL (ug/g)
Alanine 706.3 £ 62.8 854.5 £70.1
Arginine 110.5 £ 12.5 1952 +£199

Asparagine 273.6 = 59.5 417.6 £91.0
Aspartate 307.9 £37.4 702.9 +78.3
Glutamate 1086.1 £ 265.5 1278.4 & 325.8
Glutamine N.D N.D
Glycine 345.5 + 65.2 442.1 + 68.8
Histidine 75.6 £9.3 1354 +7.2
Isoleucine 358.8 + 54.7 2014.6 + 256.2 **
Leucine 4358 £74.4 2857.6 + 445.7 **
Lysine 143.7 +28.2 238.4 + 46.6
Phenylalanine 649 +11.7 189.9 + 34.8
Proline 19,828.7 4 1230.8 28,623.8 +1761.1 **
Serine 517.0 £+ 188.6 1091.9 + 348.0
Threonine 326.2 £87.7 720.5 4+ 181.0
Tryptohan N.D 529 +18.6*
Tyrosine 46.8+7.2 152.8 +19.9
Valine 181.7 £29.4 1187.0 £172.4*
Methionine 250£7.6 468 £13.1
Cystine N.D N.D
Hydroxiproline N.D N.D
TOTAL 24,834.1 41,202.3

N.D: no detected. Data are expressed as mean (ug/g of dry sample) & SD. Statistical differences by Student’s
T-test between control wine lees (0 WL) and phenolic-enriched wine lees (PWL) are indicated as (*) when p < 0.05

and (**) when p < 0.01.
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Figure 1. Phenolic profile of wine lees hydrolysate. Extracted ion chromatograms (EIC) of non-anthocyanin (A) and

anthocyanin (B) phenolic compounds analyzed by UHPLC-(ESI-)-Q-TOF-MS and UHPLC-(ESI+)-Q-TOF-MS, respectively.
Identified individual compounds are numbered according to Tables 2 and 3.
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Figure 2. Flavanols, flavonols, phenolic acids, stilbenes, and anthocyanins content analyzed by UHPLC-(ESI)-Q-TOF-MS of

control wine lees (0 WL) and phenolic-enriched wine lees (PWL) (A). Total phenolic compounds and percentages of the

different families of phenolic compounds in 0 WL and PWL (B).

Flavanols were the main family of phenolic compounds in the 0 WL, representing
43.1 % of total phenolic content, followed by anthocyanins (24.4 %, Figure 2B). However,
in the PWL, flavanols and anthocyanins were found in the same proportion (33.6 % and
33.5 % of the total phenolic compounds, respectively; Figure 2B). Tables 2 and 3 show
the individual phenolic compounds content in both 0 WL and PWL. A total amount of
40 non-anthocyanins and 40 anthocyanins were identified by UHPLC-ESI-Q-TOF-MS, re-
spectively. The major components in PWL were gallic acid (3.5 mg/g), catechin (3.3 mg/g),
malvidin-3-glucoside (3.3 mg/g), procyanidin dimers (2.6 mg/g), quercetin (2.0 mg/g),
malvidin-(6-acetyl)-3-glucoside (1.5 mg/g), and epicatechin (1.2 mg/g). Protein hydrolysis
released large amounts of anthocyanins, especially delphinidin-3-glucoside, petunidin-
3-glucoside, malvidin-(6-acetyl)-3-glucoside, malvidin-(6-coumaroyl)-3-glucoside, and
malvidin-3-glucoside. Within the family of flavanols, catechin, epicatechin, and pro-
cyanidin dimer B2 were those that showed the greatest increase after hydrolysis. All the
identified compounds of the flavonol family suffered an increase between 97.7-152.1%
in their content after hydrolysis (Table 2), quercetin being the major flavonol. Regarding
phenolic acids, the main increase after the hydrolysis was observed in p-coumaric acid.
While, resveratrol and its derivatives were the stilbenes that presented the highest release

after hydrolysis of WL.
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3.3. Antioxidant and ACEi Activities of the Wine Lees

Figure 3A shows an example of a dose-response curve of both wine lees used to deter-
mine their antioxidant activity as DPPH radical scavenging activity (%). EC5y values were
12.89 & 0.72 ug/mL and 8.14 & 0.81 ug/mL in the 0 WL and PWL, respectively (Figure 3B).
ACEi] activity of the samples was also evaluated. The PWL showed a higher ACEi activity
than the 0 WL (53.6 and 35.7 %, respectively at 0.59 mg/mL) (Figure 3C). According to
these percentages, the ICsy value was lower in the hydrolysate (0.63 & 0.02 mg/mL) in
comparison with the control 0 WL (0.74 £ 0.06 mg/mL) (Figure 3D).
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Figure 3. Dose-response curves of DPPH radical scavenging activity (%, A) and angiotensin-
converting enzyme inhibitory (ACEi) activity (%, C) for control wine lees (0 WL) and phenolic-
enriched wine lees (PWL). (B) shows DPPH radical scavenging activity as EC5y and (D) show ACEi
activity as ICsp. Values are the average of three replicates & SD. Statistical differences by Student’s
T-test between 0 WL and PWL are indicated (*) when p < 0.05 and (**) when p < 0.01.

3.4. Antihypertensive Activity of the Wine Lees

The antihypertensive effect of both 0 WL and PWL was evaluated in SHR at 5 mL/kg
bw. This dose is equivalent to the doses of 18.50 and 20.01 mg GAE/kg bw and 1.95 and
3.06 mg/kg bw of phenolic compounds determined by UHPLC-(ESI)-Q-TOF-MS for 0 WL
and PWL, respectively.

Water and Captopril (50 mg/kg bw) were used as negative and positive controls,
respectively. Prior to oral treatment administration, animals presented SBP and DBP values
characteristic of the hypertensive condition (205.6 4 3.6 mmHg and 164.7 4+ 10.0 mmHg,
respectively). As shown in Figure 4, the administration of water to animals did not signifi-
cantly change either SBP or DBP during the experiment. However, Captopril produced
a decrease in SBP in SHR after 2 h of its administration, its maximum being at 6 h post-
administration (—41.3 £ 3.2 mm Hg) (Figure 4A). The same pattern of SBP drop occurred
after administration of 0 WL. A maximum SBP reduction of —32.5 £ 2.3 mmHg was ob-
served at 6 h post-administration. Regarding the effect of the PWL, the maximum SBP
decrease was observed at 4-6 h post-administration (=32.3 £+ 1.5 and —35.6 + mmHg,
respectively). Notably, the BP lowering effect of PWL was greater than the antihypertensive
effect shown by 0 WL. Interestingly, no significant differences were found between the
antihypertensive effect of Captopril and PWL (two-way ANOVA). In addition, the dura-
tion of the effect was different. The antihypertensive effect produced by PWL was more
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prolonged than the one showed by 0 WL or Captopril. Basal SBP levels were recovered at
24, 48, and 72 h post-administration for 0 WL, Captopril and PWL, respectively.

m Water (a) A Captopril (50 mg/kg bw; b)
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Figure 4. Changes in systolic (A) and diastolic (B) blood pressure (SBP and DBP, respectively) in
spontaneously hypertensive rats after the administration of the following: water (M), Captopril
(50 mg/kg bw; A), control wine lees (5 mL/kg bw; 0 WL ), and phenolic-enriched wine lees
(5 mL/kg bw; PWL O). Data are expressed as the mean = SEM (n = 6). Different letters in the legend
represent significant differences (p < 0.05). p was estimated by two-way ANOVA.

Regarding DBP values, Captopril administration also produced a significant re-
duction, reaching a maximum decrease 4 h post-administration (—42.7 &+ 5.2 mmHg)
(Figure 4B). The antihypertensive effect was observed up to 24 h after Captopril admin-
istration. 0 WL and the hydrolysate also produced a significant antihypertensive effect
from 2 h post-administration, reaching the maximum DBP values at 6 h (—32.2 + 5.2 and
—35.2 £ 1.2 mmHg, respectively). No differences in DBP were found between the two WL
samples under study.

4. Discussion

Winery by-products such as seeds, pomace or skin, have shown to be rich in phenolic
compounds [41]. In fact, these by-products of the winemaking process have been used to
obtain extracts, rich in phenolic compounds with beneficial properties such as antioxidant
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or antihypertensive activities [9-11,19,21]. However, some of the phenolic compounds
are located inside the cells (and in some cases bound to different compounds such as
proteins) making it difficult to remove them from the food matrix and therefore decreasing
their full potential [42]. Recently, our group demonstrated the antihypertensive effect of
a soluble fraction of WL from Cabernet variety after its acute administration (5 mL/kg
bw) to SHR [19]. This effect was attributed to their high content of phenolic compounds.
Nevertheless, this fraction did not contain the non-soluble phenolic compounds since no
method of extraction was applied.

Different methodologies have been described to facilitate the release of phenolic
compounds from the matrix [43]. Enzyme-assisted extraction has emerged as a more
eco-friendly alternative to conventional solvent-based extraction methods [24]. In addition,
enzymatic hydrolysis is a more efficient extraction method that increases the extractability
of phenolic compounds from the food matrix (including those non-extractable as proan-
thocyanidins) using neither organic solvents nor any other toxic chemicals. Moreover, it
is a cost-efficient method to convert by-products into new and safe food ingredients or
products with enhanced nutritional value and functionality [25]. This technique is based on
the use of enzymes to break down different components of the cell to enhance the release
of phenolic compounds [26].

Therefore, since WL with a higher content in phenolic compounds could potentially
exhibit a stronger functionality, enzyme-assisted extraction was used to release the phe-
nolic compounds present in the non-soluble fraction of WL. The enzymatic preparation
Flavourzyme® was used because it is widely used for protein hydrolysis in industrial and
research applications [44]. To the best of our knowledge, it is the first time that this method
has been used in WL to extract phenolic compounds. The results showed changes in the
amino acid composition of PWL with respect to 0 WL, indicating that protein hydroly-
sis occurred. This protein hydrolysis was expected since Flavourzyme® is an enzymatic
preparation with peptidase activity. The amino acid residues Pro, Ile, Leu, Val, and Trp
were those that increased their content in the WL hydrolysate (PWL) more than the 0 WL
control. In addition, the hydrolysis of WL also produced an increase in the phenol con-
tent quantified by the Folin—Ciocalteu method and by UHPLC-(ESI-)-Q-TOF-MS, which
increased 57.20%.

The specific locations of phenolic compounds, their type of bonding and possible phys-
ical entrapment in WL is largely unknown at present. Methods such as ultrasound [45,46]
and microwave [47] assisted extraction have been used to enhance the extraction of active
compounds from many vegetable matrixes, including WL. In this study, enzyme-assisted
extraction using Flavourzyme® was demonstrated to be a useful technique to release pheno-
lic compounds from WL. In concordance with these results, Senevirathne et al. showed that
the hydrolysis of blueberries, with different enzymes, including the enzymatic preparation
Flavourzyme®, released phenolic compounds [48]. In the process of wine maceration, the
phenolic compounds from grapes are transferred to wine. However, a high proportion of
these compounds remains in winery by-products such as WL. The presence of phenolic
compounds in WL is due to the great adsorption capacity of the yeast cell wall used in
the winemaking process [49]. The phenolic profile present in the WL depends on the
type of grapes and other factors involved in the winemaking [50]. The WL used in this
study were obtained from grapes of the variety Cabernet, and their functionality was
linked to the high amount of anthocyanins and flavanols present in these lees [19]. In this
study, the hydrolysis of WL caused an increase in content of all the phenolic compound
families. However, anthocyanins and flavonols were the categories of polyphenols whose
concentration increased more in the PWL compared to WL, doubling both their content.
Regarding the phenolic profile, PWL were especially rich in flavanols (33.56%) and an-
thocyanin (33.52%), the flavanols being catechin and epicatechin and the anthocyanins
delphinidin-3-glucoside, petunidin-3-glucoside, and malvidin-(6-acetyl)-3-glucoside, the
most increased by the hydrolysis process. Thus, the application of this enzymatic-assisted
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extraction method to WL produced PWL rich in gallic acid, catechin, malvidin-3-glucoside,
procyanidin dimers, quercetin, malvidin-(6-acetyl)-3-glucoside, and epicatechin.

Phenolic compounds exhibit numerous beneficial effects. Among them, their radical
scavenging capacity stands out, giving them antioxidant properties [5]. Thus, since the
hydrolysis causes a release of phenolic compounds, PWL should show a higher antioxidant
capacity than 0 WL. The results in this study showed that both samples presented antioxi-
dant activity although, as expected, the hydrolysate presented a more potent antioxidant
capacity. This improvement in the antioxidant effect could be linked to the higher content of
anthocyanins, since a good correlation between anthocyanin compounds and antioxidant
activity has been reported for different WL extracts [51]. Both DPPH radical scavenging
activities are higher than previously reported for other winery by-products, i.e., a grape
stem phenolic extract [20,52]. Along with other beneficial effects, the antioxidant properties
of phenolic compounds have also been related to the improvement of HTN [53,54]. In fact,
one of the underlying mechanisms involved in the endothelial damage is oxidative stress,
which increases the contractibility of the vascular smooth muscle and promotes its prolifer-
ation [55]. Furthermore, free radicals in the endothelium can scavenge nitric oxide (NO),
avoiding NO-dependent vasodilation and stimulating the production of pro-inflammatory
agents and endothelium-derived vasoconstrictor factors [56].

The RAAS is another key factor in the maintenance of arterial BP. One of the main
components of this system is the ACE. In fact, the inhibition of this enzyme is usually used
to select antihypertensive compounds. ACE inhibitors such as Enalapril or Captopril are
usually used as treatment against HTN [57]. ACE catalyzes the conversion of angiotensin
Iinto the potent vasoconstrictor angiotensin II [58]. The ACEi properties of the soluble
fraction of the WL have been previously reported [19]. Since the ACEi activity of phenolic
compounds has also been reported [17], the hydrolysate PWL, as expected, exerted a more
potent ACEi activity than its control counterpart 0 WL.

Subsequently, the antihypertensive effect of the hydrolysate was evaluated in vivo,
using SHR as a hypertensive animal model. This is the one well-established of the
most used experimental models of HTN, very similar to the HTN found in humans [59].
The administration of 5 mL/kg bw of the hydrolysate produced a potent antihyperten-
sive effect, reaching the maximum SBP decrease between 4 and 8 h post-administration
(—32.29 £ 1.46 mmHg). In addition, this effect was long lasting, remaining until 48 h post
administration. A similar time response of the SBP-lowering effect has been shown by
hydrolysates obtained from other food by-products such as garlic protein hydrolysates,
which exhibited the maximum effect between 4-6 h post-administration [60]. It is notewor-
thy that, since it lasted longer, the antihypertensive effect of the PWL was more potent than
the one shown by the commercially available drug Captopril or the 0 WL. Considering
that HTN is a chronic pathology that needs lifetime treatment, the use of strategies with
long lasting antihypertensive effects is always desired. Therefore, the antihypertensive
properties of PWL seem more favorable.

It is known that phenolic compounds have numerous effects on health, including
antihypertensive effects [61]. The improvement of the antihypertensive effect of the WL
using enzymatic hydrolysis is linked to the release of phenolic compounds. In this sense,
intake of compounds rich in anthocyanins has shown to be associated with a lower arterial
stiffness and with a reduction in BP [62-64]. More specifically, malvidin-3-glucoside,
present in high amounts in the PWL, has shown to be a potent vasodilator [65]. Furthermore,
compounds rich in flavanols such as catechin, epicatechin or procyanidins, have been
shown to have antihypertensive effect in rats and humans [9,66,67]. In our previous study,
we also related the WL bioactivity to the content of flavanols and anthocyanins [19], which
is in line with the present results. Moreover, PWL showed an increment in flavonols,
especially in quercetin. It is known that flavonols, such as quercetin, improve vascular
endothelial function and reduce BP [68,69]. In this regard, several studies have reported
BP- lowering effects of quercetin in several animal models of HTN (10 mg/kg/day for 4 or
5 weeks) and in hypertensive patients (730 mg/day for 28 days) [70,71]. In addition, PWL
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also presented high levels of gallic acid. Kang et al. showed that the administration of
40 mg/kg bw of this phenolic acid to SHR produced an antihypertensive effect similar to
the observed by Captopril [72].

Taken together, the data obtained in this study show that the hydrolysis of WL is a
good strategy to release phenolic compounds, specifically anthocyanins and flavonols, and
the results strongly suggest that these phenolic compounds enhance the antihypertensive
effect of WL. Moreover, taking into account that WL also contain ethanol, which can reach
values similar to wine of at least 8.5% [73], an improvement of WL antihypertensive activity
using dealcoholized WL might be attained.

5. Conclusions

The phenolic extraction from the solid fraction of WL via enzymatic hydrolysis is
a useful method to obtain phenolic-enriched WL with enhanced antioxidant, ACEi and
antihypertensive properties. As a result, a WL fraction rich in flavanols, anthocyanins,
phenolic acids, and flavonols was obtained. The phenolic composition is considered of spe-
cial relevance since multiple beneficial effects have been linked to these phenolic families,
including antihypertensive properties. Therefore, this study opens the door to the wine
industry for the commercial use of PWL due to its high content of phenolic compounds.
Moreover, the enzyme-assisted extraction of phenolic compounds also modified the amino
acid content of WL, indicating that protein hydrolysis was taking place. Therefore, the
release of other molecules with antihypertensive properties, different to phenolic com-
pounds, such as bioactive peptides should not be ruled out. Moreover, as in addition to
phenolic compounds, WL contains ethanol, it would be of interest to investigate the BP-
lowering effect of the dealcoholized WL samples. Finally, further studies would be needed
to confirm the long-term effect of PWL in hypertensive and normotensive rats.

6. Patents

Patent application “Wine lees, derivatives thereof and their uses”: application number
EP20382358.8 and and PCT/EP2021/053051.
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ABSTRACT

Enzymatic-assisted extraction using Flavourzyme has been demonstrated to be

a useful methodology to obtain wine lees enriched in phenolic compounds and

with enhanced antihypertensive activity. However, in addition of phenolic

compounds, this enzymatic hydrolysis of WL can also release other bioactive

compounds such as peptides, which could also be involved

antihypertensive effect. In this study, we investigate the presence of

antihypertensive peptides in the WL hydrolysate. Peptides were separated into

fractions by ultrafiltration and RP-HPLC according to their molecular size and

hydrophobicity, respectively. Next, peptide identification by nano-LC-

(Orbitrap)MS/MS was performed in the fractions with the highest ACEi

activities. Six peptides were identified, three of them showing ACEi (ICso) values

lower than 20 uM. The antihypertensive effect of all the identified peptides was

evaluated in spontaneously hypertensive rats. Peptides FKTTDQQTRTTVA,

NPKLVTIV, TVTNPARIA, LDSPSEGRAPG and LDSPSEGRAPGAD exhibited

antihypertensive activity when were administered at an oral dose of 10 mg/kg

bw, confirming that they could contribute to the blood pressure-lowering effect

of the WL hydrolysate. In addition, these peptides could be used as functional

ingredients with antihypertensive effects, although it would be necessary to

perform clinical studies to demonstrate their efficiency in humans.


http://hypertensive/
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1. Introduction

Hypertension (HTN) is one of the main risk factor for cardiovascular diseases
(CVD), having a high prevalence in the global population (Hypertension, 2019;
Mills et al., 2016). The control of CVD risk factors and the reduction of the
incidence of these diseases have become a major global goal (WHO | Strategic
Priorities, 2016). In this regard, blood pressure (BP) reduction is one of the
strategies used to achieve these objectives (Unger et al., 2020). One of the main
mechanisms in regulating BP and vascular tone is the renin-angiotensin-
aldosterone system, in which the angiotensin-converting enzyme (ACE) is a key
player. ACE is considered an important target for the treatment of HTN since
the inhibition of its activity leads to BP reduction (Foéx & Sear, 2004; Sparks et
al., 2014). Although synthetic ACE inhibitors are effective for HTN, it can exert
different adverse side effects in some patients (Alderman, 1996; Snauwaert et
al.,, 2017). Thus, natural ACE inhibitors with antihypertensive properties are
investigated as alternative to synthetic drugs. Moreover, these compounds
could be especially useful for pre-hypertensive subjects, since this population is

not usually clinically treated (Margalef et al., 2017).

Peptides from dietary proteins exert a wide variety of functional activities such
as ACE inhibitory (ACEi), anti-inflammatory or antihypertensive activities
(Hernandez-Ledesma et al., 2011; Majumder & Wu, 2014; Margalef et al., 2017;
Yoshikawa, 2015). Bioactive peptides can be released from the native protein
during food processing (fermentation or curing) or gastrointestinal (Gl)
digestion (Toldrd et al., 2018). However, most of them are usually obtained by
an intentionally and controlled hydrolysis of food-derived proteins using
specific proteases or microorganisms (Toldra et al., 2018). In the last decade,
agri-food industry by-products have emerged as an alternative protein source
(Margalef et al., 2017). In this regard, different by-products generated during
the processing of foods from vegetal and animal origin, have been successfully

used to obtain peptides with a wide range of bioactivities such as ACEi or
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antihypertensive (Kuba et al., 2005; Shobako et al., 2018; Toldra et al., 2020;
Yathisha et al., 2019). This has led to the valorisation of these by-products
allowing for their recycling and making  agri-food industries more
environmentally friendly (Darewicz et al., 2014; Mora et al., 2014; Musee et al.,

2007).

Wine making is one of the most important agricultural activities in the world
(258 mhL of wine estimated for 2020 harvest) (OIV, 2020). This activity produces
tons of by-products annually, including pomace (pulp, stems, seeds, skins), lees,
organic acids, CO; and water (Maicas & Mateo, 2020). Wine lees (WL)
represent between 2-6% of the produced wine volume and between 14-25%
of all winery by-products (Dimou et al., 2015, 2016). According to EEC regulation
No. 337/79, wine lees (WL) “is the residue formed at the bottom of recipients
containing wine, after fermentation, during storage or after authorized
treatments, as well as the residue obtained following the filtration or
centrifugation of this product”. WL contain yeast cells, insoluble carbohydrates,
organic acids, ethanol, phenolic compounds, proteins, inorganic salts, lignin,
pulp and other parts of the grape (Jara-Palacios, 2019). In a recent study, our
group reported that acute administration of the soluble fraction of WL from
grapes of Cabernet variety exerted a potent antihypertensive effect in
spontaneously hypertensive rats (SHR) (Lépez-Fernandez-Sobrino, Soliz-Rueda,
et al.,, 2021). Moreover, in other study, enzymatic-assisted extraction was
demonstrated to be a useful methodology to maximize the release of phenolic
compounds from WL and to obtain extracts with enhanced functionalities.
Specifically, WL hydrolysis was performed with Flavourzyme®, which is a
preparation widely used for protein hydrolysis in industrial and research
applications (Merz et al., 2015). After the hydrolysis, in addition to phenolic
compounds, a higher total amino acid residues content was also observed in
hydrolyzed WL compared to control WL, indicating peptides or amino acid
release. Therefore, it cannot be ruled out the involvement of some of these

peptides in the antihypertensive effect of this hydrolysate. In this regard,
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different studies have reported generation of ACEi and antihypertensive
peptides from different protein sources after using Flavourzyme® (He et al.,

2013; Lee & Hur, 2017).

Therefore, considering all these evidence, the aim of this study was to

investigate the presence of antihypertensive peptides in the WL hydrolysate.

2. Materials and methods

2.1. Chemicals and reagents

Flavourzyme® 1000 L (EC 3.4.11.1, 500 LAPU/g from Aspergillus oryzae) was
kindly provided by Novozymes (Bagsvaerd, Denmark). Angiotensin converting
enzyme (ACE, EC 3.4.15.1) and the HPLC grade solvents acetonitrile and
trifluoroacetic acid were purchased from Sigma-Aldrich (Madrid, Spain). O-
aminobenzoylglicil-p-nitrofenilalanilprolina (0-Abz-Gly-p-Phe(NO,)-Pro-OH)
and Captopril (PubChem CID: 44093) were provided by Bachem
Feinchemikalien (Bubendorf, Switzerland) and Santa Cruz Biotechnology
(Dallas, TX, USA), respectively. The peptides (FKTTDQQTRTTVA, NPKLVTIV,
TVTNPARIA, PAGELHP, LDSPSEGRAPG, LDSPSEGRAPGAD, purity grade > 95 %)
were synthetized by Caslo Laboratory ApS (Caslo, Kongens Lyngby, Denmark).

All other chemical solvents used were of analytical grade.
2.2. Wine lees hydrolysate

WL were kindly provided by the cellar Grandes Vinos y Vifiedos S.A, located in
the Carifiena P.0O.D area (Spain). They were collected after racking the red wine,
which was made from grapes of Cabernet variety. WL hydrolysate was carried
out following the method described by Lépez-Fernandez-Sobrino et al.(Lopez-
Fernandez-Sobrino, Margalef, et al., 2021). Briefly, enzymatic hydrolysis of WL
was carried out with Flavourzyme® (enzyme/substrate ratio, 80 LAPU/g protein)
for 2 h at 25 2C, pH 4.0 and 150 rpm in a MaxQ Orbital Shaker (Thermo Fisher
Scientific, Waltham, MA, USA). Hydrolysis was stopped by lowering the pH of

the solution to 3. Then, solution was centrifuged at 3,000 x g for 15 min at 4 eC
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and supernatant was collected and kept at -20 oC for further analysis. The
soluble fraction of WL was also obtained by centrifugation in the same

conditions as a control (control WL).

Total protein content, measured by Kjeldahl method using 6.25 as factor,
hydrolysis degree, determined by TNBS method, and ACEi activity of hydrolyzed
WL were 0.69 + 0.01 % (w/w), 7.61 = 0.65 % and 0.63 + 0.02 mg of dry
weight/mL (ICso value), respectively (Lopez-Fernandez-Sobrino, Margalef, et al.,
2021). Table S1 shows the amino acid profile of the hydrolysate (adapted from
Lépez-Ferndndez-Sobrino, Margalef, et al., 2021b). Amino acids were
characterised by using high-performance liquid chromatography coupled to
electrospray ionization and quadrupole time-of-flight mass spectrometry

(UHPLC-Q-TOF/MS). All analyses were done at least in duplicate.

2.3. Isolation and identification of ACEi peptides from wine lees and
the hydrolysate
2.3.1. Step l: Peptides separation based on their molecular weight and

hydrophobicity

First, the <3 kDa peptide fractions of control WL and hydrolysed WL were
obtained by ultrafiltration using a hydrophilic membrane with cut-off value of
3 kDa (Centripep, Amicon, Inc., Beverly, MA, USA). The obtained fractions were

freeze-dried and kept at -20 2C until use.

Regarding WL hydrolysate, peptides in the <3 kDa fraction (dissolved in Milli-Q
water) were separated by a semipreparative reversed-phase liquid
chromatography (RP-HPLC), using the same equipment and methodology
described by Bravo et al., 2019 with some modifications. Specifically, in the
current study, peptide separation was performed in gradient mode as follows:
initial conditions 0 % B; 0-23.5 % B in 39.2 min; 23.5-90 % B in 9.8 min; 90-0 %
Bin 1 min. A 10 min post-run was required for column re-equilibration. Peptides

were collected in different subfractions, which were freeze-dried and kept at -
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20 9C until use. ACEi activity was determined in all subfractions (methodology
described in 2.4 section) and the most active fractions were selected for peptide

identification as it is described in section 2.3.2.

Non hydrolyzed WL was used as control and peptide identification was directly
carried out using the <3KDa fraction as further peptide separation was not

necessary.
2.3.2. Step ll: Peptide identification by nanoLC-LTQ-Orbitap HPLC-MS

Before mass spectrometry analysis, peptides in the <3kDa fraction of the
control WL and in the RP-HPLC subfractions of the hydrolyzed WL (reconstituted
in Milli-Q water) were purified by using an HLB SPE (Waters, USA) starting from
500 pL of sample, and eluted in 75:25 (v:v) acetonitrile: water with 0.1 % formic
acid. The eluates were dried in a speedvac and resuspended in 50 pL 0.1%
formic acid. Then, peptides were separated and analyzed by a nanolLC-
(Orbitrap) MS/MS (LTQ-Orbitrap Velos Pro mass spectrometer (Thermo Fisher
Scientific, San José, CA, USA). Peptides were separated by a 120 min acetonitrile
gradient (A = water, 0.1% formic acid; B = acetonitrile, 0.1% formic acid) in a
C18 reversed phase (RP) nano-column (75 um 1.D.; 15 cm length; 3 um particle
diameter, Nikkyo Technos Co. LTD, Japan) coupled to a trap nano-column (100
pum 1.D.; 2 cm length; 5 um particle diameter, Thermo Fisher Scientific). The flow

rate during elution gradient was 300 nL/min.

For real time ionization and peptide fragmentation, an enhanced FT-resolution
spectrum (resolution = 30,000 FHMW) followed by a data dependent FT-MS/MS
scan from most intense ten parent ions with a charge state rejection of one
using a HCD fragmentation with a normalized collision energy of 35 % and

dynamic exclusion of 0.5 min.

For protein identification analysis, tandem mass spectra were extracted, and
charge state was deconvoluted by Proteome Discoverer version 1.4.0.288

(Thermo Fisher Scientific). All MS and MS/MS samples were analyzed using
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Mascot (Version 2.5) search engine with three different nodes: 1) the proteome

of Vitis vinifera (29907 entries) from uniprot database, 2) the Swiss-Prot

database limited from fungi taxonomy (33712 entries) and 3) the common

contaminants for proteomic applications (247 entries). All these three searches

assumed no enzyme digestion and an error of 20 mmu for fragment ion mass

and 10 ppm for precursor ions. Oxidation of methionine and acetylation of N-

termini were specified as variable modifications, Visual verification of

fragmentation spectra was done for the identified peptides and only those

found in both replicates were considered. Identified peptides were chemical

synthetized for further studies.

2.4. Determination of ACEi activity

ACEi activity was measured by a fluorescence technique according to Lépez-

Fernandez-Sobrino et al. (Lépez-Fernandez-Sobrino, Soliz-Rueda, et al., 2021).

Specifically, Aex 360 NmM, Aemy 400 nm and fluorescence measurements at 60 min

(379C) were used to determine ACEi activity, expressed initially as percentage

of inhibition (%). Fractions or peptides reconstituted in Milli-Q water, were

tested at 0.11 mg of protein/mL and 0.83 mg of peptide/mL, respectively

(concentration in the well). ICso were also calculated and expressed in pg/mL

for RP-HPLC subfractions and in uM for the synthetic peptides. Data are

represented as a mean value of three determinations + SD.

For ACEi activity, protein content of HPLC subfractions were determined by the

bicinchoninic acid method (ThermoFisher Scientific) following

manufacturer’s instructions in a microplate format. A calibration standard

curve was elaborated with seroalbumin bovine. Determination of the protein

content was performed at least in duplicate. The results are expressed as the

mean % SD.

2.5. Determination of antihypertensive activity
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Male SHR (17-20 weeks old, weighing 350-400 g) were obtained from Charles
River Laboratories Espafia S.A. (Barcelona, Spain). Rats were singly housed in a
temperature-controlled animal quarter (22 2C) with a 12 h light/dark period.
They were fed a standard diet based on chow Panlab A04 (Panlab, Barcelona,

Spain) and had free access to water.

After a 10-day adaptation period, animals were given a single dose of the
synthetic peptides dissolved in a volume of 1.5 mL in tap water by oral gavage
between 9 and 10 a.m. Synthesized peptides (FKTTDQQTRTTVA, NPKLVTIV,
TVTNPARIA, PAGELHP, LDSPSEGRAPG, LDSPSEGRAPGAD) were administered to
SHR at 10 mg/kg bw. Tap water and Captopril (50 mg/kg bw, a known
antihypertensive drug) were used as negative and positive controls,

respectively.

Systolic and diastolic blood pressure (SBP and DBP, respectively) were
measured using the tail-cuff method before and after 2, 4, 6, 8, 24, 48 and 72
h of treatments administration (synthesized peptides, Captopril or water),
according to Quifiones et al., 2011. ASBP and ADBP were calculated as the
difference between the mean values of SBP or DBP after and before treatment
administration for each rat. Data were expressed as the mean values * standard

error of the mean (SEM) for a minimum of six experiments.

The animal protocol followed in this study was conducted in accordance with
the European Communities Council Directive(86/609/EEC) and approved by the
Animal Ethics Review Committee for Animal Experimentation of the Universitat

Rovira i Virgili and by Generalitat de Catalunya (permission number 10522).
2.6. In silico simulated peptides digestion

In silico simulated peptide digestion was carried out using the program ExPASy

PeptideCutter, available at http://web.expasy.org/peptide cutter.

PeptideCutter was used to predict the hydrolysis of peptide sequences
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identified in hydrolyzed WL using the known enzymatic cleavage sites. Pepsin,

chymotrypsin, trypsin, lipase, and colipase were used to this purpose.

Moreover, BIOPEP data base was used to identify reported ACEi and
antihypertensive activities of the peptide-derived fragments obtained in the

simulated Gl digestion of peptides (Minkiewicz et al., 2019).
2.7. Statistical analysis

Differences between treatments were analysed by two-way analysis of variance
(two-way ANOVA) and Tukey test as post hoc. All the analyses were performed
using GraphPad Prism 7.04 for Windows (GraphPad Software, San Diego,
California). Outliers were determined by using Grubbs’ test. Differences
between groups were considered significant when p< 0.05.

3. Results

3.1. Identification of ACEi peptides

WL hydrolysate was firstly subjected to ultrafiltration through a 3 kDa cut-off
membrane to isolate the low molecular weight peptides. Peptides in the <3 kDa
fraction were separated using a semipreparative RP-HPLC (conditions explained
in section 2.3.1). The obtained chromatogram showed a large number of peaks
(Figure 1A), indicating that the <3 kDa fraction is comprised of a complex
mixture of compounds. This fraction was divided into 9 RP-HPLC subfractions
(named from F.1 to F.9, Figure 1A), which were collected and lyophilized, and
their ACEi activities were measured (Figure 1B). Five subfractions showed an
ACEi activity higher than 50 % (F.4, F.6, F.7, F.8 and F.9) at 0.11 mg/mL. ACEi
activity of these selected fractions was also determined and expressed as ICsg
values (ug of protein/mL) (Figure 1C). The observed range of I1Cso values were
between 107 and 10 pg protein/mL, being the most active subfraction the F8

(12.3 pg of protein/mL).

These active fractions were further analyzed by nanoLC-LTQ-Orbitap HPLC-MS.

Table 1 shows the six amino acid sequences identified in those fractions,
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namely from P1 to P6. As an example, Figures 2A and 2B show the MS/MS
spectrum of the matched ions at m/z 543.267 and 636.298, corresponding to
the sequences LDSPSEGRAPG (P5) and LDSPSEGRAPGAD (P6), respectively.
These six peptides were chemical synthetized and their ACEi activity was
evaluated at a concentration of 0.83 mg/mL. ACEi activities ranged from 2 to 95
% (Table 1). Peptides TVTNPARIA, PAGELHP and LDSPSEGRAPG stood out for
their high ACEi activity. Indeed, they showed an ACEi activity higher than 70 %
at the evaluated peptide concentration and with ICso value lower than 20 uM.
The amino acid sequence PAGELHP was the most active peptide with an ICsg

value of 0.5 uM.

In addition, peptides in the <3kDa fraction of the control WL was also analyzed

by nanoLC-LTQ-Orbitap HPLC-MS. No peptides were identified.
3.2. Antihypertensive activity of the synthetic peptides

Antihypertensive effects of the six synthesized peptides were evaluated in SHR
(Figures 3 and 4). Before starting the study, SBP and DBP of animals were 198.9
+ 2.9 mmHg and 154.2 + 3.8 mmHg, respectively, confirming hypertensive
conditions. As expected, BP of SHR receiving water did not significantly vary
throughout the study. Administration of Captopril (50 mg/kg bw) led to an
important decrease in SBP of SHR 2 h after its administration (Figure 3),
reaching the maximum decrease at 6-8 h post-administration (-44.0 + 4.4 and
44.7 £ 2.9 mmHg, respectively). Its effect lasted until 24 h after its

administration (-22.0 £ 5.7 mmHg of SBP).

Regarding peptides, treatment with peptides P1, P2, P3, P5 and P6 produced a
decrease in SBP of more than 10 mmHg (Figure 3). P1 and P6 were the most
effective peptides (Figures 3A and 3F). Specifically, their administration
reduced SBP from 2 h to 8 h post-administration, reaching the maximum values
at 6 h post-administration (-27.6 £ 2.2 and -24.3 + 3.6 mmHg for P1 and P6,
respectively). P2, P3 and P5 also exerted an antihypertensive effect (Figures 3B,

3C, 3E). The maximum effect was also at 6 h post-administration, decreasing
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SBP by -16.2 + 2.0 to -19.0 + 4.8 mmHg. In the case of the peptide P4, its
administration to the animals did not affect BP levels.

Regarding DBP, as expected, no differences were found in rats administered
water. Captopril produced the maxim BP drop by -47.2 + 3.9 mmHg at 4h post-
administration (Figure 4). All peptides produced a decrease in DBP, except P4
that no presented differences with water-administered group. P1, P5 and P6
were the peptides that showed the greatest antihypertensive effects, reducing
DBP by -32.0 £ 7.5, -27.0 £ 7.6 and -33.6 + 3.6 mmHg at 6 h after peptide

administration.
3.3. In silico simulated gastrointestinal digestion of peptides

The six peptides identified in hydrolyzed WL were subjected to an in silico study
to simulate their Gl digestion. All the peptides were susceptible to be
hydrolyzed by gastric and/or intestinal proteases. Table 2 shows the prediction
of amino acid sequences released after FKTTDQQTRTTVA, NPKLVTIV,
TVTNPARIA, PAGELHP, LDSPSEGRAPG or LDSPSEGRAPGAD gastric and duodenal
digestion based on the in silico digestion approach. None of the obtained amino
acid sequences have been already reported in the data base BIOPEP to show
antihypertensive or ACEi activities. Only the amino acid sequences FK, IA and
HP, presenting in the extreme C-terminal of P1, P3, P4, respectively, were

previously reported to show an ACEi activity (Table 2).
4. Discussion

Bioactive peptides are small protein fragments encrypted in the protein, which
can exert a biological activity when they are released from the native protein
(Margalef et al., 2017). They can regulate important body functions through
their myriad activities, including antihypertensive, antimicrobial,
antithrombotic, immunomodulatory, opioid, antioxidant, and mineral binding
functions (Chakrabarti et al., 2018). Antihypertensive effect is one of the most
important properties attributed to bioactive peptides, which is frequently

mediated by inhibition of ACE. In the last years, the study of bioactive peptides
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is increasing due to the great variety of foods in which they are found and their
use in the revaluation of by-products (Chakrabarti et al., 2018). In a previous
study, our group demonstrated that enzymatic protein hydrolysis of WL was a
useful methodology to maximize the extraction of phenolic compounds and to
obtain extracts with enhanced bioactivities, including ACEi and
antihypertensive properties. Moreover, since an increase in the amino acid
content was also observed after the hydrolysis of WL, the potential involvement
of bioactive peptides in BP-lowering effect of the hydrolysate was not ruled out
(Lopez-Fernandez-Sobrino, Margalef, et al., 2021). Therefore, in the present
study, we investigated the presence of antihypertensive peptides in the WL

hydrolysate.

The biological activity of the peptides present in different protein hydrolysates
is related to their composition, their amino acid sizes and sequence and their
configuration (Moller et al., 2008). In order to the identify potential bioactive
peptides, WL hydrolysate was firstly ultrafiltered to obtain the smaller fraction
of 3 kDa since peptides with the highest ACEi activity have been usually
reported to be short in length (between 2-11 residues) (Margalef et al., 2017).
In fact, fraction < 3kDa is usually used to identify ACEi peptides in protein
hydrolysates (Bravo et al., 2019; Malomo et al., 2015; Quirds et al., 2007). This
fraction was further fractioned using RP-HPLC to separate the peptides
according to their sizes and hydrophilicities. Subsequently, ACEi properties of
the fractions were determined to select those most active for peptides
identification by mass spectrometry. Six amino acid sequences were identified
(FKTTDQQTRTTVA, NPKLVTIV, TVTNPARIA, PAGELHP, LDSPSEGRAPG and
LDSPSEGRAPGAD), which were released during WL protein hydrolysis since no
peptides were detected in non-hydrolyzed WL. The identified peptides showed
a wide range of ACEi activities from 2.4 and 95.4 % at the same concentration
(0.83 mg/mL). It is known that ACEi activity is dependent on the amount and
type of amino acid composition of peptides. Short amino acid sequences

between 2-12 residues are usually related with the best ACEi activities (Auwal
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et al., 2019; Daskaya-Dikmen et al., 2017). However, amino acid composition
seems to be more important than peptide length for ACE inhibition, in di and
tripeptides overall. In this regard, the amino acid sequence, concretely the
three last amino acid positions in the C-terminal extreme, plays an important
role in ACE competitive inhibition (Murray & FitzGerald, 2007). Peptides
containing Pro and hydrophobic amino acids (Tyr, Trp or Phe) in that extreme
have been shown to exert the highest ACEi activity. In fact, the presence of Pro
at the last and second last positions is very common in ACE inhibitory peptides.
Moreover, Gly, Val, Leu and lle at the first position of N-terminal extreme or the
presence of positively charge amino acids (Arg or Lys) in the N-terminal amino
acid sequence have been linked with high ACE inhibitions (Aluko, 2015;
Asoodeh et al., 2016). In our study, peptides P3, P4 and P5 (TVTNPARIA,
PAGELHP and LDSPSEGRAPG) showed the greatest ACEi activities. The
bioactivity of these peptides could be due to the fact that they are small
peptides, between 7-11 amino acids and they contained Pro and other
hydrophobic amino acids at the C-terminal position and/or, in the case of P5
Leu at the N-terminal position for. To the best of our knowledge, none of the
six identified peptides have been previously identified to have any bioactivity
(search carried out in the BIOPEP database as of March 2021,

http://www.uwm.edu.pl/biochemia/index.php/pl/biopep). In addition, this is

the first time that ACEi peptides are identified in WL. Alcaide-Hidalgo et al.
reported that ACEi activity showed by red wines aged with lees could partially
be mediated by peptides released during the wine ageing. However, peptides
were not characterized (Alcaide-Hidalgo et al., 2008). Moreover, the results
found in our study are relevant since 3 peptides with a great potential to inhibit
ACE were identified. 1Csp values showed by peptides P3, P4 and P5 were
between 0.5 and 18 uM. These values were similar to those presented by other
peptides, recognized as good ACE inhibitors, such as the peptide RDGGYCC
founded in virgin olive oil with 0.84 uM (Alcaide-Hidalgo et al., 2020) and the
peptides IPP, VPP and LHLPLP with 5,9 and 5.5 uM, respectively obtained from
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fermented milk (lwai et al., 2008; Quirds et al., 2007) or much higher than the
peptide AVFQHNCQE from a chicken foot hydrolysate (44.8 uM) (Bravo et al.,
2019). All these reported peptides showed antihypertensive effects in SHR after
their acute administration. Thus, P3, P4 and P5 could be considered good ACE

inhibitors and potentially could exert antihypertensive effects.

However, since in vitro ACE inhibition and antihypertensive properties are not
necessarily directly related (Margalef et al., 2017), it was important to evaluate
the in vivo efficacy of these peptides. In this regard, when the peptides are
orally consumed they can be hydrolyzed during the Gl digestion due to the
action of the enzymes pepsin, trypsin, a-chymotrypsin, elastases, and
carboxypeptidase A and B or other intracellular peptidases. Therefore, peptide
bioactivity could get lost or also be increased depending on the bioactivity
showed by the generated peptide-derived fragments. In addition, the length of
the peptides is very important to be absorbed for intestinal cells. Small peptides
(< 6 amino acids) can pass through enterocytes, decreasing their absorption
efficiency as the peptides are longer. Furthermore, their charge and
hydrophobicity play an important role in their absorption by enterocytes (Fan
et al., 2019). Considering all these facts, it is the great relevance to evaluate the

bioactivity of these peptides in vivo.

All six identified peptides were synthetized and their antihypertensive effects
were evaluated in SHR at an acute and oral dose of 10 mg/kg bw. All peptides
showed an antihypertensive effect in both SBP and DBP, except for P4
(PAGELHP) that did not show this bioactivity. Peptides P2, P3 and P5 produced
a reduction in SBP between -16 or -19 mmHg with the maximum BP-reduction
at 6 h post-administration. P1 and P6 showed the highest effect, with a SBP
reduction to -27.6 and -24.3 mmHg, respectively and with similar results in DBP
after 6 h post-administration. Similar BP- lowering effects have been found in
purified peptides obtain from dietary food (Alcaide-Hidalgo et al., 2020; Bravo
etal., 2019; Shobako et al., 2018). Thus, AVFQHNCQE peptide administration to

SHR at the same concentration used in this study (10 mg/kg bw) showed a
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maximum BP reduction at 6 h post-administration by -25.07 + 4.21 mmHg and
-17.65 = 3.24 mmHg in SBP and DBP, respectively, similar to the peptides
obtained from WL hydrolysate (Bravo et al., 2019). It is well known that a
reduction by 10 mmHg and 5 mmHg in SBP and DBP respectively, leads to
healthy effects including the reduction of cardiovascular diseases by 25% and
stroke by 36 % (Law et al., 2009). Thus, these results show the potential of the
peptides P1, P2, P3, P5 and P6 to manage hypertension. It should be noted that
the peptide P4, which showed the higher ACEi activity, did not have
antihypertensive effect. This fact was also observed for other peptides from a
chicken foot hydrolysate with high ACEi activities such as VGKPGARAPMY,
LSGPVKF and AVKILP, that did not showed antihypertensive effects in vivo
(Bravo et al., 2019). In addition, the peptide P6, with the lowest ACEi activity,
showed the best antihypertensive effect. This could be indicative that other

peptides could be generated during Gl digestion.

Digestion in silico studies have shown to be a good tool to predict the possible
protein hydrolysis produced by Gl enzymes (Haines et al., 2019; Mas-Capdevila
et al., 2020). All the peptides identified in this study were susceptible to Gl
hydrolysis by trypsin, chymotrypsin or pepsin, generating other amino acid
sequences which could be responsible of the bioactivity of these peptides
identified in hydrolyzed WL. This fact could explain for example why P6 did not
have a good ACEi activity but exhibited antihypertensive effect. Moreover, it
was observed that the peptide LDSPSEGRAPGAD produced a higher decrease in
BP compared to the peptide LDSPSEGRAPG, which have a similar sequence
except for missing two amino acids at its C-terminal (AD). Digestion of the
largest peptide (LDSPSEGRAPGAD) did not produce the smallest peptide but
similar peptide-derived fragments were generated after in silico digestion in
both. Therefore, the greatest antihypertensive effect is probably due to the
terminal amino acids AD in the peptide LDSPSEGRAPGAD. However, the in silico
study is a predictive model that does not take into account the tertiary structure

of proteins; therefore, some of the predicted amino acid sequences may not be
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generated by an in vivo Gl digestion. The sequences obtained after in silico
digestion were also analysed using the BIOPEP database to consult if these
amino acid sequences have been already reported as ACE inhibitors and/or
antihypertensive sequences. None of the peptides or their predicted Gl-derived
amino acid sequences were found in this database having those activities
except for the dipeptides IA and HP. These two peptides had been reported as
ACE inhibitors. Therefore, further studies are required to demonstrate which
amino acid sequences could be responsible of the antihypertensive activity of

the peptides identified in this WL hydrolysate.
5. Conclusions

The hydrolysis of WL under specific conditions produced the release of peptides
with antihypertensive effect. BP-lowering effects of the novel peptides
FKTTDQQTRTTVA, NPKLVTIV, TVTNPARIA, LDSPSEGRAPG, LDSPSEGRAPGAD
were shown in SHR. For the first time, it was demonstrated that WL can be
source of ACE inhibitory and antihypertensive peptides. These results confirm
the potential of these compounds to be used as functional ingredient or

nutraceuticals to treat HTN.
6. Patents

Patent application “Wine lees, derivatives thereof and their uses”: application

number EP20382358.8 and PCT/EP2021/053051.
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TABLES

Table 1. Amino acid sequences identified by reverse phase liquid
chromatography, percentage of purity and angiotensin-converting enzyme

inhibitory (ACEi) activity of the peptides identified in the wine lees hydrolysate.

Sequence? Theoretical MH+ (Da) m/z(Da) Charge Purity ACE Ay
M.W. grade (%) b ICso (uM)E
Pl FKTTDQQTRTTVA 1496.65 1496.77  748.89 2 97.8 27.0£56 N.D
P2 NPKLVTIV 883.11 883.56  413.75 2 99.2 485+9.1 N.D
P3 TVTNPARIA 942.09 94253  471.77 2 96.4 76.4£9.2 14.5
P4 PAGELHP 719.80 72037  360.68 2 99.4 723+115 0.5
P5 LDSPSEGRAPG 1085.15 1085.52  543.26 2 96.9 95.4+2.2 17.9
P6  LDSPSEGRAPGAD 1271.32 127159  636.29 2 98.5 24109 N.D

* Amino acids are designated using their one letter codes.
b ACEi activity determined at 0.83 mg/mlL.
¢ Peptide concentration needed to inhibit 50 % of the original ACE activity N.D= no determined
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Table 2. In silico simulated digestion of the peptides P1-P6 identified in the wine

lees hydrolysate.

Peptide Original Sequence Enzyme Digte:;on Final Sequence ) ACE
inhibitor
FKTTDQQTRTTVA Trypsin Duodenal TTDQQTRTTVA
P1 FKTTDQQTRTTVA Trypsin Duodenal FK FK-
TTDQQTRTTVA Trypsin Duodenal TTDQQTR
TTDQQTRTTVA Trypsin Duodenal TTVA
NPKLVTIV Pepsin Gastric NPKL -KL
NPKLVTIV Pepsin Gastric VTIV
NPKLVTIV Chymotrypsin Duodenal NPKL -KL
P2 NPKLVTIV Chymotrypsin Duodenal VTIV
NPKLVTIV Trypsin Duodenal NPK
NPKLVTIV Trypsin Duodenal LVTIV
NPKL Trypsin Duodenal NPK
LVTIV Chymotrypsin Duodenal VTIV
P3 TVTNPARIA Trypsin Duodenal TVTNPAR -AR
TVTNPARIA Trypsin Duodenal 1A 1A
PAGELHP Pepsin Gastric PAGE -GE
PAGELHP Pepsin Gastric LHP LHP-, -
P4 HP
PAGELHP Chymotrypsin Duodenal PAGEL
PAGELHP Chymotrypsin Duodenal HP HP
LHP Chymotrypsin Duodenal HP HP
LDSPSEGRAPG Pepsin Gastric DSPSEGRAPG
LDSPSEGRAPG Chymotrypsin Duodenal DSPSEGRAPG
LDSPSEGRAPG Trypsin Duodenal LDSPSEGR -GR
PS5 LDSPSEGRAPG Trypsin Duodenal APG APG-,
APG
DSPSEGRAPG Trypsin Duodenal DSPSEGR -GR
DSPSEGRAPG Trypsin Duodenal APG APG-, -
APG
LDSPSEGR Chymotrypsin Duodenal DSPSEGR -GR
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P6

LDSPSEGRAPGAD
LDSPSEGRAPGAD

LDSPSEGRAPGAD

LDSPSEGRAPGAD

DSPSEGRAPGAD
DSPSEGRAPGAD

LDSPSEGR

Pepsin
Chymotrypsin

Trypsin

Trypsin

Trypsin
Trypsin

Chymotrypsin

Gastric
Duodenal

Duodenal

Duodenal

Duodenal
Duodenal

Duodenal

DSPSEGRAPGAD
DSPSEGRAPGAD

LDSPSEGR

APGAD

DSPSEGR
APGAD

DSPSEGR

APG-

-GR

APG-
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S 1. Characterization of free amino acid content in WL hydrolysate by UHPLC-

QToF/MS.
. id WL hydrolysate
Amino acids (ug/mL)
Alanine 18.88 £ 1.55
Arginine 431+0.44
Asparagine 9.23+2.01
Aspartate 15.53+1.73
Glutamate 28.25+7.20
Glutamine -
Glycine 9.77 £ 1.52
Histidine 2.99+0.16
Isoleucine 44.52 +5.86
Leucine 63.15+9.85
Lysine 5.27+1.03
Phenylalanine 4.20+0.77
Proline 632.58 + 38.92
Serine 24.13+7.69
Threonine 15.92 +3.98
Tryptohan 1.17+041
Tyrosine 3.37+£0.44
Valine 26.23+£3.81
Methionine 1.03+£0.29
Cystine -

Hydroxiproline -
TOTAL 910.56
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Figure 1. A) Fractionation by RP-HPLC at a semipreparative scale for the<3 kDa
fraction obtained from the wine lees hydrolysate. The collected fractions were
termed with F. followed by a number (F.1-F.9). Angiotensin-converting enzyme
inhibitory (ACEi) activity expressed as B) percentage of inhibition and C) 1Cs
(ngmL™) of the collected fractions from semipreparative RP-HPLC system. Data
are expressed as the mean + SD (n > 2). Protein contents of fractions were

estimated using the bicinchoninic acid assay.
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Figure 2. MS/MS spectrum of the doubled charged ions m/z 543,2 (A) and 636.2
(B). Following sequence interpretation and database searching, peptides were
identified as LDSPSEGRAPG and LDSPSEGRAPGAD, respectively. MS/MS spectra
were acquired with linear trap quadrupole-Orbitrap mass spectrometry. The
sequences of these peptides are displayed with the fragment ions observed in

the spectra.
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CHAPTER 2:

To evaluate the antihypertensive

effect of WL dealcoholization and
stablish the mechanisms involved in
their BP-lowering effect
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Objective:

To determinate the most effective antihypertensive dose of the WL
after an acute administration to SHR, evaluate the role of alcohol

in their antihypertensive effect administrating dried WL to the
animals and discard a possible hypotensive effect of the free-
alcohol WL in normotensive WKY rats. Finally, to evaluate its
antioxidant effects.
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Abstract: The antihypertensive effect of wine lees (WL) has been previously evidenced. In this
study, the antihypertensive properties of different doses of WL were evaluated in spontaneously
hypertensive rats (SHR). In addition, the blood pressure (BP)-lowering effect of dried
(dealcoholized) WL powder (WLPW) and the mechanisms involved in its functionality were
investigated. Furthermore, a possible hypotensive effect of WLPW was discarded in Wistar-Kyoto
(WKY) rats. The administration of WL at different doses caused a dose-dependent decrease in BP of
SHR up to 5.0 mL/kg bw, exhibiting the maximum decrease at 6 h post-administration. WLPW
caused a greater drop in BP than WL, showing an antihypertensive effect higher and more
prolonged than the drug Captopril. Moreover, the BP-lowering effect of WLPW was specific to the
hypertensive state since an undesirable hypotensive effect in normotensive WKY rats was ruled out.
Finally, WLPW improved oxidative stress and increased the activity of the antioxidant endogen
system of SHR. These results suggest that WLPW could be used as functional ingredient for foods
or nutraceuticals to ameliorate hypertension. Nevertheless, further clinical studies are needed to
evaluate its long-term antihypertensive efficiency.

Keywords: angiotensin-converting enzyme activity; antihypertensive activity; antioxidant activity;
spontaneously hypertensive rats; winery byproducts

1. Introduction

Hypertension (HTN) is one of the main causes of premature death in the world.
According to the WHO, 1.13 billion people suffer from HTN and 4 in 5 hypertensive
people do not have it under control. Uncontrolled HTN can increase the risk of suffering
other diseases such as stroke, coronary heart disease and renal failure [1]. HTN can be
caused by different factors including alterations in the renin-angiotensin-aldosterone
system (RAAS) components [2]. This system is essential in the regulation of blood
pressure (BP), sodium—potassium balance and fluid volume [3]. Thus, increases in the
angiotensin-converting enzyme (ACE) levels, a key component of RAAS, induces
vasoconstriction and high BP [4,5]. Specifically, ACE produces the release of the
vasoconstrictor angiotensin (Ang) II and the degradation of the vasodilator bradykinin
[5]. In fact, the inhibition of its enzymatic activity is usually used as therapeutic treatment
of HTN [6].

In addition, many studies suggest a close relationship between high levels of
oxidative stress and HTN [7]. In fact, restoration of the oxidative balance has been
demonstrated to be effective in reducing BP [8,9]. Oxidative stress is an imbalance
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between oxidants and antioxidants in favor of the oxidants or reactive oxygen species
(ROS). Uncontrolled overproduction of ROS has been related to reduction of vasodilator
effects [10]. It produces a decrease in the endothelium-derived nitric oxide (NO) levels
since ROS react with the vasodilator NO, producing peroxynitrite [11].

High intake of vegetables, fruits, plant-based beverages or juices has been associated
with beneficial effects on BP [12]. More specifically, grape or grape-derived products have
shown cardiovascular protective effects, including a reported reduction on BP in humans
after the consumption of grape juice [13]. In addition, epidemiological studies have shown
that a moderate consumption of wine can also reduce different cardiovascular events [14].
These effects have been associated with some of the phenolic compounds present in
grapes such as the flavonoid quercetin or other phenolic compounds as resveratrol [15].
Nevertheless, these phenolic compounds are also present in grape processing byproducts.
In fact, grape seeds have been effectively used to obtain phenolic extracts rich in
proanthocyanidins with demonstrable antihypertensive effects in hypertensive rats and
humans [16-20], although not always dose-dependently [16]. Their BP-lowering
properties are mainly attributed to changes in endothelium-derived NO availability
[18,21].

Wine lees (WL) are another byproduct of the winery industry. They are the sediments
that remain at the bottom of wine fermenters once wine has been elaborated and racked
[22]. Recently, our group has evidenced the antihypertensive effect of WL from grapes of
the Cabernet variety in spontaneously hypertensive rats (SHR) after an acute
administration [23]. Animals were administered the soluble fraction of WL obtained by
centrifugation. This fraction is not used by the winery since the removal of solid waste
from WL, for example by a filtration process, is not a profitable process for the wine
industry. The BP-lowering effect of these WL was mainly associated with two phenolic
families, namely flavanols and anthocyanins. In addition, a potential hypotensive effect
of this WL was ruled out in normotensive rats, linking their BP-lowering effect to a
hypertensive state [23]. In addition, the efficacy of enzyme-assisted extraction using
Flavourzyme® to release phenolic compounds from a non-soluble fraction of WL was also
recently shown in other study from our group [24]. The results demonstrated that
enzymatic protein hydrolysis was a useful methodology to maximize the extraction of
phenolic compounds from WL and to obtain extracts with enhanced functionalities. Both
studies highlight the potential of WL and their derived products to manage HTN, opening
the door to their commercial use not only within the wine industry, but also for other
industrial sectors such as nutraceutical and functional food companies. In this regard, the
cheap and easy process for the obtainment of the soluble fraction of WL at an industrial
level and the low dose necessary to achieve its antihypertensive effect [23], opens the door
to its commercial use as a great value-added product. Nevertheless, the drying of the
soluble fraction of WL is essential for its use as nutraceutical or food ingredient. In this
process, WL will lose water, but also ethanol, which reaches values similar to the wine of
at least 8.5% [25]. It has been evidenced that alcohol intake can modify BP depending on
dose and time administration [26]. Thus, the WL drying process could potentially modify
their antihypertensive properties due to the removal of alcohol.

Considering all this evidence, the aims of the current study were to investigate in
SHR the antihypertensive effect of the dried (dealcoholized) WL powder (WLPW) at the
most effective dose and the underlying mechanisms taking part of its antihypertensive
effect. In addition, a potential hypotensive effect of this free-alcohol WL was evaluated in
normotensive Wistar—Kyoto (WKY) rats to be discarded.

2. Materials and Methods
2.1. Chemicals and Reagents

N-hippuryl-His-Leu (Hip-His-Leu) (PubChem CID: 94418), ACE (peptidyl-
dipeptidase A, E.C. 3.4.15.1) (PubChem CID: 329770629), glutathione-S transferase from
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horse liver (PubChem CID: 114886), monochlorobimane (PubChem CID: 114886), 2',7'"-
dichlorofluorescein diacetate (PubChem CID: 24894058), 2,2-diphenyl-1-picryl-hydrazyl-
hydrate (DPPH, PubChem CID: 57654141), N-l-naftiletilendiamine (PubChem CID:
329754555), HPLC grade acetonitrile and trifluoroacetic acid were provided by Sigma
Aldrich (Madrid, Spain). Heparin (PubChem CID: 772) was provided by DeltalLab
(Barcelona, Spain). Quercetin, gallic acid, (+)-catechin, p-coumaric acid and (-)-epicatechin
were purchased from Fluka/Sigma-Aldrich; caffeic acid, malvidin-3-O-glucoside, vanillic
acid, procyanidin dimer B2 and 4-hydroxybenzoic acid were purchased from
Extrasynthése (Lyon, France); resveratrol was purchased from Carl Roth (Karlsruhe,
Germany); cyanidin-3-O-rutinoside, ferulic acid and peonidin-3-O-rutinoside were
purchased from PhytoLab (Vestenbergsgreuth, Germany). The rest of chemical solvents
used in this study were of analytical grade.

2.2. Obtaining and Characterisation of the Wine Lees Samples

WL were supplied by the cellar Grandes Vinos y Vifiedos from Carifiena (Spain), an
area recognized by a Protected Designation of Origen (PDO). They were collected
immediately after the wine transfer, which was elaborated with grapes of Cabernet
variety. These lees were further centrifuged at 3000x g for 15 min at 4 °C to obtain the
supernatant. It was kept at 20 °C until their analysis. The content of ethanol of this
supernatant, determined using a micro ebulliometer (uEbu from GAP systems, Barcelona,
Spain), was 9.8%. One aliquot of this supernatant was freeze-dried to remove ethanol and
water, obtaining the WLPW. This powder was kept at room temperature until its analysis.

The content of ethanol of WLPW was 0.0%. Determination of moisture was carried
out according to AOAC official methods [27]. Total protein content was determined by
Kjeldahl method using the factor 6.25 [27]. Gallic acid was used as standard for total
phenolic content quantification following the Folin-Ciocalteu method [24]. The results
were expressed as gallic acid equivalents (mg) per gram of dry weight (mg GAE/g). All
the analyses were carried out at least in duplicate. Table 1 shows WLPW characterization
as well as its ACEi and antioxidant activities.

Table 1. Characterization of wine lees powder (WLPW).

Parameters WLPW
Moisture 7.85+1.49%
Total protein content 24.08 + 6.20%
Total phenolic content 82.40 + 0.80 mg GAE/g
ACEi activity (ICso) @ 13.38 +0.91 pg/mL
ACEi activity (ICso) 3.23 +0.25 pg prot/mL
Antioxidant activity (ECso) 2 5.50 + 0.58 pg/mL

2Results are shown per dry weight. Abbreviations: ACEi: angiotensin-converting enzyme
inhibitory, ECso: the half maximal effective concentration, GAE: gallic acid equivalents, ICso: the
half maximal inhibitory concentration.

ACEi activity was measured as previously reported by our group [23]. Fluorescence
measurement at 60 min (37 °C) as well as Aex 360 nm and Aem 400 nm were used to
determine the activity. ACEi activity was expressed as ICso (ug prot/mL and ug of dry
weight/mL). Data are represented as a mean value + SD of three determinations.

Finally, the antioxidant activity was determined by DPPH method according to
Lopez-Fernandez-Sobrino et al. [24]. An aliquot of 500 uL of the sample at different
concentrations (0—400 pug/mL) was mixed with 200 mL of DPPH 0.5 mM diluted in ethanol.
The mixture was immediately shaken and incubated at room temperature for 30 min
under darkness conditions. Absorbance was measured at 517 nm. Results were expressed
as ECso of radical scavenging activity (ug of dry weight/mL). Analyses were carried out in
triplicate.

WLPW was analyzed by a UHPLC-ESI-Q-TOF-MS system using 1290 UHPLC
Infinity II series coupled to a Q-TOF/MS 6550 (Agilent Technologies, Palo Alto, CA, USA)
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according to Lopez-Fernandez-Sobrino et al. [23]. Both negative and positive ionization
([M-H]- or [M-H]+) were used to identify parental ions and fragmentation patterns.
Quantification was carried out using calibration curves with commercial phenolic
compounds. A semi-quantitative analysis was done when the phenolic compound was
not available, using the calibration curve of the commercial compound with the most
similar structure to the analyzed compound. Individual non-anthocyanin and
anthocyanin compounds identified in the WLPW are shown in Table 2, Table3,
respectively.

Table 2. Non-anthocyanin compounds found in wine lees powder by UHPLC-(ESI-)-Q-TOF-MS.

Compound Quantity (ug/g)
Flavanols
Catechin 3905.20 +19.20
Catechin gallate 32.00 +0.40
Epicatechin 1739.20 £ 6.12
(Epi)catechin O-glucoside isol ® 20.00 +0.01
(Epi)catechin O-glucoside iso2 ® 13.20 +0.00
(Epi)catechin O-glucoside iso3 ® 58.80+1.17
Procyanidin dimer B2 1384.00 = 0.40
Procyanidin dimer isol ¢ 2568.40 +6.12
Procyanidin dimer iso2 ¢ 570.40 + 2.50
Procyanidin dimer iso3 ¢ 118.40+0.83
Procyanidin dimer iso4 ¢ 512.00 +4.25
Procyanidin dimer iso5 ¢ 172.80 +0.89
Procyanidin trimer isol © 651.20 +4.12
Procyanidin trimer iso2 © 574.00 +10.60
Procyanidin trimer iso3 ¢ 24440 +2.32
Procyanidin trimer iso4 ¢ 128.80 +4.23
Procyanidin trimer iso5 ¢ 551.60 +3.81
Flavonols
Quercetin 1471.20 +4.85
Quercetin-3-O-glucoside 4 65.20 + 0.42
Quercetin-3-O-glucuronide 4 96.80 + 0.82
Kaempferol d 206.00 + 1.63
Kaempferol-3-O-glucuronide ¢ 19.20 +0.38
Isorhamnetin ¢ 446.40 +2.51
Phenolic Acids
Gallic acid 4834.80 + 96.60
Caffeic acid 130.80 + 0.84
Caffeic acid O-glucoside isol ¢ 22.00 +0.80
Caffeic acid O-glucoside iso2 ¢ 26.40 +1.20
p-Coumaric acid 137.60 +0.74
4-Hydroxybenzoic acid 66.80 +2.32
Ferulic acid 30.00 + 0.47
Vanillic acid 93.20 +2.61
Stilbenes
trans-Resveratrol f 184.00 +0.80
Resveratrol isol 118.00 + 0.40
Resveratrol O-glucoside isol f 10.80 +0.40
Resveratrol O-glucoside iso2 ! 54.00 +1.60
Piceatannol f 168.00 +2.17
Piceatannol 3-O-glucoside isol f 8.80 +0.00
Piceatannol 3-O-glucoside iso2 f 2.40 £ 0.00
Viniferin-isol 10.80 = 0.00
Viniferin-iso2 f 32.40 +0.45

abed e findicate a semi-quantitative analysis using a calibration curve of standard (%) catechin, (*)
epicatechin, () procyanidin dimer B2, (4) quercetin, () caffeic acid and (‘) resveratrol.
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Table 3. Anthocyanins found in wine lees powder by UHPLC-(ESI+)-Q-TOF-MS.
Anthocyanins Quantity (ug/g)
Gallocatechin-Malvidin-3-glucoside dimer @ 9.86 +0.04
Malvidin-3-glucoside-(epi)catechin 2 4443+0.13
Delphinidin-3-glucoside ® 147.58 +1.82
Cyanidin-3-glucoside ® 9.05+0.81
Petunidin-3-glucoside ¢ 201.21+2.26
Petunidin-3-glucoside-pyruvic acid ¢ 3.56 +0.04
Peonidin-3-glucoside ¢ 108.84 +2.50
Malvidin-3-glucoside 2426.95 + 20.01
Peonidin-3-glucoside-pyruvic acid ¢ 1.63 £0.03
Delphinidin-(6-acetyl)-3-glucoside ® 36.33+0.90
Visitin A (malvidin-3-glucoside-pyruvic acid) 49.07 +0.13
Visitin B (malvidin-3-glucoside-acetaldehyde) = 122,52 +0.59
Malvidin-3-glucoside-ethyl-(epi)catechin 2 14.61 +0.03
Cyanidin-(6-acetyl)-3-glucoside ® 8.14+0.23
Acetylvisitin A a 31.41+0.44
Malvidin-3-glucoside-ethyl-(epi)catechin 55.06 +0.24
Petunidin-(6-acetyl)-3-glucoside ¢ 51.55+1.87
Malvidin-3-glucoside-ethyl-(epi)catechin 2 81.77+0.73
Acetylvisitin B 2 66.45 +0.44
Peonidin-(6-acetyl)-3-glucoside ¢ 52.79 +1.24
Delphinidin-(6-coumaroyl)-3-glucoside ® 17.47 +0.27
Malvidin-(6-acetyl)-3-glucoside 2 1135.64 + 0.84
Coumaroylvisitin A 8.01+0.07
Malvidin-(6-caffeoyl)-3-glucoside @ 14.56 +0.27
Cyanidin-(6-coumaroyl)-3-glucoside 3.96 +0.16
Catechin-ethyl-Malvidin-3-acetylglucoside dimer 2 35.09 £0.31
Petunidin-(6-coumaroyl)-3-glucoside ¢ 29.79 £0.36
Pinotin A (malvidin-3-glucoside-vinylcatechol) @ 33.59 +0.51
Malvidin-glucoside-vinyl-catechin 6.12+0.03
Coumaroylvisitin B 36.48 +0.28
Malvidin-3-glucoside-vinylguaiacol 23.78 £0.20
Catechin-ethyl-malvidin-3-coumaroylglucoside dimer 27.39+0.11
Catechin-ethyl-malvidin-3-acetylglucoside dimer @ 5.78 +0.06
Peonidin-(6-coumaroyl)-3-glucoside ¢ 37.78 £1.08
Malvidin-(6-coumaroyl)-3-glucoside 430.71 £ 0.60
Malvidin-glucoside-vinyl-catechin 6.5+0.02
Acetyl-pinotin A @ 0.28 £ 0.00
Malvidin 3-O-glucoside 4-vinylphenol (Pigment A) @ 25.58 +0.08
Catechin-ethyl-malvidin-3-coumaroylglucoside dimer 4.74+0.01
Malvidin acetyl 3-O-glucoside 4-vinylphenol (Acetyl-pigment A) @ 15.32 +0.17

abeindicate a semi-quantitative analysis using a calibration curve of standard (*) malvidin-3-O-
glucoside, (*) cyanidin-3-O-rutinoside and () peonidin-3-O-rutinoside.

2.3. Experimental Procedure in Rats

Male SHR and WKY rats (17-20 weeks old, weighing 300-350 g) were obtained from
Charles River Laboratories Espafa S.A. (Barcelona, Spain) and individually housed under
standard conditions (23 °C, 50% of humidity and 12 h light/dark cycles) with ad libitum
access to tap water and standard chow (A04 Panlab, Barcelona, Spain). After 10 days of
adaptation, four different experiments were carried out (Figure 1). Treatments were
administered between 8:00-9:00 am in all the experiments.
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Figure 1. Experimental design of the different in vivo studies. (A) Effect of 3 different doses (2.5. 5.0
and 7.5 mL/kg bw) of wine lees (WL) on blood pressure (BP) in spontaneously hypertensive rats
(SHR). (B) Effect of dried WL powder (WLPW) on BP in SHR. (C) Effect of WLPW on BP in
normotensive Wistar Kyoto rats (WKY) and (D) mechanisms involved in the antihypertensive effect
of WLPW in SHR at 6 h post-administration. ACE: angiotensin-converting enzyme; ROS: reactive
oxygen species; GSH: reduced glutathione; MDA: malondialdehyde; NOx: nitric oxide metabolites.

The first study was performed in order to evaluate the antihypertensive effect of
different doses of the WL in SHR (Figure 1A). The three tested doses (2.5, 5.0 and 7.5
mL/kgbw (equivalent to 62.5, 125 and 187.5 mg/kg bw)) were administered by oral gavage
to SHR (n = 6). Water and Captopril (50 mg/kg bw) were used as negative (1 = 6) and
positive controls (1 = 6), respectively.

The second study (Figure 1B) was carried out to determine the antihypertensive
effect of the dried WL. SHR were administered WLPW (125 mg/kg bw), Captopril (50
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mg/kg bw) or water (1 = 6 per group) in a single dose by oral gavage. Captopril and water
were given as positive and negative controls, respectively. Tap water was used to dissolve
the treatments. In addition, in the third study the effect on BP of WLPW at the same dose
was also evaluate in normotensive WKY rats (Figure 1C). Water or 125 mg/kg bw of
WLPW (1 = 6 per group) were administered at a single dose by oral gavage to WKY rats.

In the three studies systolic and diastolic blood pressure (SBP and DBP, respectively)
were recorded by the tail-cuff method before and after 2, 4, 6, 8, 24 and 48 h from
administration [28]. Decreases of SBP and DBP were calculated as the difference between
SBP or DBP mean values after and before treatment administration for each rat. Data were
expressed as the mean values + SEM for a minimum of six experiments.

Finally, the mechanisms involved in WLPW antihypertensive effect were
investigated in the fourth study (Figure 1D). SHR were administered water or a single
dose of the WLPW (125 mg/kg bw) and sacrificed after 6 h post-administration. Blood was
collected in heparin tubes and then, plasma was obtained by blood centrifugation at 1500x
g, 15 min, 4 °C. Livers were extracted and immediately frozen at —80 °C.

All animal procedures carried out in this study were in accordance with the
European Communities Council Directive (86/609/EEC) and approved by both the Animal
Ethics Review Committee for Animal Experimentation of the Universitat Rovira i Virgili
and the Generalitat de Catalunya (permission number 10780).

2.4. Determination of Plasma ACE Activity

Plasma ACE activity was carried out according to Mas-Capdevila et al. [29].
Commercial ACE was used as standard. Plasma ACE activity (mU ACE/mL) was
expressed as the mean + SEM from at least three replicates.

2.5. Reduced Glutathione Assay

Hepatic reduced glutathione (GSH) was analyzed following the monochlorobimane
fluorometric method [30]. Briefly, 90 uL of liver homogenized supernatant was mixed
with monochlorobimane (100 mM) and 10 uL of the glutathione S-transferase catalytic
solution (1 U/mL). The levels of GSH were expressed as the mean + SEM in umol GSH/g
tissue protein from at least three replicates. Liver protein content was determined by the
bicinchoninic acid using the standard Pierce BCA protein assay (ThermoFisher Scientific,
Madrid, Spain) following the manufacturer’s instructions in a microplate format. A
calibration standard curve was prepared with seroalbumin bovine.

2.6. Malondialdehyde Production

Plasma malondialdehyde (MDA) was measured by thiobarbituric acid assay
according to Mas-Capdevila et al. [31] with some modifications. A total of 150 uL of
plasma was mixed with 150 puL of TBA-HCI (trichloroacetic acid 1.21 M, HCL 0.6 M),
incubated for 20 min at 4 °C and centrifuged at 1500x g, 4 °C for 25 min. Finally, 125 pL of
supernatant was mixed with 25 pL of tribarbituric acid (120 mM in Tris 260 mM, pH 7).
Spectrophotometric measurements at 540 nm were made at room temperature. Plasma
thiobarbituric acid reactive substances (TBARS) were expressed as nM of MDA.

2.7. Reactive Oxygen Species

Hepatic ROS were measured according to Gabbia et al. [32]. Briefly, a piece of liver
tissue (200 mg) was homogenized with 1.5 mL of ice-cold Tris-HCl buffer (40 Mm, pH =
7.4). Then, 100 pL of homogenate was mixed with 1 mL of Tris-HCl buffer and 5 uL of
2',7'-dichlorofluorescein diacetate (10 uM final concentration). A 100 pL sample of liver
homogenate was mixed with 1 mL of Tris-HCI buffer and used as control of tissue
autofluorescence. Samples were incubated for 40 min at 37 °C. Finally, 200 uL of each
sample was transferred to a 96-well multiplate and fluorescence intensity was measured
(Kex = 485 nm and Aem = 525 nm).
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2.8. Nitric Oxide Metabolites in Plasma

Nitric oxide metabolites (NOx) were determined in plasma following the method
described by Grisham et al. [33] with some modifications. First, plasma samples were
mixed with ethanol (1:3) and centrifuged at 4 °C and 10,000 g for 15 min to remove
proteins. Then, 75 uL of the obtained supernatant was plated and 100 uL of reactive A
(composed by 1.5 g of sulphanilamide, 50 mL of HCL 6.5 M and 50 mL of Milli-Q water)
was added. Samples were incubated at 4 °C for 10 min. Then, 50 uL of N-1-
naftiletilendiamine at a concentration of 3.64 g/ was added and incubated at 37 °C in
dark conditions for 30 min. Spectrophotometric measurements at 540 nm were conducted
at 37 °C. Sodium nitrite was used to perform a standard calibration curve. The results
were expressed in uM of NOx and were measured per triplicate.

2.9. Statistical Analysis

BP differences were analyzed by a two-way analysis of variance (ANOVA) followed
by a post hoc Tukey test in the studies with SHR. One-way ANOVA was used to identify
BP differences between water and WLPW groups in WKY. Statistical differences between
treatments in GSH, MDA and ROS levels were analyzed by Student’s t-test. All the
analyses were performed using GraphPad Prism 7.04 for Windows (GraphPad Software,
San Diego, CA, USA). Outliers were determined using Grubbs’ test. Differences between
groups were considered significant when p < 0.05.

3. Results
3.1. Effect of Different Doses of Wine Lees on Blood Pressure in Hypertensive Rats

Initial values of the SBP and DBP in the animals were 190.4 + 6.2 mmHg and 154.8 +
14.1 mmHg (mean + SD), respectively, showing a hypertensive condition. Figure 2A,B
shows the effect of three different doses (2.5, 5.0 and 7.5 mL/kg bw) of WL on SBP and
DBP, respectively, in SHR. As expected, water administration did not affect BP levels. In
contrast, Captopril administration led to a clear decrease in both SBP and DBP, reaching
the maximum decrease at 6 h post-administration. WL administration at difference doses
decreased BP, reaching the maximum effect at 6 h post-administration. The most potent
WL doses were 5.0 mL/kg bw and 7.5 mL/kg bw, with their BP-lowering properties similar
to the effect caused by Captopril administration. Regarding DBP, all the tested doses
produced a significant reduction in this parameter in comparison with the observed water
group. No significant differences on DBP were found between WL administration at
different doses and Captopril.
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Figure 2. (A) Changes in systolic blood pressure (SBP) and (B) diastolic blood pressure (DBP) caused in spontaneous
hypertensive rats by the administration of water, Captopril (50 mg/kg bw) or different doses of wine lees: 2.5 mL/kg bw.
5.0mL/kg bw and 7.5 mL/kg bw. Data are expressed as mean (1 = 6) + SEM. Significant differences (p <0.05) are represented
by different letters in the legend and p was estimated by two-way ANOVA. Tukey test was used as post hoc.

3.2. Effect of Dried Wine Lees on Blood Pressure in Hypertensive and Normotensive Rats

The antihypertensive effect of WLPW was tested in SHR after an oral acute dose of
125 mg/kg bw. This dose was equivalent to the dose of 5.0 mL/kg bw of WL in dry weight.
As shown in Figure 3, WLPW administration caused a potent reduction on SBP and DBP,
showing a reduction of SBP higher than that caused by Captopril and a decrease of DBP
similar to that exhibited by the drug. The maximum decrease in BP occurred 6 h after
administration. Initial values of SBP and DBP did not recover until 48 h post-
administration.
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Figure 3. (A) Changes in systolic blood pressure (SBP) and (B) diastolic blood pressure (DBP) caused in spontaneously
hypertensive rats by the acute administration of water, Captopril (50 mg/kg bw) or dried wine lees powder (WLPW) (125
mg/kg bw). Data are expressed as mean (1 = 6) + SEM. Significant differences (p < 0.05) are represented by different letters
and p was estimated by two-way ANOVA. Tukey test was used as post hoc.

In addition, the effect of WLPW was also tested in normotensive rats to rule out a
possible hypotensive effect. Initial values of SBP and DBP of these animals were 118.8 +
3.6 mmHg and 89.2 + 3.2 mmHg, respectively. The BP of the rats that ingested WLPW (125
mg/kg bw) was not significantly different to BP of the water group (Figure 4).
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Figure 4. (A) Systolic blood pressure (SBP) and (B) diastolic blood pressure (DBP) of the Wistar—
Kyoto rats before and after a single administration of water or dried wine lees powder (WLPW) (125
mg/kg bw). Data are expressed as mean (1 = 6) + SEM. No significant differences (p < 0.05) were
found between both groups (two-way ANOVA).

3.3. Mechanisms Involved in the Antihypertensive Effect of the Wine Lees Extract

Figure 5 shows the plasma ACE activity of SHR 6 h after water or WLPW (125 mg/kg
bw) administration. ACE activity in plasma did not change significantly between the
WLPW- and water-administered groups.

1004

EN [ @
it i <

Plasma ACE activity (mU/mL)
N
o

Water WLPW

Figure 5. Plasma angiotensin-converting enzyme (ACE) activity in spontaneously hypertensive rats
6 h after administration of 125 mg/kg bw dried wine lees powder (WLPW) or water. Data are
expressed as mean (1 = 6) + SEM. No significant differences (p < 0.05) were found between both
groups (Student’s t-test).
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In addition, the antioxidant effect of WLPW was also studied as a potential
mechanism involved in the antihypertensive effect of this sample. Plasma MDA and NO
values are shown in Figure 6A,B, respectively. WLPW produced a decrease in plasma
MDA, while NO levels significantly increased after WLPW administration. Liver GSH
and ROS levels are shown in Figure 6C,D, respectively. The administration of WLPW
caused a decrease in hepatic ROS levels compared to animals administered water. In
addition, WLPW produced a significant increase of hepatic GSH levels in respect to those
observed by the water group.
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Figure 6. Levels of (A) plasma malondialdehyde (MDA) (B) plasma nitric oxide metabolites (NOx),
(C) hepatic reduced glutathione (GSH) and (D) hepatic reactive oxygen species (ROS) in
spontaneously hypertensive rats 6 h after administration of 125 mg/kg bw dried wine lees powder
(WLPW) or water. Data are expressed as mean (1 = 6) + SEM. Significant differences are represented
with (*) or (**) for p <0.05 or p < 0.01, respectively. p was estimated by Student’s t-test.

4. Discussion

Phenolic compounds are among the most explored natural compounds due to their
beneficial health effects, including antihypertensive properties [34]. Evidence indicates
that they can be effective in the prevention of oxidative stress-related diseases. These
functionalities are mainly attributed to their potent antioxidant effects and depend on
different factors such as type of phenolic compounds, treatment duration or dosage [35].
Nevertheless, they do not always act in a dose-dependent manner. Hormesis is a
biological phenomenon that explains why a bioactive compound, when it is given at a low
concentration, elicits a positive response, while when the compound is given at a higher
concentration this response is diminished and may even be toxic, [36]. Phenolic
compounds exhibit this dose-response behavior and they are considered as hormetic
dietary phytochemicals [37]. They exhibit both antioxidant and pro-oxidant activities,
depending on their concentration and the nature of the cellular microenvironment [38,39].
In this regard, this biphasic dose-response phenomenon has been reported in the
antihypertensive activity of flavanol monomers [40], flavanol-rich grape seed [16,18] or
cocoa [28] extracts and other flavanol-rich food such as cocoa [41]. In all these studies, the
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highest dose of flavanol compounds produced a smaller drop in BP than lower doses. We
have previously demonstrated in SHR the BP-lowering effect of the soluble fraction of WL
[23]. In the current research, the dose-response study showed that all the tested doses of
WL exhibited an antihypertensive effect, reducing both SBP and DBP values, with the
maximum BP decreases at 6 h post-administration. The BP-lowering effect was dose-
dependently up to 5.0 mL/kg bw. WL doses of 5.0 and 7.5 mL/kg bw caused comparable
BP-lowering effects in SHR, with their antihypertensive effect similar to that shown by the
animals administered Captopril. However, this dose-response behavior was different to
the found in the aforementioned studies using pure flavanol compounds or flavanol-rich
extracts or foods. This fact may be due to the use of lower doses of WL in respect to the
ones used in those reported studies. For example, the results of our current study showed
that the most effective dose for WL was 125 mg/kg bw (dose equivalent to 5.0 mL/kg bw),
while a higher dose (375 mg/kg bw) was reported as the most effective antihypertensive
dose for a flavanol-rich grape seed extract in SHR [17]. Nevertheless, it is remarkable that
the BP decrease produced by WL was similar to one reported for that flavanol-rich grape
seed extract, considering that the used WL dose was much lower [17]. Furthermore, the
participation in the WL antihypertensive effect of other phenolic compounds, in addition
to flavanols, such as anthocyanins, could also be involved in the different dose-response
antihypertensive effect observed for this winery product.

WL were further dried to facilitate the potential use of WL as a nutraceutical or food
ingredient, obtaining a WLPW. In addition to phenolic compounds, WL contain other
components that could produce BP changes after their consumption, such as alcohol. In
this regard, different studies carried out testing the effects of alcoholic drinks showed that
alcohol can modify BP depending on the dose and intake duration [26]. Thus, as a
consequence of the drying process, alcohol is removed from WL and can alter the
antihypertensive effect of WL. To evaluate the effectiveness of the dried WL, they were
administered to SHR in an acute dose of 125 mg/kg bw. WLPW demonstrated a greater
antihypertensive effect than WL and even than the antihypertensive drug Captopril.
According to these findings, Chiva-Blanch et al. reported greater BP reduction of a
dealcoholized red wine compared to the corresponding red wine in a study carried out
for 4 weeks in subjects with high cardiovascular risk, who also presented diabetes mellitus
or three or more CVD risk factors [42]. In addition to the potent BP drop caused by WLPW,
it is noteworthy that its antihypertensive effect remained 24 h post-administration.
Furthermore, since the BP-lowering effect of WLPW was even more potent than the drug
Captopril, it was considered essential to rule out a potential hypotensive effect on
normotensive animals. The obtained results showed that the WLPW antihypertensive
effect was specific to a hypertensive state, since no BP-lowering effects were observed in
normotensive rats as has been previously evidenced for WL [23] or other products rich in
phenolic compounds [16,43,44]. These results showed the great potential of a low dose of
dried WL to HTN management. This dose corresponds to an intake of 1.8 g/day in
humans, using a translation of animal to human doses [45]. Although experimental results
in animals cannot be directly translated to humans, the fact that WLPW exhibits
antihypertensive effects at this dose could allow for its use in nutraceutical and functional
food sectors, promoting its revalorization. As was previously demonstrated for the
soluble fraction of WL, the BP-lowering effect of WLPW may also be related to its high
content of anthocyanins and flavanols [23]. Specifically, its effect was attributed to the
flavanols catechin, epicatechin and procyanidins as well as the anthocyanin malvidin-3-
glucoside [23], which have been reported to cause a BP reduction in hypertensive animals
and humans [46—48] or vasodilation [49]. Nevertheless, as the bioactivity of phenolic
compounds is linked with their metabolic-derived compounds, an additional study to
identify the phase-II and gut microbiota-derived metabolites responsible for the WLPW
antihypertensive effect would be of interest.
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It is known that phenolic compounds can exert their antihypertensive effects by
different mechanisms such as acting on the RAAS. This system is one of the main BP
regulatory mechanisms, where ACE plays an important role. Inhibition of ACE activity
avoids the overproduction of the vasoconstrictor Ang II, which is associated with a
hypertensive condition [4]. Thus, in order to understand the underlying mechanisms
involved in the antihypertensive effect of WL, plasma ACE activity was evaluated in SHR
at the time of its maximum antihypertensive effect (6 h post-administration). No ACE
activity changes were found in the plasma of animals administered 125 mg/kg bw of
WLPW in respect to those administered water. These results could seem contradictory
since the in vitro ACEi properties of WL have been reported [23]. However, the lack of
correspondence between in vitro ACEi activity and its plasma ACE activity has been
shown for other phenolic-rich extracts. In this regard, Quifiones et al. did not observe
changes in plasma ACE activity of the antihypertensive GSPE (grape seed
proanthocyanidins extract) in SHR, although this extract exhibited a potent in vitro ACEi
activity [16]. Similar findings were reported for a quercetin-rich onionskin extract. This
extract showed a great in vitro ACEi activity and antihypertensive effects in a randomized
double-blinded placebo-controlled cross-over trial with pre-hypertensive patients, but
plasma ACE activity in this patients was similar to non-treated subjects [50]. Nevertheless,
the results of this study did not rule out the involvement of ACE, acting before 6 h post-
administration in the antihypertensive effect of the WLPW.

Because of the potent in vitro antioxidant effect showed by WLPW, an improvement
in oxidative stress could be involved in the antihypertensive effect of the dealcoholized
WL. Increased oxidative stress has been linked to HTN development [51]. Elevated ROS
levels are associated with endothelial dysfunction [52,53], since ROS can directly scavenge
NO and avoid NO-dependent vasodilatation [54]. In this regard, it has been evidenced
that one of the mechanisms involved in the antihypertensive effect of phenolic
compounds is acting like radical scavengers and stimulating levels of endogenous
antioxidants [8,36,55,56]. GSH is the most important antioxidant synthetized in cells, and
plays an important role in the protection of cells from oxidative damage [57]. In this sense,
the acute and long-term administration of a flavanol-rich grape seed extract (a grape
byproduct extract) at a dose of 500 and 375 mg/kg bw, respectively, produced an increase
of hepatic GSH in SHR [16,20]. Moreover, the administration of 1 g/kg bw of WL has also
been demonstrated to increase hepatic GSH levels in healthy mice and in
hypercholesterolemic mice. Furthermore, WL polyphenols also increase catalase activity
in the liver, demonstrating their antioxidant properties [58]. According to these previous
studies, our findings showed an increase of hepatic GSH and an increase of plasma NO.
Furthermore, hepatic ROS levels were also found reduced in SHR administered WLPW,
which would be associated with the increase of NO levels since it is known that ROS
reduce endothelial NO availability [43].

Additionally, excessive ROS levels also produce lipid peroxidation, which generates
lipid peroxyl radicals. In the last stages of lipid peroxidation of a biological membrane,
MDA is produced by oxidation of polyunsaturated fatty acids within low-density
lipoprotein (LDL) [33,34]. Hepatic MDA levels are considered a marker of tissue damage
and failure of the antioxidant defense mechanisms [51]. Furthermore, MDA plays an
important role in endothelial dysfunction, since it causes the inhibition of eNOS activity
and expression, reducing NO availability [59]. Supplementation with red wine pomace
has been shown to reduce the plasma MDA levels and increase plasma NO levels and eNOS
activity in SHR [43]. In addition, studies carried out by Jurcevic et al. demonstrated the
antioxidant capacity of WL phenolic compounds with a reduction of hepatic MDA levels in
hypercholesterolemic mice [58]. All these results are in concordance with our findings, since
plasma MDA levels were also reduced in SHR after administration of WLPW. It should be
mentioned that MDA was measured by TBARS method and this methodology may limit the
likelihood of detecting true differences in the level of plasma lipid peroxidation due to the
specificity of the plasma TBARS assay being relatively low [60].
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Therefore, all these results show that the improvement in oxidative stress and redox
state would be one of the mechanisms involved in the antihypertensive effect of WLPW.

5. Conclusions

Results showed that the most effective antihypertensive dose of WL was 5.0 mL/kg
bw, exhibiting similar effects than the ones showed by the antihypertensive drug
Captopril. In addition, a significant enhancement of the BP-lowering effect was observed
after the drying of WL due to the alcohol elimination during this drying process. A dose
of 125 mg/kg bw, equivalent to 1.8 g/day in humans, caused a BP-lowering effect more
potent than that obtained with Captopril and its effect was specific to the hypertensive
state. Furthermore, it was evidenced that the WLPW effect on BP was mediated by a
reduction in oxidative stress and an improvement of redox state and endothelial function.
Nevertheless, further studies are needed to understand more deeply the effect of the
extract in endothelial function and to evaluate its antihypertensive effect after a long-term
administration. The evidence shows the potential use of WLPW as a nutraceutical or
functional food ingredient in HTN prevention.

6. Patents

Patent application “Wine lees, derivatives thereof and their uses”: application
number EP20382358.8 and PCT/EP2021/053051.
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components of the ACE system, improving endothelial function
and reducing ROS, these antihypertensive mechanisms will be
investigated
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ABSTRACT

The antihypertensive effect of a wine lees powder (WLPW) from a Cabernet

grape variety was recently demonstrated. This activity was related to its high

content in phenolic compounds. This study investigates the involvement of

endothelial-derived factors and SIRT1 in its bioactivity. Spontaneously

hypertensive rats (SHR) were orally administered water or WLPW (125 mg/kg

bw). Posteriorly, both groups were intraperitoneally administered saline, Nw-

nitro-L-arginine methyl ester (L-NAME), a nitric oxide (NO) synthesis inhibitor,

indomethacin, a prostacyclin synthesis inhibitor, or sirtinol, an inhibitor of

sirtuins. Blood pressure (BP) was recorded before and 6h after WLPW

administration. In an additional experiment, SHR were administered water or

WLPW and endothelial expressions of eNos, Sirtl, Nox4 and Etl were

determined. The BP-lowering properties of WLPW were abolished by L-NAME

and partially reduced by indomethacin, demonstrating that WLPW

antihypertensive effect was mediated by changes in NO availability, although

prostacyclin also contributed to this activity. Moreover, BP-lowering effect was

reduced by sirtinol, indicating that WLPW decreased BP in a SIRT1-dependent

manner. Furthermore, WLPW upregulated eNos and Sirt1 and downregulated

Nox4 and Etl endothelial gene expression. These results evidence the

vasoprotective effect of WLPW and show that its antihypertensive effect in SHR

is endothelium dependent and mediated by SIRT1.
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1. Introduction

Endothelium plays an important role in the regulation of vascular tone and
blood fluidity by balancing the production of endothelium-derived vasodilator
and vasoconstrictor factors [1]. Alterations in its functionality, called
endothelial dysfunction, are associated to different diseases including
hypertension (HTN). This dysfunction produces an imbalance between
vasodilator and vasoconstrictor factors by decreasing the availability of
vasodilators, mainly nitric oxide (NO) and/or increasing the production of

vasoconstrictor factors [2].

NO is the main endothelial-derived vasodilator factor involved in vascular tone
regulation [3]. Its endothelium production is mediated by the endothelial NO
synthase (eNOS), that converts L-arginine in NO [4]. Activation of this enzyme
depends on intracellular Ca% levels, which mediate eNOS detachment from
caveolin [5]. In response to oxidative stress, endothelium-derived NO
production is enhanced by Sirtuin 1 (SIRT1), a NAD*-dependent deacetylase,
which increases eNos transcription and enzymatic activity of eNOS via its
deacetylation [6][7]. Furthermore, SIRT1 also decrease the NADPH oxidase
(NOX)-dependent production of reactive oxygen species (ROS), acting on gene
expression and activity of the vascular NOX subunits p22phox and 4 (NOX4) [8].
An excess in ROS levels leads to endothelial dysfunction and vasoconstriction
since ROS react to NO, producing peroxynitrite and decreasing NO
bioavailability [2]. In addition to NO, prostaglandin I, (PGl;), also namely as
prostacyclin, is also an important vasodilator implicated in endothelial
regulation [9]. However, it seems that PGl exerts its effect when NO levels are
reduced [10]. Endothelial PGI; is produced by cyclooxygenase (COX) isomer 2,
which catalyses the conversion of arachidonic acid to prostaglandin H, (PGH,).
PGH; is further transformed into PGI, by prostacyclin synthase [11]. Opposite
to endothelial-derived relaxing factors, endothelin 1 (ET-1) is an endothelial-

derived vasoconstrictor factor, which is overexpressed in the vasculature of
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different hypertensive models [12]. ET-1 is produced by the proteolytic

cleavage of its precursor, big ET-1, by endothelin converting enzyme [13].

We have previously demonstrated the antihypertensive effect of wine lees (WL)
from Cabernet grape variety in spontaneously hypertensive rats (SHR). The BP-
lowering effect was related to the higher content of flavanols and anthocyanins
present in these WL respect to the other varieties studied [14]. A dose of 125
mg/kg bw of dealcoholized WL powder (WLPW), which would be equivalent to
1.8 g/day in humans, caused an antihypertensive effect more potent than the
obtained with the antihypertensive drug captopril [15]. This potent BP-lowering
property was associated to an improvement of oxidative stress state of WLPW-
treated animals and attributed to its high content in flavanols and anthocyanins
[15]. Nevertheless, different studies have shown that grape phenolic
compounds can also exert their antihypertensive effect through an
improvement of endothelial dysfunction. In this regard, Kondrashov et al.
observed an increase in eNOS activity after an acute administration of a red
wine extract to SHR [16]. In addition, long-term administration of a grape seed
proanthocyanidin extract (GSPE) to diet-induced hypertensive rats produced an
antihypertensive effect and conferred a vasoprotective pattern, including an
overexpression of endothelial Sirtl [17]. According to this, the acute
antihypertensive effect of GSPE in SHR was completely abolished by sirtinol, an
inhibitor of sirtuins, indicating that grape seed flavanols decrease BP in a SIRT1-
dependent manner. Thus, the aim of this study was to evaluate the involvement
of endothelial-derived factors on the BP-lowering effect of WLPW and to study

a potential role of SIRT1.

2. Materials and methods
2.1. Obtaining and Characterization of wine lees
WL from grapes of Cabernet variety were provided by Grandes Vinos y Vifedos,

S.A, located in the Carifiena P.0.D area (Zaragoza, Spain). WL were centrifuged

at 3,000 x g for 15 min at 4 °C. The supernatant was collected, freeze-dried and
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grounded to obtain the WLPW. Finally, WLPW was kept at room temperature
and protected from light exposure and humidity until its administration to
animals.

Humidity, total protein content, measured by Kjeldahl method, and total
phenolic content, measured by Folin-Ciocalteu method, of WLPW were 7.85 +
1.49 %, 222.61 + 5.73 mg/g of wet weight and 76.40 + 0.74 mg gallic acid
equivalents (GAE)/g of wet weight, respectively [15]. Tables S1 and S2 show the
WLPW phenolic profile. Individual phenolic compounds were characterised by
using a UHPLC-ESI-Q-TOF-MS system using 1290 UHPLC Infinity Il series coupled
to a Q-TOF/MS 6550 (Agilent Technologies, Palo Alto, CA, USA). Both negative
and positive ionization ([M-H]- or [M-H]+) were used to identify parental ions
and fragmentation patterns.

2.2. Dosage regimen and experimental procedure in animal

Male SHR (19-22 weeks old) weighing between 340-390 g and purchased from
Charles River Laboratories Espafia S.A. (Barcelona, Spain) were used in this
study. They were singly housed in animal quarters at 22 °C and 50% of humidity
with a light/dark period of 12 h. Tap water and standard diet (AO4 Panlab,
Barcelona, Spain) were provided ad libitum during the experiments. Figure 1
shows a graphical representation of the two experimental designs used in this

study.

Rats were administered tap water or 125 mg/kg bw WLPW (human equivalent
dose 1.8 g/day) dissolved in tap water by oral gavage between 8:00 and 9:00
a.m. Total volume administered to rats was 1.5 mL. Four hours after oral
administration of these treatments, animals were intraperitoneal administered
with 1 mL of saline solution, 30 mg/kg bw L-NAME (PubChem CID: 135193;
Sigma-Aldrich), 5 mg/kg bw indomethacin (PubChem CID: 3715; Sigma-Aldrich)
or 1 mg/kg bw sirtinol (PubChem CID: 2827646; Sigma-Aldrich), obtaining the
following working groups: Water + Saline, Water + L-NAME, Water +
Indomethacin, Water + Sirtinol, WLPW + Saline, WLPW + L-NAME, WLPW +
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Indomethacin, WLPW + Sirtinol (n=6 per group). All treatments were prepared

in saline solution.

Systolic and diastolic BP (SBP and DBP respectively) were measured by tail cuff

method following the method described by Quifiones et al. [18] before and 6 h

after oral administration of water or WLPW to SHR. To minimize stress-induced

variations in BP and guarantee a correct BP values, animals were trained for 2

weeks after a 10-days adaptation period and all measurements were taken in a

peaceful environment and by the same person.

In the second study, male SHR (19-22 weeks old) weighing between 336-392 g

and purchased from Charles River Laboratories Espafia S.A. (Barcelona, Spain)

were also used. Diet and housing conditions were the same as the first

mentioned study. Animals were divided in two groups and were administered

tap water (1.5 mL) or WLPW (125 mg/kg bw, dissolved in 1.5 mL of tap water)

by oral gavage (n = 6 per group). Six-hour post-administration, animals were

sacrificed by live decapitation. Aorta was excised and immediately frozen in

liquid nitrogen for further study.

The animal protocols followed in this study were conducted in accordance with

the European Communities Council Directive (86/609/EEC) and approved by the

Animal Ethics Review Committee for Animal Experimentation of the Universitat

Rovira i Virgili and further approved by Generalitat de Catalunya (permission

number 10780).

2.3. RNA Extraction and mRNA Quantification by Real-Time qPCR

The frozen aorta was homogenized in a TissuelLyser (Qiagen, Barcelona, Spain)

without buffer and with stainless steel balls. Then, lysis buffer was immediately

added for RNA extraction using the RNeasy Mini Kit (RNeasy Mini Kit, Qiagen).

Total extracted RNA was quantified using a Nanodrop 100 Spectrophotometer

(ThermoFisher Scientific, Madrid, Spain).
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MRNA reverse transcription was carried out by using the High Capacity cDNA
Reverse Transcription Kit (AppliedBiosystems, Madrid, Spain). Quantitative PCR
amplification and detection were performed in a 96-well plate using SYBR PCR
Premix Reagent Ex Tag™ (Takara, Barcelona, Spain) and the CFX96 Touch Real
Time PCR System (Bio-Rad, Barcelona, Spain) following the manufacturer

procedures.

Relative mRNA levels of eNos, Sirtl, Nox4, and Et1 were analysed by real-time
PCR using peptidyl prolyl isomerase A (Ppia) as the housekeeping gene. Table 1
shows the primers used, which were obtained from Biomers (Soflinger,
Germany). Melting curve analysis and gel electrophoresis separation (3%
agarose) were used to verified primer specificity and amplicon size,
respectively. gPCR efficiency was calculated by evaluating a 2-fold dilution
series of aortic cDNA and calculated by E = 10(1/slope). The results were
expressed as the logarithm of the cDNA concentration vs. the obtained Ct. The
relative expression or relative quantification was calculated by RQ = (Etarget)*“
(t2r8et) /' (E eference)*Ct eference) where ACt (target) = Ct (target gene calibrator) — Ct
(target gene in test) and ACt (reference) = Ct (reference gene calibrator) — Ct

(reference gene in test). Each sample was performed at least in duplicate.
2.4. Statistical analysis

BP differences produced by the treatments were analysed by a one-way
analysis of variance (ANOVA). Student’s T-test was used to evaluate differences
between groups in gene expression. All the analyses were performed using
GraphPad Prism 7.04 for Windows (GraphPad Software, San Diego, California).
Outliers were determined by using Grubbs’ test. Differences between groups

were considered significant when p< 0.05.
3. Results

In the first study, the effects of WL phenolic compounds on BP in rats treated
with L-NAME, indomethacin or sirtinol were investigated. Initial values of SBP

and DBP in these animals were 193 + 6.8 and 147 £ 8.2 mmHg, respectively.
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Figure 2, 3 and 4 show the BP changes in SHR 6 h after oral administration of
water or WLPW (125 mg/kg bw), and additionally treated intraperitoneally with

saline solution, L-NAME, indomethacin or sirtinol.

BP observed in Water + Saline group did not change by the treatment.
Nevertheless, as expected, the oral administration of WLPW (WLPW + Saline
group) produced a significant decrease in both SPB and DBP (-28 + 2.1 and -30
1 8.02 mmHg, respectively; p < 0.05) respect to Water + Saline group (Figures
2,3 and 4).

When animals were intraperitoneally treated with L-NAME (30 mg/kg bw), it
caused an increase in SBP of water group. No changes were observed in DBP.
Regarding WLPW + L-NAME group, SBP and DBP values were similar to those
observed for Water + Saline group, showing a total loss of WLPW

antihypertensive effect observed in WLPW + Saline group (Figure 2).

No SBP and DBP changes were observed after intraperitoneal administration of
indomethacin (5 mg/kg bw) and sirtinol (1 mg/kg bw) in the two respective
water groups (Water + Indomethacin and Water + Sirtinol, respectively) (Figures
3 and 4, respectively). SBP values of WLPW + Indomethacin and WLPW +
Sirtinol groups were significantly lower than the one showed by Water + Saline
group, showing an antihypertensive effect. However, their BP-lowering effects
were less potent to those observed by WLPW + Saline group (Figures 3A and
4A, respectively). In the case of DBP, the values found in the WLPW +
Indomethacin and WLPW + Sirtinol groups were similar to those found in their
respective control groups (Water + Sirtinol and Water + Indomethacin,

respectively) (Figures 3B and 4B).

In the second study, the expression of endothelial function-associated genes
was studied at 6 h post-administration of water or WLPW to SHR (Figure 5).
Administration of WLPW significantly upregulated the expression of eNos and

Sirt1 (1.9 and 2.9 times higher, respectively) (Figure 5A), while that the
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expression of the Etl and Nox4, involved in a vasoconstrictor effect, were

significantly downregulated by WLPW intake (Figure 5B).
4. Discussion

Dietary patterns based on the consumption of fruits and vegetables are
associated with lower risk of HTN and an improvement of endothelial function
[19]. These beneficial effects are mainly related to the phenolic compounds
present in these foods [20-22]. In this sense, a previous study carried out by
our group in SHR demonstrated that WLPW administration at an acute dose of
125 mg/kg bw to SHR produced a potent decrease on BP, showing the maximum
effect at 6 h post-administration. This effectiveness was attributed to its high
content in phenolic compounds, mainly in flavanols and anthocyanins. In
addition, it was evidenced that WLPW exerts its antihypertensive action via an
improvement of oxidative stress since reduced levels of hepatic ROS and plasma
malondialdehyde and increased levels of hepatic reduced glutathione (an
endogenous antioxidant) were observed in the treated animals [15]. However,
an improvement of endothelial function after WLPW administration should not
be ruled out since it has been reported as one of the mechanisms involved in
the antihypertensive effect of other winery by-products to hypertensive rats
[17, 23, 24]. Therefore, the objective of this study was to elucidate the potential
role of endothelial-derived factors and SIRT1 in the antihypertensive effect of
WLPW. In order to achieve this goal, we treated SHR with Nw-nitro-L-arginine
methyl ester (L-NAME), an inhibitor of eNOS, indomethacin, an inhibitor of COX
and sirtinol, an inhibitor of sirtuins synthesis. Furthermore, the aortic
expression levels of different genes involved in endothelial dysfunction were
evaluated after WLPW administration in other additional experiment. Both
studies were carried out at 6h post-administration since at this time point it is

observed the maximum BP decrease caused by WLPW [15].

Initially, we focused in studying the role of NO in the antihypertensive effect

of WL phenolic compounds. NO is the main vasodilator factor produced and
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released by the endothelium via eNOS [4]. NO activates guanylyl cyclase that

produces cyclic guanosine monophosphate. This molecule leads to relaxation

of the muscle layer and vasodilation [4, 25]. Due to this activity, animals were

intraperitoneal administered L-NAME, an inhibitor of eNOS, 4 h after oral

administration of WLPW to inhibit the endothelial NO production. Its

administration produced a total loss of the SBP and DBP-lowering effects

showed by WLPW. Therefore, these results provide clear evidence that

antihypertensive effect of WLPW is NO-mediated in SHR. According to this,

human clinical studies have shown that moderate consumption of aged white

wine produces a higher bioavailability of NO, which was linked to a reduction in

BP [26]. Similar to our results, these effects were attributed to the presence of

grape-derived compounds in the aged white wine, such as polyphenols. In

addition, our results are also in concordance with previous results published by

our group with other grape phenolic-rich extracts and flavanol-rich food [24,

27]. In this regard, Quifiones et al. and Pons et al. observed that the

antihypertensive effect of an acute dose of 375 mg/kg bw of GSPE to SHR and

to cafeteria diet-induced hypertensive rats, respectively, was totally abolished

when animals were additionally treated with L-NAME [24, 27]. Same effect was

also observed in SHR treated flavanol-rich cocoa in acute dose (300 mg/kg bw),

when eNOS activity was inhibited [28].

Nevertheless, the BP-lowering effect of WLPW has been also associated with

the high content of the phenol family of anthocyanins [14], which have also

shown vascular benefits and their circulating metabolites have been directly

related to these properties [29]. In this regard, the beneficial effect of

anthocyanin rich foods or extracts on vascular health has been evidenced in a

meta-analysis of randomised controlled trials [30]. Furthermore,

involvement of NO in the endothelium-dependent vascular relaxing effect of

extracts rich in anthocyanins, and also in flavanols, has been also corroborated

in ex vivo vascular reactivity studies carried out in presence of eNOS inhibitors

[24] [31].
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Studies conducted with grapes phenolic compounds using GSPE in a model

of cafeteria diet-fed hypertensive rats and a red wine extract in SHR showed

that these extracts increased aortic eNos expression [16, 17, 23]. Our findings

are in line of these studies since the expression of aortic eNos of WLPW-treated

SHR was higher than those showed by untreated animals, suggesting that WL

phenolic compounds could increase NO availability increasing eNos expression.

Nevertheless, the increase of endothelial NO levels can be also due to changes

in eNOS activity. SIRT1 promotes endothelium-dependent vasodilation by

targeting eNOS for deacetylation, increasing the activity and/or expression of

this enzyme [32]. It has been evidenced that SIRT1 is involved in the beneficial

effects of some phenolic compounds present in grapes, wine and grape by-

products such as proanthocyanidins, resveratrol or quercetin [33], [23]. Pons et

al. reported that the antihypertensive effect of a grape seed proantocyanindin

extract totally disappeared when SIRT1 activity was inhibited [23]. Specifically,

the effect of the extract could be mediated by an upregulation of endothelial

Sirt1 expression since the aortic Sirt1 expression was increased after its acute

and chronic administration [17, 23]. In our study, the antihypertensive effect of

WLPW was partially abolished by SBP and totally by DBP, when animals were

treated with WLPW and sirtinol. Furthermore, WLPW produced an upregulation

of endothelial Sirt1 (1.5 times higher than water group). These results showed

that SIRT1 is clearly involved in the BP-lowering process produced by WLPW.

Flavanols present in WLPW, similarly to GSPE, could be the bioactive

compounds responsible of this effect on SIRT1. However, it should not be ruled

out that other phenolic compounds could be involved. Kitada et al. observed an

upregulation of peripheral blood mononuclear SIRT1 expression in volunteers

consuming a non-alcoholic red wine extract during 8 weeks. The consumed

daily dose contained 19.2 mg of resveratrol and 136 mg of other polyphenols

including tanins, catechin, epicatechin or quercetin glucoside [34]. In addition,

resveratrol and quercetin, also present in WLPW, were also reported to be

activators of SIRT1 in other studies [33].
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In addition to the effect of SIRT1 on eNOS, this deacetylase also can
modulate the activity and expression of some vascular NOX such as NOX4, one
of the main producers of ROS in endothelium [8], [35]. An overproduction of
ROS linked to a oxidative stress state leads to reduces NO bioavailability since
ROS scavenge NO to produce peroxynitrite [36], avoiding NO-induced
vasodilation. There are evidences of the presence and possible involvement of
oxidative stress in the antihypertensive process in SHR [37, 38]. In a previous
study of our group, the antioxidant properties of WLPW were demonstrated in
SHR after its acute administration. WLPW caused a decrease in ROS levels and
an increase in reduced glutathione (GSH) in liver as well as a decrease in MDA
and increase of NO in plasma [15]. In order to know if an antioxidant effect
would be also produced in the endothelium, we studied the levels of Nox4
expression in aorta of SHR treated with WLPW at 6 h post-administration. Aortic
Nox4 expression was drastically reduced, suggesting an important implication
of this endothelial enzyme in the effect of WL phenolic compounds. Since SIRT1
can downregulate Nox4 [8] and WLPW intake produced an upregulation of Sirt1
expression in the present study, the increase of expression of Sirt1 could be one
of the mechanisms involved in the increase of NO availability. Our findings are
in agreement with the effect observed for other antihypertensive grape
flavanols, which produce a downregulation of Nox4 [17, 23]. Furthermore,
WLPW is rich in anthocyanins, which also may be involved in the
downregulation of Nox4. Anthocyanins as malvidin, malvidin-6-glucoside or
malvidin-6-galactoside from blueberry, also found in WLPW, have been
demonstrated to reduce NOX4 expression in high glucose-induced human
umbilical cord vein endothelial cells (HUVECs) [39]. In addition, Galindo et al.
have demonstrated that quercetin, also found in a great quantity in WLPW,

reduces the aortic expression of Nox4 after five weeks of administration [40].

Furthermore, it was studied the effect of WLPW in the production of
endothelial ET-1. ET-1 is a potent vasoconstrictor and several studies have

reported an overexpression of Et1 in the endothelium in hypertensive state
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[41]. In this sense, our results showed a reduction of aortic Et1 gene expression

6 h after administration of WLPW, rich in flavanols and anthocyanins (Figure 5),

suggesting their implication in the reduction of BP. Food by-products extracts

rich in flavanols like GSPE have shown a reduction in aortic Et1 mRNA

expression levels in hypertensive rats [23, 24]. Furthermore, the administration

of food extracts rich in anthocyanins reduced endothelial expression of ET1 in

HUVECs, which were induced endothelial dysfunction by hyperglycemia [42].

Specifically, in the same cells without induced endothelial dysfunction, the

anthocyanins delphinidin and cyanidin exerted a reduction of ET-1 secretion

and expression, where the higher effect was demonstrated by delphinidin [43].

In addition, a relationship between ET-1 and NOX has been reported. In this

regard, it has been observed ET-1 increases the production of ROS in the

vasculature through the activation of NOX [44, 45]. A reduction in Et1 and Nox4

gene expression has been found after the administration of WLPW. All these

findings showed that WL phenolic compounds could improve the endothelial

dysfunction linked to HTN, balancing the endothelium-derived vasodilator and

vasoconstrictor factors.

In addition to NO, PGl, is another important endothelium-derived

vasodilator involved in the regulation of BP, which is generated by the action of

COX and prostacyclin synthase [11]. The administration of the COX inhibitor

indomethacin to animals produces the inhibition of PGI, production. Our results

showed that the antihypertensive effect of WLPW is also mediated by PGl; as

animals treated WLPW and indomethacin showed a lower antihypertensive

effect that the one observed in WLPW + Saline group. Similar results were

founded with GSPE. The antihypertensive effect of that extract was partially

mediated by prostacyclin in SHR and cafeteria diet-induced hypertensive rats

[24, 27]. According to this, some studies have shown an increase in the release

of PGl; in procyanidin-treated human aortic endothelial cells [46]. In addition,

increased levels of prostacyclin have been observed in the plasma of rats [47,

48] and humans [46] after the consumption of flavanols.


https://www-sciencedirect-com.sabidi.urv.cat/topics/chemistry/prostacyclins
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5. Conclusions

In this study, we demonstrated the implication of NO and SIRT1 in the
antihypertensive effect exerted by WLPW in SHR (Figure 6). WL phenolic
compounds increase eNos and Sirt1 m-RNA levels in the endothelium and could
increase the eNOS activity. Furthermore, WL phenolic compounds also reduce
the endothelial expression of Nox4 and Et1, which would reduce endothelial
ROS production and therefore increase the availability of vascular NO as well as
the vasoconstrictor ET-1. In addition, a partial involvement of PGI; in the
antihypertensive effect of WLPW is also found, although more studies are
needed to deep in this effect. Thus, WL phenolic compounds improve
endothelium functionality and reduce BP in SHR. All these results suggest that
WLPW could be a potential functional food ingredient with many benefits in the

treatment of cardiovascular disease.

6. Patents

Patent application “Wine lees, derivatives thereof and their uses”:

application number EP20382358.8 and PCT/EP2021/053051.
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TABLES

Table 1. Primer list characteristics.

Rat Size of GenBank
Sequence (5’'.....3’) Efficiency
Primers Amplicon Accesion No.
eNOS Fw GGATTCTGGCAAGACCGATTAC 223
159 NM 021838.2
eNOS Rv GGTGAGGACTTGTCCAAACACT (111.5%)
Sirt-1 Fw TTGGCACCGATCCTCGAA 1.97
217 NM 001007684.1
Sirt-1 Rv ACAGAAACCCCAGCTCCA (98.5)
NOX-4 Fw GTGTCTGCATGGTGGTGGTA 1.86
150 NM 053524.1
NOX-4 Rv TCAACAAGCCACCCGAAACA (93%)
ET-1 Fw TGATTCTCTTGCCTCTTCTTG 2.23
110 NM 012548.2
ET-1Rv TATGGAATCTCCTGGCTCTC (111.5%)
PPIA Fw CTTCGAGCTGTTTGCAGACAA 2.28
PPIA Rv AAGTCACCACCCTGGCACATG 118 NM 017101.1

(114%)



https://www.ncbi.nlm.nih.gov/nuccore/NM_021838.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001007684.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_053524.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_012548.2
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Figure 1. Graphical representation of the experimental design for Nw-nitro-L-
arginine methyl ester hydrochloride (L-NAME), Indomethacin and Sirtinol study
in spontaneously hypertensive rats (SHR) (A), and graphical representation of
the experimental design used to study the effects of wine lees powder (WLPW)

on the endothelial function (B).
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Figure 2. Changes in systolic blood pressure (SBP) (A) and diastolic blood
pressure (DBP) (B) caused in spontaneously hypertensive rats 6 h post-
administration to different treatments: oral administration of water or wine
lees powder (WLP) and intraperitoneal injection of Saline or Nw-nitro-L-arginine
methyl ester hydrochloride (L-NAME). Significant differences (p < 0.05) are

represented by different letters and p was estimated by one-way ANOVA.
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Figure 3. Changes in systolic blood pressure (SBP) (A) and diastolic blood
pressure (DBP) (B) caused in spontaneously hypertensive rats 6 h post-
administration to different treatments: oral administration of water or wine
lees powder (WLP) and intraperitoneal injection of Saline or Sirtinol. Significant
differences (p < 0.05) are represented by different letters and p was estimated

by one-way ANOVA.
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Figure 4. Changes in systolic blood pressure (SBP) (A) and diastolic blood
pressure (DBP) (B) caused in spontaneously hypertensive rats 6 h post-
administration to different treatments: oral administration of water or wine
lees powder (WLP) and intraperitoneal injection of Saline or Indomethacin.
Significant differences (p < 0.05) are represented by different letters and p was

estimated by one-way ANOVA.
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Figure 5. Aortic gene expression of eNos and Sirt1 (A) and Nox4 and Et1 (B) in
spontaneously hypertensive rats 6 h after administration with water or wine
lees powder (WLPW). Statistical differences between treatments were carried

out by Student’s T-test when (*) p < 0.05, (**) p <0.01 or (***) p > 0.001.
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SUPPLEMENTARY

Table S1. Non-anthocyanin composition of wine lees powder obtained by

UHPLC-(ESI-)-Q-TOF-MS

Compound Quantity (ug/g)
Flavanols
Catechin 3,599.26 £+ 17.70
Catechin gallate 29.49 +0.37
Epicatechin 1,602.95 +5.64
(Epi)catechin O-glucoside isol 18.43+0.01
(Epi)catechin O-glucoside iso2 12.17 £0.00
(Epi)catechin O-glucoside iso3 54.19 + 1.08
Procyanidin dimer B2 1,275.58 £+ 0.37
Procyanidin dimer isol 2,367.19+5.64
Procyanidin dimer iso2 525.71+2.30
Procyanidin dimer iso3 109.12 £ 0.76
Procyanidin dimer iso4 471.89 +3.92
Procyanidin dimer iso5 159.26 £ 0.82
Procyanidin trimer isol 600.18 +3.80
Procyanidin trimer iso2 529.03 £9.77
Procyanidin trimer iso3 225.25+2.14
Procyanidin trimer iso4 118.71+£3.90
Procyanidin trimer iso5 508.39 £3.51
Flavonols
Quercetin 1,355.94 + 4.47
Quercetin-3-0-glucoside 60.09 £ 0.39
Quercetin-3-0O-glucuronide 89.22 £ 0.76
Kaempferol 189.86 £ 1.50
kaempferol-3-O-glucuronide 17.70+0.35
Isorhamnetin 41143 +2.31
Phenolic acids
Gallic acid 4,456.04 + 89.03
Caffeic acid 120.55+0.77
Caffeic acid O-glucoside isol 20.28 +0.74
Caffeic acid O-glucoside iso2 24.33+1.11
p-Coumaric acid 126.82 £+ 0.68
4-Hydroxybenzoic acid 61.57+2.14
Ferulic acid 27.65+0.43
Vanillic acid 85.90+2.41
Stilbenes
trans-Resveratrol 169.59 £ 0.74
Resveratrol isol 108.76 £ 0.37
Resveratrol O-glucoside isol 9.95+0.37
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Resveratrol O-glucoside iso2 49.77 £+ 1.47

Piceatannol 154.84 £ 2.00
Piceatannol 3-O-glucoside isol 8.11+£0.00
Piceatannol 3-O-glucoside iso2 2.21+0.00
Viniferin-isol 9.95+0.00
Viniferin-iso2 29.86 +0.41

Data are represented per g of wet weight.
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Table S2. Anthocyanin composition of wine lees powder obtained by UHPLC-

(ESI-)-Q-TOF-MS

Anthocyanins Quantity (ug/g)
Gallocatechin-malvidin-3-glucoside dimer 9.09 £ 0.04
Malvidin-3-glucoside-(epi)catechin 40.95 +0.12
Delphinidin-3-glucoside 136.02 £ 1.68
Cyanidin-3-glucoside 8.34+0.75
Petunidin-3-glucoside 185.45 + 2.08
Petunidin-3-glucoside-pyruvic acid 3.28+£0.04
Peonidin-3-glucoside 100.31+2.30
Malvidin-3-glucoside 2,236.82 +18.44
Peonidin-3-glucoside-pyruvic acid 1.50+£0.03
Delphinidin-(6-acetyl)-3-glucoside 33.48 +0.83
visitin A (malvidin-3-glucoside-pyruvic acid) 45.23 +£0.12
Visitin B (malvidin-3-glucoside-acetaldehyde) 112.92 £ 0.54
Malvidin-3-glucoside-ethyl-(epi)catechin 13.47 £ 0.03
Cyanidin-(6-acetyl)-3-glucoside 7.50+0.21
Acetylvisitin A 28.95+0.41
Malvidin-3-glucoside-ethyl-(epi)catechin 50.75+0.22
Petunidin-(6-acetyl)-3-glucoside 47.51+1.72
Malvidin-3-glucoside-ethyl-(epi)catechin 75.36 £ 0.67
Acetylvisitin B 61.24 +0.41
Peonidin-(6-acetyl)-3-glucoside 48.65 +1.14
Delphinidin-(6-coumaroyl)-3-glucoside 16.10 £ 0.25
Malvidin-(6-acetyl)-3-glucoside 1,046.67 + 0.77
Coumaroylvisitin A 7.38£0.06
Malvidin-(6-caffeoyl)-3-glucoside 13.42 +0.25
Cyanidin-(6-coumaroyl)-3-glucoside 3.65+0.15
Catechin-ethyl-Malvidin-3-acetylglucoside dimer 32.34+£0.29
Petunidin-(6-coumaroyl)-3-glucoside 27.46 +0.33
Pinotin A (malvidin-3-glucoside-vinylcatechol) 30.96 +0.47
Malvidin-glucoside-vinyl-catechin 5.64 +0.03
Coumaroylvisitin B 33.62£0.26
Malvidin-3-glucoside-vinylguaiacol 21.92£0.18
Catechin-ethyl-malvidin-3-coumaroylglucoside dimer 25.24£0.10
Catechin-ethyl-malvidin-3-acetylglucoside dimer 5.33+0.06
Peonidin-(6-coumaroyl)-3-glucoside 34.82 +1.00
Malvidin-(6-coumaroyl)-3-glucoside 396.97 £ 0.55
Malvidin-glucoside-vinyl-catechin 5.99 £ 0.02
Acetyl-pinotin A 0.26 £ 0.00
Malvidin 3-O-glucoside 4-vinylphenol (Pigment A) 23.58 £ 0.07
Catechin-ethyl-malvidin-3-coumaroylglucoside dimer 4,37 +0.01
Malvidin acetyl 3-O-glucoside 4-vinylphenol (Acetyl-pigment A) 14.12 £0.16

Data are represented per g of wet weight.
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CHAPTER 3:

To assay the effect of dealcoholized

wine lees after a long-term
administration in hypertensive rats
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Manuscript 6:

Objective:

To investigate the effect of WL after long-term administration to

SHR on BP and other cardiovascular parameters using a telemetry
system.

Effect of dealcoholized wine lees on blood pressure, heart
rate and locomotor activity in a long-term treatment in

spontaneously hypertensive rats

Raul Lépez-Fernandez-Sobrino, Jorge R. Soliz-Rueda, Cristina Torres-
Fuentes, Gerard Aragonés, Anna Arola-Arnal, Francisca I. Bravo* and

Begona Muguerza

Universitat Rovira i Virgili, Department of Biochemistry and Biotechnology,

Nutrigenomics Research Group, Tarragona, 43007, Spain.
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ABSTRACT

The antihypertensive effect of long-term intake of a wine lees powder (WLPW)

with high concentration of phenolic compounds was evaluated

spontaneously hypertensive rats (SHR). Additionally, the effects of the phenolic-

rich powder on heart rate (HR), locomotor activity and body temperature were

investigated. Weight gain, as well as food and liquid intakes were recorded

throughout the experimental period. Blood pressure (BP) was measure through

a telemetry system one week before and after administration of WLPW (125

mg/kg bw) or vehicle (VH) for five weeks. WLPW intake attenuated the

development of HTN compared to VH, decreasing systolic and diastolic BP (SBP

and DBP) in light and dark periods. The marker of cardiac status heart rate (HR)

was also lower in WLPW respect to VH group. This reduction was specific of the

light period. In addition, HR is modified along the time changing from dipper to

non-dipper pattern in the VH group, however, the administration of WLPW kept

the dipper pattern Moreover, WLPW increased the locomotor activity levels in

SHR in the darkness period. No changes were observed respect to VH rats in

body weight gain, solid and liquid intakes, and body temperature. SBP, DBP, HR

and locomotor activity values returned to control values upon WLPW

administration interruption, confirming the beneficial properties of WLPW.

Therefore, WLPW could be used as a functional ingredient in the management

of HTN.
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1. Introduction

Hypertension (HTN) is the leading preventable risk factor for cardiovascular
disease (CVD) and the main cause of premature death worldwide [1]. HTN is
defined as systolic blood pressure (SBP) 2140 mmHg and/or diastolic blood
pressure (DBP) 290 mmHg [2] and it usually requires lifelong treatments. Some
of the used antihypertensive drugs can exert unwanted side effects in some
patients. Due to this fact, the search of new compounds to manage HTN has
arisen, mainly in natural sources [3]. In this regard, the study of natural
compounds with antihypertensive properties is considered as a field of great
interest especially for prehypertensive subjects since this population is not
usually clinically treated.

HTN development has been related with an elevated heart rate (HR) and a
reduction of the locomotor activity [4]—[6]. In addition, the variability along the
day in parameters such as BP or HR rhythms have demonstrated to be a key
factor in the prediction of future cardiovascular events [7]—[9]. Specifically, a
typical nocturnal decline in BP and HR (period of inactivity) versus the day
(period of activity) between 10-20% (dipper pattern) of these parameters is
related to a healthier cardiovascular state and a lower risk of CVD. However, a
reduction of less than 10% (non-dipper pattern) at night is related to an
increased risk of CVD, stroke and death [8], [10]-[12].

In addition, low consumption of fruits and vegetables has been related with
a higher risk to suffer CVD or HTN [13]. Thus, lifestyle changes, including a diet
rich in fruits and vegetables, in combination or without pharmacological
treatments are always recommended since they are effective in the treatment
or prevention of HTN [14]. Fruits and vegetables contain bioactive compounds
with different chemical structures, such as phenolic compounds, peptides,
oligosaccharides, vitamins and fatty acids [15]. Among them, phenolic
compounds stand out for their wide range of functional effects including
cardioprotective, antioxidant or anti-inflammatory agents [16]. It is worth

mentioning that these compounds are also contained in by-products generated



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

during fruit and vegetable processing [17]. This fact is of great interest since
these by-products can be used to obtain bioactive phenolic-rich products or
extracts and through this way also revalue these wastes [18], [19].

Winery by-products have been successfully used to obtain phenolic-rich
extracts with antihypertensive effects in animals and humans [20], [21]. In this
regard, our group has recently evidenced the acute antihypertensive effect of
wine lees (WL) from Cabernet grape variety. Spontaneously Hypertensive rats
(SHR) were administered the soluble fraction of WL obtained by centrifugation.
The BP-lowering effect were related to the high presence of phenolic
compounds in these WL, mainly anthocyanins an flavanols [22]. The
administration of the most effective dose (125 mg/kg bw) of the dealcoholized
WL powder (WLPW) caused a decrease in BP up to -48.0 £ 4.9 mmHg and -44.6
+ 8.8 mmHg, for SBP and BDP respectively, at 6 h post-administration [23].
Consequently, WLPW could be of great interest as functional ingredient for
food and nutraceutical industries. However, since HTN is a chronic disease, the
effects of the long-term antihypertensive activity of WLPW have to be
demonstrated. Thus, the objective of this study was to evaluate the
antihypertensive effect of long-term administration of WLPW to SHR using a
telemetry system. In addition, their effect over HR and locomotor activity and

its relationship with BP were determined.

2. Material and methods

2.1. Obtaining of wine lees powder

WL were provided by the cellar Grandes Vinos y Vifiedos in the Carifiena
P.0.D. area (Spain). They were collected immediately after the racking of wine
(first-fermentation WL), elaborated with Cabernet grapes. WL was centrifuged
at 4 2C for 15 min at 2950 x g to obtain the supernatant. It was further
lyophilized and stored at -20 2C until its analysis. Tables S1 and S2 show the
phenolic profile of WLPW. Individual phenolic compounds were characterised

by using a UHPLC-ESI-Q-TOF-MS system using 1290 UHPLC Infinity Il series
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coupled to a Q-TOF/MS 6550 (Agilent Technologies, Palo Alto, CA, USA). Both

negative and positive ionization ([M-H]- or [M-H]+) were used to identify

parental ions and fragmentation patterns [23].

2.2. Animal study

Ten male SHR with 14-15 week-old and weighing 280—-330 g were obtained

from Charles River Laboratories Espafia S.A. (Barcelona, Spain). Animals were

kept in a well-ventilated animal housing room with a 12-hour light/dark cycle

(8:00 am — 8:00 pm) and at a temperature of 23 2C and humidity of 50%. The

animals had free access to standard diet (A04 Panlab, Barcelona, Spain) and tap

water during all the experiment.

After a 10-days adaptation period, rats were surgically implanted with

telemetry transmitters (model HD-S10, Data Sciences International,

Minneapolis, USA). Briefly, the analgesic buprenorphine (0.05 mg/kg bw) was

administered to rats via intramuscular injection. Then, animals were

anesthetized with a mixture of ketamine and xylazine (43 and 8.7 mg/kg bw,

respectively). Ketamine 100 mg/mL, Xylazine 20 mg/mL and Buprenorphine 0.3

mg/mL were provided by Proyma Ganadera S.L. (Alcazar de San Juan, Spain). A

midline abdominal incision was made to insert the catheter of the HD-S10

transmitter into the abdominal aorta. The transmitter was secured in the

abdominal cavity and the abdomen closed. As post-operative analgesia, the

same dose of buprenorphine was administered every 8 h for 2 days. Rats were

left to recover from surgery for 10 days before the onset of the experimental

protocol. Figure 1 shows a graphical representation of the experimental designs

used in this study.

Animals were orally administered vehicle (VH) (sweetened milk containing

5.5 % sucrose) or 125 mg/kg bw WLPW dissolved in VH (n=5 per group).

Treatments were daily administered in a volume of 1.5 mL between 08:00 and

08:15 h for 5 weeks, allowing animal to drink it directly from a syringe. Animals

did not receive any treatment at the sixth week of the experiment (follow-up

period).
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Body weight as well as food and water intake were measured once a week

during the experiment. SBP, DBP, HR, activity and core body were monitored by

radiotelemetry using a Data Sciences International (DSI; St. Paul, MN) system.

It consisted in the following components: MX2: 2.0, RPC-1 receptor for cages;

HD-S10 sensor (catheter measurements: 8 cm x 6 mm), APR-2 ambient pressure

detector, data acquisition and analysis system Powerlab 16/35 and LabChart

Pro 8. Data were obtained with the LabChart Pro 8 Software and were recorded

during all day in three different days during the week. The average of all data

by weeks was represented. In addition, the average of the week was also made

by period of light (8:00 a.m. to 8:00 p.m.) and period of darkness (8:00 p.m. to

8:00 a.m.).

Dipper and non-dipper patterns were calculated as the percentage of

difference between light and night periods as follows:

% = Y. darkness period (12h) — Y light period (12h)

07 Y. darkness period (12h)

All animal protocols were approved by the Animal Ethics Review Committee

for Animal Experimentation of the Universitat Rovira i Virgili and further

approved by Generalitat de Catalunya (permission number 10780).

2.3.  Statistical analysis

Differences produced by the long-term administration of VH or WLPW were

analysed by two-way ANOVA with Tukey’s test as post hoc. Student t-test was

used to analyse the differences between groups in the same week. All the

analyses were performed using GraphPad Prism 7.04 for Windows (GraphPad

Software, San Diego, California). Grubbs test was used to discard possible

outliers. Differences between groups were considered significant when p< 0.05.

3. Results

3.1. Effect of the wine lees powder on body weight and food and

water intake
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Body weight and food and water intake were measured during the six

weeks of study in the two animal groups (Figure 2). Before the study, animals

showed a weight of 307.7 + 19.0 g. During the 6 weeks, body weight of all

animals increased progressively (Figure 2A). No differences were found in body

weight or body weight gain between VH and WLPW groups. In addition, no

differences were observed in food and water intake of animals neither across

the time nor between groups of treatments.

3.2. Effect of the wine lees powder on blood pressure

SBP and DBP levels in SHR were constantly recorded during 24 h on the day

before treatment and three times per week during VH and WLPW (125 mg/kg

bw) treatment period (5 weeks). Initial values of SBP and DBP were 185.6 + 3.5

and 119.9 + 4.4 mmHg, respectively (Figures 3 A and D, week 0). During

treatment period, the control group (VH) showed a progressive increase in SBP,

reaching values up to 204.8 + 3.2 mmHg (mean of the values found during all

the day) in the last week of treatment (Figure 3A). However, SBP of the WLPW-

treated group was maintained showing values of 188.86 + 3.42 mmHg in the 5%

week. Significant differences in SBP levels were found between VH and WLPW

groups from the 3™ to the 5™ week of treatment. The higher differences were

found in the last week of treatment. In addition, these SBP differences between

groups were also observed in both dark and lightness periods (Figures 3B and

3C). Similar pattern was showed in DBP levels. Thus, considering DBP as the

daily mean of the dark and the light periods, a progressive increase of this

parameter was observed up to the 5" week (149.37 + 4.41 mmHg) in the VH-

group while it did not vary in the WLPW-group (Figure 3D-F). DBP values of

animals treated with WLPW was also lowest than that observed in the control

group in the last 3 weeks of treatment.

In the 6" week, animals were not treated. Figure 3 shows that SBP and DBP of

the WLPW-group increased after one week without treatment, observing BP

values similar to that observed in the VH-group.
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Additionally, the dipper or non-dipper patterns were also studied in SBP and
DBP (Figure 4 and Table 1). Figure 4 shows the SBP in the different weeks in a
period of 24 h. Before starting the study, all animal groups presented a non-
dipper pattern showing less than 4% difference between light and darkness
periods in SBP and DBP (Figures 4A and 4B and Table 1). No differences were
found between treatments during the experiment, showing both groups a non-
dipper pattern. SBP was higher throughout the day in the VH group compared
to the WLPW group across the 5 weeks of treatment, with the maximum
difference between groups in the week 5 (Figure 4C). Regarding DBP (Figures
4B, C and F), the variation in DBP followed the same pattern as SBP with the
maximum difference in DBP between groups at week 5™. Finally, SBP and DBP
were not different between VH and WLPW groups during all day in the week
without treatment.

3.3. Effect of the wine lees powder on heart rate, temperature

and activity

Initial values of HR in the animals were 325.75 + 4.92 bpm (Figure 6A). During
the period of treatment, VH-group kept the HR at the same values, while the
animals treated with WLPW showed a reduction in HR in the last week of
treatment, reaching values of 322.22 + 1.80 bpm and 304.62 + 4.56 bpm,
respectively. In the follow-up period without treatment (6™ week), HR was
increased in the animals treated with WLPW and was maintained in the control
group, showing no differences between treatments. When we analysed the
pulse for periods of light and dark, no differences were found between
treatments in the darkness period (Figure 6B). Nevertheless, in the light period
differences between groups were found with an important reduction of HR in
WLPW-group in the last week of treatment (Figure 6C). After treatment
interruption (6™ week), WLPW-group recovered their baseline HR values
showing no differences between groups.
The study of dipper and non-dipper patterns in the HR are shown in Figure 7

and Table 1. A clear dipper pattern is showed before starting the experiment in



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

both groups (Figure 7A) with a percentage of difference between light and

darkness periods of 11.95 and 11.71 % in the VH and WLPW groups respectively

(Table 1). During the treatment period, the HR difference between light and

darkness period in the animals treated with VH was reduced along the weeks

reaching a non-dipper pattern in week 5™ with a value of 9.87% in the VH-group.

However, animals treated with WLPW showed an increase of the difference

between light-dark HR reaching a value of 13.31 % in the week 5™ (Figure 7B,

Table 1), showing a dipper pattern. After a week without treatment (Figure 7C),

the non-dipper effect in the rats treated with VH was more evident and the

group treated with WLPW recovered values similar to that observed in VH

group, also showing a non-dipper pattern.

Activity of SHR was measured to identify if WLPW modify this parameter. In the

week before treatment, the activity was 232.47 + 14.81 in AUC (area under the

curve). The results showed a reduction in the activity higher in WLPW group

respect to control group (Figure 8A). After treatment interruption, activity

values were the same in both groups. Thus, WLPW increased the general

activity of SHR. In addition, this increased activity produced by WLPW is specific

to the period of darkness since during the period of light no changes were

observed between treatments (Figures 8B and 8C). The activity of the control

group is gradually reduced until the last week in the dark period, which does

not occur in the group treated with WLPW. In the second week of treatment

with WLPW, the activity of rats increased while it was decreased in the control

group. In addition, after a week without treatment, both groups showed equal

level of activity in the dark period with a reduction in activity in the WLPW

group.

Finally, temperature was recorded in all animals and no changes were found

across the time and between groups (Figure 8D). The temperature was different

between darkness and light period with 37.96 + 0.07 and 37.06 = 0.06 2C

respectively (Figures 8E and 8F).
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4. Discussion

HTN is one of the main risk factors for CVD [1]. Indeed, the control of BP is
considered the main objective in the different therapies used for the treatment
of CVD [2]. Nevertheless, HTN is a chronic disease, which usually requires
lifelong treatments. The side effects generated by some antihypertensive drugs
have promoted the research for other alternatives in the management of HTN
[3], [14], [23]. In this regard, natural bioactive compounds have emerged as
potential interesting option due to their ability to reduce BP avoiding side
effects [3]. Recently, we have demonstrated the antihypertensive properties of
liqguid WL from Cabernet grape variety [22] and WL extract enriched in phenolic
compounds [24]. However, in adition to phenolic compounds, WL also contain
ethanol, which disappears in the drying process. Therefore the antihypertensive
activity of the WLPW obtained after the WL drying process was investigated.
WLPW acute administration at the most effective dose of 125 mg/kg bw
lowered BP levels, showing antihypertensive properties more potent than that
observed for liquid WL [23]. Their vasoprotective and antioxidant effects were
confirmed as the mechanisms involved in these BP-lowering properties.
Therefore, in the current study we focused on evaluating the long-term effect
of WLPW on BP and other markers of cardiovascular status in SHR.
Furthermore, light and darkness periods were studied separately allowing to
elucidate the effects of the intervention study on dipper and non-dipper
patterns of BP and HR.

SHR are considered one of the best experimental models to evaluate the
antihypertensive effect of antihypertensive compounds since the development
of HTN in these rats is very similar to that observed in humans [25]. Several
studies have reported that SHR show an initial constant increase in BP levels
until it reaches a period of stability [26], [27], [28]. Thus, SBP reaches
approximately 200 mmHg SBP at 17-20 weeks of age [26]. In this study, rats
were 15 weeks old when the study started and their SBP values were 185.56 +

3.52. Across the experimental period, when rats from the VH-group were 21
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weeks old, SBP reached values of 202.68 + 3.55 mmHg. WLPW administration

attenuated the development of HTN in SHR, maintaining the initial BP values

throughout the treatment, which only raised their values in the WLPW-group

animals when the administration of the phenolic rich powder was stopped at

week 6.

Phenolic extracts obtained from other by-products as grape seeds has also

shown long-term antihypertensive effects in a model of diet-induced

hypertensive rats [29]. Notably, the BP-lowering effect produced by WLPW,

could be a promising result because small reductions in BP may have an

important impact on cardiovascular event in the hypertensive population [30].

In this regard, a reduction in 5 and 10 mmHg for DBP and SBP, respectively, in

humans has been reported to be enough to produce a significant reduction in

the risk of suffering or worsening cardiovascular disease [31], [32].

It is well known that BP is modified along the day (24 h) with a higher mean

value of BP during the day-time (light period) compared to night-time (dark

period) [7], [9]. This is due to different factors such as the period of activity [33].

The use of different drugs has been shown to be effective in treating HTN, but

not all showed the same effect throughout the day. In the chronic treatment of

HTN, beta-blockers and ACE inhibitors have been proven to be effective in

reducing both day-time and night-time BP [11], [34], [35]. In these regard, WL

were previously selected by their capacity as ACE inhibitor, exhibiting a great

ACE inhibitor activity in vitro with a great acute antihypertensive effect in SHR

[22], [23]. The present study has also demonstrated its

antihypertensive effect. Furthermore, when we analysed its effect in the

periods of light and darkness, it was observed that the antihypertensive effect

was maintained throughout the day, exhibiting antihypertensive properties in

both periods. Similar results were found with the ACE inhibitor Lisinopril in SHR,

where the BP was reduced in the light and darkness periods [36]. These results

demonstrated the efficacy of WLPW throughout the day during long-term

treatment.
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Abnormalities in cardiac autonomic regulation have been shown to contribute
to an increased risk of CVD, in addition to high BP [6], [37]. The most important
of these parameters is HR where high HR values are related to an increase in BP
[38]. In this sense, therapy against the increase in BP can favour a reduction in
high levels of HR. The use of natural compounds has demonstrated to be
effective in the treatment of HTN. In addition, by-products such as grape seed
have shown to reduce BP and HR in pre- and mild hypertensive subjects [39].
Furthermore, the long-term administration of flavonoids such as quercetin
reduced BP and HR in SHR [40]. Our results are in concordance with these
findings, showing a reduction in HR with following long-term administration
with the phenolic rich powder. A study conducted with SHR and Wistar-Kyoto
rats (their normotensive control), have demonstrated that HR is reduced with
age in both animals models [4]. This could explain the decreasing of HR
throughout the experiment in both SHR groups. In addition, HR also show a
circadian rhythm being higher in the period of activity (darkness period in rats)
and lower in the non-activity period (light period in rats). Our findings are in the
same line showing the higher HR levels in the darkness period and the lower
levels in the light periods. High HR in the non-activity period (light period in rats)
has been related with a higher chance of developing CVD in humans [41].
WLPW did not modify the HR in the darkness period. Nevertheless, WLPW
reduced HR in light period, which could lead to an improvement of
cardiovascular function. In this regard, some phenolic extracts have also shown
to improve cardiac function through the heart rate (HR) [39], [42], [43].

Variations between day-night in BP and HR has been described, exhibiting
different ways of HTN depending on their circadian patterns [11]. Dipper and
non-dipper patterns are the most common, where dipper is the nightly drop in
BP or HR in more than 10 %, generally produced in normotensive and primary
HTN, and non-dipper is the fall or not of the BP or HR at night with a difference
of less than 10 % compared to the day, which are mainly produced in secondary

HTN [10], [11]. Non-dipper pattern has been related with an increased risk of
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organ damage, CVD and death [8], [12]. Our study showed a non-dipper BP
patterns in the animals before starting the experiment and during all the
experiment regardless of treatment.

Regarding the HR, a dipper pattern was showed before starting the experiment
and changed to non-dipper (9.87 %) in the VH-group at the last week of
treatment (week 5%). However, the animals treated with WLPW maintained
their dipper pattern throughout the experiment, even increasing the dipper
percentage from 11.71 to 13.31 %. An increase in 2.4 times of CVD has been
related with a non-dipper HR [8]. Thus, WLPW have demonstrated that could
modulate the circadian rhythm of HR by reducing the risk of organ damage and
death related with a high and non-dipper HR [8]. In addition, the intake of
phenolic compounds has been related with the manage or modulation of
circadian rhythms [44]. Thus, the intake of WLPW could modulate the circadian
rhythm in the HR avoiding loss of circadian rhythm of HR in HTN stage.

Higher activity or exercise has been related with a lower risk of suffer HTN in
humans [45], [46]. It has been shown that the increase of activity or exercise
training decrease sympathetic nervous (SNS) activity, which has an important
role in the development and maintenance of HTN. Thus, the inhibition of SNS
could be attributed to the reduction in BP after exercise [47]. In animal models,
studies conducted in SHR have shown that exercise in early ages in rats with
pre-hypertensive or very early hypertensive state reduce the BP, but not in
older rats [5]. The use of fruit juices or extracts rich in phenolic compounds
increase locomotor activity [42], [43], [48]. Aronia melanocarpa juice (AMJ),
which is rich in phenolic compounds, especially in anthocyanins, have
demonstrated to increase the activity in aged rats [48]. Furthermore, green tea
extract rich in phenolic compounds has shown antihypertensive capacity in
addition to increasing the activity in rats to which HTN has been induced by
administration of olanzapine which decreases locomotor activity [43]. The
results of this study with the powder enriched in phenolic compounds are in

accordance with these findings, demonstrating that WLPW increased the
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activity and controls the rise of BP in SHR. Muscle contraction and the
increment muscle blood flow due to the local release of nitric oxide (NO),
prostaglandins and ATP are one of the mechanisms involved in the BP reduction
with higher locomotor activity [47]. In this sense, it has been previously shown
that the antihypertensive effect of WLPW is mainly mediated by NO and
partially by prostaglandins [Manuscript 5], suggesting that these molecules
could be responsible for the increased activity mediated by long-term WLPW
administration. In addition, the locomotor activity of VH-group decreased
across the time (Figure 5A). This is due to the fact that locomotor capacity is lost
with age, which depends on muscle strength, balance and motor coordination
[47]. However, no modifications were found in the activity of animals treated
with WLPW during treatment period. Additionally, this increment of activity
was specific for darkness-period, the period of activity of the animal, without
finding differences in the period of light. Thus, WLPW could be involved in the
regulation of locomotor activity increasing it during the dark period (active
period). However, more studies are necessaries to elucidate their possible
mechanism involved in that process. Despite the higher activity in the group
treated with WLPW, weight as well as food and water intake were not modified
compared to the control. Finally, no changes were shown in the body
temperature with the intake of WLPW.

5. Conclusion

This study shows the long-term antihypertensive effect of WLPW, which
attenuates the development of HTN in SHR. Additionally, the effect of WLPW
showed a cardioprotector effect with the reduction of HR. According to this,
WLPW elevated the locomotor activity of SHR. Additionally, the intake of WLPW
avoid the change from dipper to non-dipper pattern in HR observed in the
control SHR, which has been related with a high risk to suffer CVD and death.
These findings suggest that WLPW could be used as a functional food to manage
HTN in early stage with an improvement of the cardiac function and an increase

of locomotor activity. Nevertheless, before the commercial use of WLPW, it
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would be necessary to carry out clinical studies to demonstrate their long-term
antihypertensive efficiency in humans.

6. Patents

Patent application “Wine lees, derivatives thereof and their uses”: application

number EP20382358.8 and PCT/EP2021/053051.
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TABLES

Table 1. Dipper and non-dipper patterns showed as the percentage of
difference between light-night periods in systolic blood pressure, diastolic
blood pressure and heart rate. Dipper when the difference is > 10 % and non-

dipper when is < 10 %.

Difference between light-night periods

Systolic blood pressure
Weeks 0 1 2 3 4 5 6
VH 271% 419% 443% 3.68% 212% 4.48%  2.76 %
WLPW 292% 365% 531% 3.29% 446% 434% 2.46%

Diastolic blood pressure
VH 383% 4.56% 514% 445% 4.10% 3.48% 442 %
WLPW 2.58 % 5.26 % 6.17% 4.86% 543% 542% 3.21%

Heart rate
VH 1195% 10.38% 11.39% 11.28% 11.05% 9.87% 8.47 %
WLPW 11.71% 13.19% 13.92% 12.83% 1290% 1331% 8.08%
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Figure 1. Experimental design. Measurement by radiotelemetry of blood
pressure (BP), heart rate (HR), locomotor activity and body temperature during
treatment period (weeks 1-5) with 125 mg/kg/day of WLPW or VH and during
the follow-up period (week 6). Additionally, body weight, food and water intake

were measured during all experiment.
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Figure 2. Measurements of: A) body weight (g), B) food intake (kJ) and C) water
intake (mL) in spontaneously hypertensive rats during five weeks of the
treatment period with vehicle (VH) or wine lees powder (WLPW) and in the
week after removing treatment. Significant differences (p < 0.05) between
treatments are represented by different letters in the legend. p value was

estimated by two-way ANOVA and Tukey test was used as post hoc.
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Figure 4. Systolic blood pressure (SBP) and diastolic blood pressure (DBP)
recorded during 24 h. ZTO and ZT12 is when the light period and the darkness
period initiate respectively. A and B represent the initial 24-h SBP and DBP after
start the treatment. Cand D represent the SBP and DBP respectively during 24h
in the last week of treatment (week 5) with 125 mg/kg/day bw of wine lees
powder (WLPW) or vehicle (VH). E and F show the variability of SBP and DBP

respectively during 24h in the follow-up period without treatment.
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Figure 6. A) Heart rate (HR) during long-term of treatment (weeks 1-5) with
vehicle (VH) or wine lees powder (WLPW) and before and after stopping
treatment in spontaneously hypertensive rats (SHR). Figures B and C represent
the mean HR in darkness and light periods respectively. Significant differences
(p < 0.05) between treatments are represented by different letters in the

legend. p value was estimated by two-way ANOVA and Tukey test was used as

post hoc.
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Figure 7. Heart rate (HR) recording during 24 h. ZTO is the initiation of light
period and ZT12 the initiation of darkness period. A) Represent the initial 24-h
HR after start the treatment. B represent the variability of HR during 24h in the
last week of treatment (week 5) with 125 mg/kg/day bw of wine lees powder
(WLPW) or vehicle (VH). C) Variability of HR during 24h in the follow-up period

without treatment.
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SUPPLEMENTARY

S1. Non-anthocyanin composition of wine lees powder obtained by UHPLC-(ESI-

)-Q-TOF-MS

Compound ug/g wet matter
Catechin 3,599.26 £ 17.70
Catechin gallate 29.49 +0.37
Epicatechin 1,602.95 +5.64
(Epi)catechin O-glucoside isol 18.43+0.01
(Epi)catechin O-glucoside iso2 12.17 £ 0.00
(Epi)catechin O-glucoside iso3 54.19 + 1.08

Procyanidin dimer B2
Procyanidin dimer isol

1,275.58 + 0.37
2,367.19+5.64

Procyanidin dimer iso2 525.71+2.30
Procyanidin dimer iso3 109.12 £+ 0.76
Procyanidin dimer iso4 471.89 +3.92
Procyanidin dimer iso5 159.26 £ 0.82
Procyanidin trimer isol 600.18 £ 3.80
Procyanidin trimer iso2 529.03 £9.77
Procyanidin trimer iso3 225.25+2.14
Procyanidin trimer iso4 118.71+3.90
Procyanidin trimer iso5 508.39+£3.51
Total Flavanols 12,206.80

Quercetin 1,355.94 +4.47
Quercetin-3-0-glucoside 60.09 £ 0.39
Quercetin-3-0-glucuronide 89.22 £0.76
Kaempferol 189.86 + 1.50
kaempferol-3-O-glucuronide 17.70£0.35
Isorhamnetin 411.43+£2.31
Total Flavonols 2,124.24

Gallic acid 4,456.04 + 89.03
Caffeic acid 120.55+0.77
Caffeic acid O-glucoside isol 20.28 £+ 0.74
Caffeic acid O-glucoside iso2 2433 +1.11
p-Coumaric acid 126.82 + 0.68
4-Hydroxybenzoic acid 61.57+2.14
Ferulic acid 27.65+0.43
Vanillic acid 85.90+2.41

Total Phenolic acids 4,923.14

trans-Resveratrol 169.59+0.74
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Resveratrol isol 108.76 £ 0.37
Resveratrol O-glucoside isol 9.95+0.37
Resveratrol O-glucoside iso2 49.77 £ 1.47

Piceatannol 154.84 £ 2.00
Piceatannol 3-O-glucoside isol 8.11+0.00
Piceatannol 3-O-glucoside iso2 2.21+0.00

Viniferin-isol 9.95+0.00
Viniferin-iso2 29.86 +0.41
Total Stilbenes 543.04

Data are represented per g of wet weight
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$2. Anthocyanin composition of wine lees powder obtained by UHPLC-(ESI-)-

Q-TOF-MS
Compound Quantity (pg/g)
Gallocatechin-Malvidin-3-glucoside dimer 9.09 £ 0.04
Malvidin-3-glucoside-(epi)catechin 40.95 +0.12
Delphinidin-3-glucoside 136.02 £ 1.68
Cyanidin-3-glucoside 8.34+0.75
Petunidin-3-glucoside 185.45 + 2.08
Petunidin-3-glucoside-pyruvic acid 3.28+£0.04
Peonidin-3-glucoside 100.31+2.30
Malvidin-3-glucoside 2,236.82 +18.44
Peonidin-3-glucoside-pyruvic acid 1.50+£0.03
Delphinidin-(6-acetyl)-3-glucoside 33.48 +0.83
visitin A (malvidin-3-glucoside-pyruvic acid) 45.23+0.12
Visitin B (malvidin-3-glucoside-acetaldehyde) 112.92+0.54
Malvidin-3-glucoside-ethyl-(epi)catechin 13.47 £0.03
Cyanidin-(6-acetyl)-3-glucoside 7.50+0.21
Acetylvisitin A 28.95+0.41
Malvidin-3-glucoside-ethyl-(epi)catechin 50.75+0.22
Petunidin-(6-acetyl)-3-glucoside 47.51+1.72
Malvidin-3-glucoside-ethyl-(epi)catechin 75.36 +0.67
Acetylvisitin B 61.24 £0.41
Peonidin-(6-acetyl)-3-glucoside 48.65+1.14
Delphinidin-(6-coumaroyl)-3-glucoside 16.10£0.25
Malvidin-(6-acetyl)-3-glucoside 1,046.67 £ 0.77
Coumaroylvisitin A 7.38 £0.06
Malvidin-(6-caffeoyl)-3-glucoside 13.42+0.25
Cyanidin-(6-coumaroyl)-3-glucoside 3.65+0.15
Catechin-ethyl-Malvidin-3-acetylglucoside dimer 32.34£0.29
Petunidin-(6-coumaroyl)-3-glucoside 27.46 £0.33
Pinotin A (malvidin-3-glucoside-vinylcatechol) 30.96 £ 0.47
Malvidin-glucoside-vinyl-catechin 5.64 +£0.03
Coumaroylvisitin B 33.62+0.26
Malvidin-3-glucoside-vinylguaiacol 21.92+0.18
Catechin-ethyl-malvidin-3-coumaroylglucoside dimer 25.24+0.10
Catechin-ethyl-malvidin-3-acetylglucoside dimer 5.33+0.06
Peonidin-(6-coumaroyl)-3-glucoside 34.82 +1.00
Malvidin-(6-coumaroyl)-3-glucoside 396.97 £ 0.55
Malvidin-glucoside-vinyl-catechin 5.99 +0.02
Acetyl-pinotin A 0.26 £ 0.00
Malvidin 3-O-glucoside 4-vinylphenol (Pigment A) 23.58 +0.07
Catechin-ethyl-malvidin-3-coumaroylglucoside dimer 4.37 £0.01
Malvidin acetyl 3-O-glucoside 4-vinylphenol (Acetyl-pigment A) 14.12 +0.16
Total Anthocyanins 4,996.66

Data are represented per g of wet weight
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GENERAL DISCUSSION

Raised BP is the leading cause of death globally, with 10.4 million deaths
a year [1]. Existing treatments for HTN are effective reducing BP in the majority
of hypertensive patients. However, some of these drugs can produce side
effects in some patients. Thus, currently there is an increased interest in the use
of natural products to reduce BP. In this regard, the study of new bioactive
compounds is considered as a good strategy in decreasing the risk of HTN,
especially in prehypertensive subjects since this population is not usually

clinically treated [2].

Food-derived compounds have emerged as source of natural
compounds to manage HTN, being phenolic compounds and bioactive peptides
some of the most studied [2]. They can modulate BP through different
mechanisms such as inhibiting ACE, improving endothelial function or reducing
reactive oxygen species (ROS) [3], [4]. In addition to foods, other interesting
source of these functional compounds are agri-food industry by-products.
These allow enhancing the valorization of these wastes and making the agri-
food industries more environmentally friendly [5], [6]. Annually, large amount
of agri-food by-products are generated during the food processing and, their
valorization has attracted a great deal of attention over the past few years [7].
Grapes are one of the world’s largest fruit crops and the winery industry
generates large amounts of by-products [8]. In this regard, our group has a
range experience in evaluating the beneficial properties, of a grape seed
proanthocyanidins extract [9]. However, the wine production process
generates many other by-products. All of them rich in grape phenolic
compounds and many of these compounds have evidenced ACE inhibitory and
antihypertensive effects [2]. In fact, some of the winery by-products such as
grape pomace, skin or stems have been used to obtain phenolic-enriched
extracts able to reduce BP [10]-[12]. However, the potential antihypertensive

effect of other winery by-products such as WL as source of antihypertensive



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

compounds remains unexplored. Thus, in this Thesis the potential of WL as a
source of antihypertensive compounds to elaborate functional ingredients,
nutraceuticals or food supplements after their oral administration was

investigated.

Therefore, the first objective was to explore the BP lowering properties
of WL [Manuscript 1]. It is well known that phenolic composition of fruits and
vegetables is modified by different factors including variety or plan growth
conditions [13]. Consequently, winery by-products could have different grape
phenolic composition depending of these factors. Thus, the soluble fraction of
five WL, obtained in the elaboration of wine with a single grape variety (red
grapes varieties: Cabernet, Garnacha, Mazuela, Merlot, and white grape
variety: Macabeo), were selected to determine their ability to inhibit ACE. ACEi
activity is commonly used as a screening tool in the search for natural
antihypertensive compounds. The results showed that ACEi activity of the red
grape varieties exerted higher activity than those obtained from the white
grape variety. Similar results were reported by Pozo-Bayén et al. and Alcaide-
Hidalgo et al., who studied the ACEi activity of red (Tempranillo) and white
(Airén, Verdejo and Sauvignon Blanc) wines, respectively [14], [15]. Phenolic
compounds are present in red grapes in larger quantities than in white grapes
[16]. Therefore, these compounds could be responsible for the ACEi effects,
since in vitro studies have demonstrated inhibitory properties of phenolic
compounds on ACE [2]. It is worthy to mention that the ACEi potencies of the
studied red WL are higher to those reported by other authors in milk fermented
with Enterococcus faecalis and Lactobacillus helveticus [17], [18]. However, high
in vitro ACEi activity does not always correlate to in vivo antihypertensive
activity since bioactive compounds can be modified during gastrointestinal
digestion. In addition, phenolic compounds, are widely metabolized, since the
absorbed molecules, are recognized as xenobiotics and undergo Phase-ll
enzymatic detoxification. Moreover, many of them reach the colon, where they

are subjected to microbial metabolism and can be further absorbed and
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undergo Phase-Il reactions [13]. Therefore, in vivo studies are necessary to
demonstrate the antihypertensive effect of ACE inhibitors. Cabernet, Garnacha
and Mazuela WL were selected by their ACEi activity and were evaluated in SHR
after a single oral dose of 5.0 mL/kg bw. SHR are considered one of the best
experimental models to evaluate the antihypertensive effect of drugs since the
development of HTN in these rats is in fact very similar to humans [19]. The
results show that the antihypertensive properties of WL depended on the grape
used in the wine elaboration, since only WL obtained in the elaboration of wine
with Cabernet grapes showed an antihypertensive effect. Furthermore, the
antihypertensive effect of these was significantly similar to that observed for
the antihypertensive drug Captopril. In addition, a possible undesirable
hypotensive effect of WL from the Cabernet grape variety was rule out when
administered to WKY rats, the normotensive control of SHR. These results
indicate that the antihypertensive effect of these WL is specific to the

hypertensive condition.

Phenolic compounds have been widely investigated due to their large
number of beneficial properties, such as their cardioprotective effect [20], in
which antihypertensive activity is included [21]. Since WL are rich in these
compounds, the phenolic profile of the three WL tested in SHR was studied in
order to understand their different BP-lowering behavior. Results revealed that
the WL from Cabernet grape contained twice the amount of total phenolic
compounds when compare to Mazuela or Garnacha WL, with high levels of
families’ flavanol and anthocyanin. Therefore, the BP-lowering effect of these
WL was related to these two families. Specifically, the flavanols catechin,
epicatechin, procyanidins and the anthocyanins: malvidin-3-glucoside,
malvidin-(6-acetyl)-3-glucoside and malvidin-(6-coumaroyl)-3-glucoside were
the compounds whose concentration was higher in the WL from Cabernet
grape variety compared to the Mazuela and Garnacha WL. According to these
findings, the intake of food or extracts rich in flavanols and anthocyanins or the

consumption of the phenolic compounds whose levels were increased in WL
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from Cabernet grapes have been associated with a BP reduction or
cardioprotective action [22]-[28]. Nevertheless, as was aforementioned, fruit
phenolic composition can be modified by different factors including plant
growth conditions, which can vary from year to year. Therefore, the ACEi and
antihypertensive activities of WL from Cabernet grape variety coming from a
different harvest were also studied. However, no significant differences were
founded in their properties, indicating a good reproducibility of the beneficial
effects of these WL and opening the door to their commercial use within the

wine industry.

However, biological functionalities of phenolic compounds not always
actin a dose-dependent manner [29]. Therefore, the establishment of the most
effective dose was considered as essential to optimize the effectivity and
manufacturing of this product. Therefore, the most effective antihypertensive
dose of WL from the Cabernet grapes (2.5, 5.0 and 7.5 mg/kg bw) was
determined in SHR [Manuscript 4]. All doses of WL exhibited antihypertensive
effect, reducing both SBP and DBP values, with the maximum BP decreases at 6
h post-administration. BP lowering effect was dose-dependently up to 5 mL/kg
bw, and no differences were found after the administration of 5.0 and 7.5
mL/kg bw. Thus, 5 mL/kg bw (equivalent to 125 mg/kg bw) was considered as
the most effective dose. It has reported that a reduction in 10 mmHg for SBP
and 5 mmHg for DBP produces a significant reduction in the risk of suffering or
worsening CVD [50,51]. Thus, these evidences point to the great potential of
the WL from the Cabernet grape variety to control BP, more considering that

the dose tested in rats corresponds to only 73 mL for a 70 kg person [30].

Phenolic compounds can be in the food matrix in free form or covalently
bound to soluble or insoluble substances [31]. For example, tannins, phenolic
compounds present in winery by-products, form complexes with proteins [32].
However, the antihypertensive WL tested in the animals only contained soluble
phenolic compounds, since only the soluble fraction of WL was administered to

SHR. Therefore, a high amount of the bioactive compounds can remain in the
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non-soluble fraction of WL. Thus, the extraction of these compounds could
improve the potential of WL, increasing their phenolic content and potentially
enhancing their functionality [Manuscript 2]. Different methodologies have
been described to facilitate the release of phenolic compounds from the matrix
[33]. Enzyme-assisted extraction has emerged as a more eco-friendly
alternative to conventional solvent-based extraction methods [34]. This
technique is based on the use of enzymes to break down different components
of the cell, which enhances the release of phenolic compounds [35]. WL were
submitted to a hydrolysis with the enzymatic commercial preparation
Flavourzyme. The hydrolysis caused an increase of 57.20 % of the phenolic
content compared to the original WL. In this regard, anthocyanins and flavonols
were the phenolic families that increased more after enzymatic extraction,
being the resulting hydrolyzed WL rich in flavanols, anthocyanins, phenolic acids
and flavonols. Moreover, this hydrolyzed WL also showed enhanced
functionality, since a higher antioxidant, ACEi and antihypertensive activities
were exhibited by the hydrolizated compared to the control lees. The
improvement in their antioxidant effects is related to the higher content of
phenolic compounds, specially to the increment in the anthocyanin content. In
fact, a good correlation between anthocyanin compounds and antioxidant
activity has been reported for different WL extracts [36]. In relation to the
antihypertensive activity of the hydrolysate, a single dose of 5 mL/kg bw of it
displayed a more powerful BP-lowering effect than the one showed by the
control WL. Furthermore, the antihypertensive effect was more prolonged than
the one shown by the drug Captopril, remaining until 48 h post administration.
This improvement of the antihypertensive effect was also linked to the release
of phenolic compounds, mainly flavanols and anthocianins, after the enzymatic

hydrolisis.

In addition to the higher content of phenolic compounds, the WL
hydrolizated present also a higher content in protein and the amino acid

residues Pro, lle, Leu, Val and Trp than the control WL. This fact indicates the


https://www.sciencedirect.com/topics/chemistry/anthocyanin
https://www.sciencedirect.com/topics/chemistry/anthocyanin
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release of peptides during the WL hydrolysis. Therefore, the next goal was to
identify potential ACE inhibitors and/or antihypertensive peptides released
during the hydrolysis of WL [Manuscript 3]. Thus, the peptides of the
hydrolysate were subjected to separation according to their molecular size and
hydrophobicity by ultrafiltration and subsequently, RP-HPLC. The posterior
selection according to the exerted ACEi activity allowed to identify the
hydrolysate fractions presenting the highest ACEi activity. These fractions were
further analyzed by HPLC-MS, resulting in the identification of six amino acid
sequences (FKTTDQQTRTTVA, NPKLVTIV, TVTNPARIA, PAGELHP, LDSPSEGRAPG
and LDSPSEGRAPGAD) in the hydrolysate. All of these peptides were released
during the WL protein hydrolysis since these peptides were not found in the WL
without hydrolyzing. TVTNPARIA, PAGELHP and LDSPSEGRAPG exhibited the
highest ACEi activity, showing an [Csp value between 0.5 and 18 pM.
Additionally, the antihypertensive effect of the six peptides were also evaluated
at a dose of 10 mg/kg bw in SHR. All peptides showed an antihypertensive
effect, decreasing both SBP and DBP, except the peptide PAGELHP that did not
show this bioactivity. Similar decrements on BP to the obtained with the
identified peptides have been founded in other peptides obtained from dietary
food [37]-[39]. An additional in silico study revealed that all the identified
peptides are susceptible to gastrointestinal hydrolysis by trypsin, chymotrypsin
or pepsin. Thus, probably fragments of these peptides, more than the complete
sequences, could be the responsible of the peptide bioactivity. Nevertheless,
future studies are required to demonstrate which amino acid sequences could
be responsible of the antihypertensive effect of these peptides since the BP-
lowering effect of the resultant fragments have not been previously reported.
All these results demonstrate that enzymatic extraction is a useful methodology
to release phenolic compounds and bioactive peptides from WL that can be also

be marketed.

Nevertheless, in addition to phenolic compounds, WL contain other

components such as ethanol, which will disappear in the drying process.
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Different studies carried out testing the effects of alcoholic drinks showed that
alcohol can modify BP depending on the dose and intake duration [40].
Therefore, the drying of WL, and their consequent dealcoholization, could
modify their antihypertensive properties. Thus, taking into account that a
drying process is necessary to the commercial use of the WL, the next goal was
to investigate the antihypertensive activity of the WL powder (WLPW) obtained
from the Cabernet grapes [Manuscript 4]. WL from the Cabernet grape variety
were dried, removing alcohol in the process, and the most effective dose (125
mg/kg bw) of these WLPW were administered to SHR. WLPW demonstrated a
greater and more prolonged antihypertensive effect than WL. In concordance
with our results, studies conducted with dealcoholized red wine exerted a
potent antihypertensive effect in subjects with HTN in comparison with red
wine [41]. Nevertheless, the dose of WLPW was lower than those presented in
other studies, where they administered 375 mg/kg bw of flavanol-rich grape
seed extract in SHR with similar BP lowering effects [18]. This could be explained
by the participation in their antihypertensive effect of other phenolic
compounds in addition to flavanols, such as anthocyanins. Furthermore, since
the BP-lowering effect of the WLPW was even more potent than the drug
captopril, it was considered essential to rule out a potential hypotensive effect
on normotensive animals. However, as it has been previously reported for other
products rich in phenolic compounds [26], [42]-[44], the antihypertensive
effect of the dealcoholized WL were specific to the hypertensive state, since no
BP-lowering effects were observed in the normotensive rats. These results open
the door to the use to commercialize the WLPW as functional ingredient,

nutraceutical and food supplements with potent BP-lowering effects.

Different mechanisms may be involved in the BP lowering effect
produced by the WLPW [Manuscript 5] and [Manuscript 6]. Since WL from the
Cabernet grapes were selected according their high ACEi activity, inhibition of
ACE was considered as potential mechanism involved in their antihypertensive

effect [Manuscript 5]. However, no changes in the plasma ACE activity were
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found in SHR after 6 h post-administration of 125 mg/kg bw of dried WL respect
to control group. These results could seem contradictory since the in vitro ACE
inhibitory properties of WL have been reported [45]. However, the lack of
correspondence between in vitro ACEi activity and its plasma ACE activity has
been showed for other phenolic-rich extracts such as a grape seed
proanthocyanidin extract in SHR rats or quercetin-rich onion skin extract in pre-
hypertensive subjects [26], [46]. Nevertheless, the results of this study do not
rule out the involvement of ACE, acting before 6 h post-administration in the

antihypertensive effect of the WLPW.

Oxidative stress is involved in the development of HTN [47]. Since
WLPW showed a potent in vitro antioxidant effect, WL could exhibit their
antihypertensive effect improving the oxidative stress of the hypertensive rats.
In fact, SHR treated WLPW showed an increase of the hepatic GSH and an
increase of plasma NO metabolites respect to non-treated animals.
Furthermore, hepatic ROS levels were also found reduced in these WLPW-
treated animals, which could be associated with the increased NO levels found
in that animals. It is known that ROS reduce endothelial NO availability [44].
Additionally, administration of WLPW reduced plasma MDA, a marker of tissue
damage and failure of the antioxidant defense mechanisms [47], in addition to
play animportantrole in the endothelial dysfunction through inhibition of eNOS
activity and expression. Therefore, the WLPW exert their antihypertensive

effect through the regulation of redox system [Manuscript 5].

On the other hand, the improvement of the redox system by the WLPW
seems to be related to an increase in the availability of NO and the expression
of eNos. Thus, in the following study the role of NO, PGl, and Sirtuins in the
antihypertensive effect of WLPW was also evaluated [Manuscript 6]. A clear
implication of NO and a partial involvement of PGl, and Sirtuins were found in
the antihypertensive effect of WLPW, administrating the WLPW with the
inhibitors of eNOS (L-NAME), prostacyclin (indomethacin) and sirtuin (sirtinol)

to SHR. In addition, this was confirmed with the increment in the aortic levels
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expression of eNos and Sirtl. Sirt-1 plays an important role in eNOS
deacetylation, their active form, therefore, the increase of Sirt-1 promotes the
activation of eNOS and increase NO levels with improve the HTN stage [48].
WLPW also exert their antioxidant effect through endothelium with the
reduction of Nox-4 m-RNA expression, one of the main NADPH oxidases
responsible of the overproduction of ROS in HTN [49], [50]. Furthermore, a
lower ROS production favors a greater amount of free NO, claiming the very
important role of NO in the lowering of BP produced by WLPW. Finally, the

vasoconstrictor Et-1 was also reduced, in the animals administered the WLPW.

All these results confirm the vasoprotective and antioxidant effect of
WLPW, however, HTN is a chronic disease. Therefore, other objective of this
thesis was to evaluate the effect of the WLPW in a long-term administration in
SHR [Manuscript 7]. Hemodynamic parameters such as BP and HR, locomotor
activity and temperature were monitored by telemetry system before (1 week),
during (5 weeks) and after (1 week) the administration of the most effective
dose of WLPW (125 mg/kg/day bw). Additionally, body weight, food and water
intake were measure during all the experiment. Body weight, food and water
intake not showed differences between the animals administered WLPW and
the control group administered vehicle. Several studies have reported that until
reaching the period of stability of BP in SHR, there is an initial period where this
variable increases constantly [51], [52]. In this animal model, the values of SBP
reported reach approximately 200 mmHg SBP at 17-20 weeks of age [53]. Thus,
the animal experiment started when SHR had 15 weeks old. SBP and DBP
showed an increase in the control group along the experiment; nevertheless,
WLPW attenuated the increase of BP. It is well known that BP is modify along
day, therefore, the different periods, light and darkness related in turn to the
periods of inactivity and activity [54], [55], respectively, were studied
separately. The powerful attenuating effect of WLPW was maintained in both
phases and finally, after one week without treatment, BP increased in the group

treated with WLPW until it equaled the control. Furthermore, a reduction
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between 10-20% (dipper) in BP at night is related to a better risk of CVD,

however, a reduction of less than 10% (non-dipper) is related to a greater risk

of stroke and death [56]. SHR showed a non-dipper pattern BP before treatment

which was improved by the administration of WLPW, nevertheless, the pattern

did no change to dipper.

Abnormalities in the HR such as high HR, has been related with an

increase in the BP [57]. Moreover, high HR in the non-activity period (light

period in rats) has been related with a higher chance of developing CVD in

humans [58]. Our results showed a reduction in HR which was specific of the

light period (inactive period) showing the cardioprotective effect of long-term

administration of the WLPW. In the same way as BP, a reduction in HR by more

than 10% (dipper) is related to a cardiac improvement and a lower risk of death

from CVD [59]. Thus, SHR started with a dipper HR which, in the VH-group,

changed to non-dipper in the last week of treatment, showing a lower HR-

variability between the light and dark period with age. However, the animals

treated with WLPW maintained or increased the HR-variability between light

and dark presenting a dipper pattern throughout the experiment. Additionally,

an increase of activity or exercise training decrease sympathetic nervous (SNS)

activity, which has an important role in the development and maintenance of

HTN. Thus, the inhibition of SNS could be attributed to the reduction in BP after

exercise [60]. WLPW increase the activity in SHR during treatment, specifically,

during the peak period (light period). That results suggesting that WLPW could

reduce BP through SNS-mediated locomotor activity. Finally, all the parameters

were equal to those of the control after one week without treatment.

Furthermore, no changes were observed in the body temperature.
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CONCLUSIONS

WL obtained from the elaboration of wine with red grapes presented a
potent in vitro ACEi activity, but only the WL from grapes of the
Cabernet variety exhibited BP-lowering effects. The beneficial
antihypertensive effects were reproducible in these WL from different

harvests.

The BP-lowering effect of the WL was related to the high amount of

anthocyanins and flavanols present in these lees.

WL did not reduced BP in WKY, the normotensive control of the SHR.

Therefore, WL effect is linked to hypertension condition.

The most effective dose of WL was 5 mL/kg bw, showing the maximum
antihypertensive effect 6 h post-administration to SHR. The BP
decrease pattern observed in rats administered WL was similar than the
observed in the group administered the antihypertensive drug

Captopril.

Enzyme-assisted extraction using Flavourzyme was a useful

methodology to obtain WL rich in phenolic compounds.

The WL obtained via enzyme-assisted showed more antioxidant, ACEi
and antihypertensive activities than the control WL. The BP-lowering
effect of an acute dose of 5 mL/kg bw the hydrolyzed WL to SHR was

higher than the one observed in WL-treated rats.

The main phenolic compounds released via hydrolysis were
anthocyanins and flavanols, being the resulting WL rich in flavanols,

anthocyanins, phenolic acids and flavonols.

In addition to phenolic compounds, antihypertensive peptides were
released via enzyme-assisted extraction, indicating that WL can be a

good source of bioactive peptides. FKTTDQQTRTTVA, NPKLVTIV,
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10.

11.

12,

13.

TVTNPARIA and LDSPSEGRAPG, LDSPSEGRAPGAD were the

antihypertensive peptides identified in the hydrolyzed WL.

The drying and consequent dealcoholization of WL leads to an
enhancement of their antihypertensive effects. The administration of
125 mg/kg bw caused a maximum antihypertensive effect 6 h post-
administration to SHR. The BP decrease pattern observed in SHR
administered WL powder was higher than the observed in the group

administered the antihypertensive drug Captopril.

The dried WL did not reduced BP in WKY, the normotensive control of
SHR. Therefore, the BP-lowering effect of the dried WL is linked to

hypertension condition.

The mechanisms operating in the BP-lowering effect of WLPW at 125
mg/kg bw and 6 h post-administration in SHR is mediated by an
antioxidant effect and improving endothelial function. The involvement
of SIRT1, NO and PGIl; pathways, the enhancing of the expression of
Sirtl and eNOS and decreasing of the expression of Nox4 are

demonstrated.

Long-term administration of WLPW (125 mg/kg bw) attenuate the
increase of BP and reduce heart rate in hypertensive rats. WLPW also

increased the locomotor activity in hypertensive rats.

Chronic administration of WLPW modulate the HR circadian rhythm

maintaining a dipper pattern.

Cabernet Wine lees are a good source of antihypertensive compounds. Wine

lees from grapes of the Cabernet variety exhibit an antihypertensive effect

related to their high content of flavanols and antohcyanins. These results

highlight the potential of these WL for controlling arterial BP, opening the door

to commercial use of these lees within the wine industry. In addition, the use of
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enzyme-assisted extraction allows to obtain WL rich in phenolic compounds.

This technology opens the door to the winery industry to maximize the

extraction of phenolic compounds from WL and obtaining hydrolyzed WL with

enhanced antioxidant and antihypertensive properties. In addition to the high

content of flavanols, anthocyanins, phenolic acids and flavonols,

antihypertensive peptides were identified in the hydrolyzed WL. The identified

peptides FKTTDQQTRTTVA, NPKLVTIV, TVTNPARIA, LDSPSEGRAPG and

LDSPSEGRAPGAD could contribute to these WL functionalities. Finally, the

drying and consequent dealcoholization of the WL leaded to an enhancement of

their antihypertensive properties, opening the doors to commercialize the dried

WL as functional ingredient, nutraceutical and food supplements with potent

BP-lowering effects.

Thus, the WL, the hydrolyzed WL, the identified peptides and the dried WL could

be good candidates to be used as nutraceuticals or to be included in functional

food, nutraceutical and food supplement for the mitigation and the prevention

of HTN.
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Manuscript 7:

Objective:

To discuss the potential of grapes and winery by-products as

sources of antihypertensive compounds, including less-studied
by-products such as wine lees and grapes stems.
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ABSTRACT

Background. Hypertension is one of the leading causes of death in the world.

Available antihypertensive pharmacological treatments may have several side

effects and are not suitable for pre-hypertensive subjects. Therefore, there is

an increasing interest in the use of natural products to reduce blood pressure

(BP) and the risk of hypertension. In this regard, agri-food by-products, have

emerged as a novel source of natural antihypertensive agents allowing for their

valorization and making food and agricultural industries more environmentally

friendly.

Scope and approach. In this review, the potential of grape and winery industry

by-products as a source of antihypertensive phenolic compounds is discussed.

Moreover, the impact of winery making process and the use of extraction

techniques to increase the phenolic compounds content in these by-products

are also considered. Key Findings and Conclusions. Grapes are one of the world's

largest fruit crops and over 57 % is destined to produce wine. Thus, winery

industry generates large amounts of by-products that have been shown to be a

source of bioactive compounds, especially phenolic compounds, with several

beneficial effects including antihypertensive properties. Among these, grape

seed, skin and wine lees have shown capability to reduce BP in both human and

animal studies. Therefore, these by-products may lead to the development of

new antihypertensive therapeutics alternatives with reduced side effects,

allowing for their reuse and contributing to a more sustainable system.

Moreover, extraction procedures such as enzymatic hydrolysis can be applied

to obtain products with enriched phenolic compounds content and enhanced

functionality.

Keywords: Antioxidant activity, blood pressure, hypertension, ACE-inhibitory

activity, wine by-product, grape by-product
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1. Introduction

Hypertension (HTN), defined as systolic blood pressure (SBP) > 140 mmHg
and/or diastolic blood pressure (DBP) = 90 mmHg, is a common risk factor for
cardiovascular disease (CVD) and a major global public health challenge (Unger
et al., 2020). Thus, HTN is the leading cause of death globally and increases the
risk of developing brain, hear, kidney or other diseases (Mills et al., 2019; Roth
et al., 2018). In the last years, there have been an increase in HTN prevalence
attributed to unhealthy diets (i.e. high sodium and low potassium intake) and
lack of physical activity (Manson et al., 2004; Mills et al., 2019). According to
the World Health Organization (WHO), 1.13 billion of people worldwide suffer
HTN and less than 20 % are under control (WHO, 2019). HTN is also associated
with other diseases. Thus, more than 50% of hypertensive people have other
common cardiovascular risk factors such as diabetes, lipid disorders,
overweight-obesity or metabolic syndrome (Unger et al., 2020).
Antihypertensive therapy has been shown to reduce the risk of CVD (Lonn et
al., 2016). Hence, It has been suggested that the reduction of both diastolic
blood pressure (DBP) and/or systolic blood pressure (SBP) by only 5 mmHg
and10 mmHg respectively, reduce the risk of suffering cardiovascular events
(Ettehad et al., 2016; Thomopoulos et al., 2014; Zanchetti, 2016). Therefore,
treatments and prevention strategies for lowering blood pressure (BP) and

slowing the progression of HTN are crucial.

In patients with HTN or a pre-existing cardiovascular risk of 10% or higher, both
lifestyle change and medication are recommended (Muntner & Whelton, 2017).
Current available treatments include five classes of drugs according to their
targets: angiotensin Il receptor blockers and angiotensin-converting enzyme
(ACE) inhibitors, beta-blockers, diuretics and calcium-channel blockers, (James
et al., 2014; Mancia & Zanchetti, 2008). However, they may present several side
effects such as hypotension, dizziness, hyperkalaemia or increase creatinine

levels among others (Boeuf-Gibot et al., 2020). Moreover, these drugs are not
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suitable for treating pre-hypertensive or normotensive individuals at risk of
cardiovascular diseases as they may have different metabolic side effects. Thus,
implementation of lifestyle modifications is the most recurrent method in these
patients (Collier & Landram, 2012; Samadian et al., 2016), (Margalef et al.,
2017). However, it is important to act at this pre-hypertensive stage with the
aim to avoid the development of HTN (Margalef et al., 2017). Therefore, there
is a need to develop new therapeutic antihypertensive treatments with reduced
side effects and suitable for pre-hypertensive patients. In this regard, natural
food products are of high interest for both scientific and food industry
communities as they are a great source of bioactive compounds with several
beneficial effects including antihypertensive (Jakubczyk et al., 2020; Maqgsood
et al.,, 2020). Indeed, new natural treatments aiming to reduce BP have
emerged in the last years, specially ACE inhibitors (ACEi) (Sturrock et al., 2019).
ACEi can exert their inhibition on the RAAS system preventing the change from
Ang | to Ang Il, a potent vasoconstrictor implicated in the development of HTN
(Weir, 1999). Reduction of Ang Il production mediated by ACE inhibition lowers
BP thereby controlling HTN status (Margalef et al., 2017). The use of
angiotensin-receptor inhibitors and some calcium channels inhibitors are the
only drugs capable of treating prehypertension in a safer way, avoiding possible
side effects (Messerli et al., 2007). Therefore, new natural therapeutic
antihypertensive treatments are focused in the inhibition of ACE to manage

HTN (Margalef et al., 2017).

In addition to foods, an interesting source of functional compounds are agri-
food industry by-products (Teixeira et al., 2014; Trigo et al., 2020). Indeed,
according to the Food and Agriculture Organization (FAO) of the United Nations,
about 1.3 billion tonnes of foods are lost or wasted globally (FAO, 2020).
Therefore, the possibility to reuse them to obtain bioactive compounds allows
for their valorisation. Moreover, the shortage of raw materials around the
world is an economic, social and environmental problem, making food products

more expensive, exploiting natural resources and increasing levels of poverty,
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malnutrition and new diseases (Tomiyama et al., 2020). The current linear

economic model is based on the constant need for short shelf-life products,

forcing greater production to alleviate the high demand from the consumer and

generating an environmental and economic crisis due to the limitation of

natural resources (Garza-Reyes et al., 2019; Subramanian, 2018). Thus, a new

(circular) economy model has emerged in the last decade in order to respond

to high demands by generating fewer waste products and reusing them,

contributing to a more sustainable and environmentally friendly economy (Del

Borghi et al., 2020). Therefore, agri-food by-products have emerged as a novel

source to obtain natural bioactive compounds with a wide range of beneficial

activities, including antihypertensive properties, that can be used as functional

ingredients or nutraceuticals, (Ben-Othman et al., 2020; Di Lorenzo et al., 2015;

Margalef et al., 2017; Pons et al., 2016a; Rasines-Perea et al., 2018; Shrikhande,

2000; Teixeira et al., 2014) (Banerjee et al., 2017) (Iriondo-Dehond et al., 2018).

Fruits and vegetables and their derived by-products are of particular interest as

they are rich in bioactive compounds, mainly phenolic compounds and peptides

(Margalef et al., 2017). These bioactive compounds present similar or even

more potent antihypertensive effects than pharmacological therapies, inspiring

many researchers to explore new therapies for HTN (Zhao et al., 2017). Among

these plant-based products, grapes are one of the most important as they are

the world’s largest fruit crops. The 57 % of its production is destined to make

wine generating large amounts of by-products (Musee et al.,, 2007; OIV &

International Organisation of Vine and Wine, 2019). Several studies have

shown different beneficial effects of grapes and wine on BP, attributed to their

bioactive compound content, mainly phenolic compounds (Dohadwala & Vita,

2009; Wightman & Heuberger, 2015; Ye et al., 2019).

Therefore, the objective of this review was to discuss the potential of grapes

and winery by-products as sources of antihypertensive compounds, including

less-studied by-products such as wine lees and grapes stems.



UNIVERSITAT ROVIRA | VIRGILI

WINE LEES AND THEIR DERIVED PRODUCTS TO MANAGE HYPERTENSION. IDENTIFICATION
OF THEIR BIOACTIVE COMPOUNDS AND UNDERLYING MECHANISMS

Raul Lépez Fernandez

2. Grapes, wine, and derived by-products as a source of bioactive

phenolic compounds
2.1. Grapes

Grapes are one of the most common and important fruits worldwide, and they
are often consumed raw or after being converted to juice, wine, or jam
(Dohadwala & Vita, 2009; Sovak, 2001). Grape production in 2018 was 77.8 mt
worldwide but only a 36 % of this production is destined to be consumed as a
fruit. The rest is destined to produce wine or make other grape products using
dried grape (57% and 7%, respectively) (OIV & International Organisation of
Vine and Wine, 2019). Grape berries beneficial effects have been mainly
associated to their content in phenolic compounds, as they are their main
constituents (Rasines-Perea & Teissedre, 2017). This fact, together with their
high production and consumption in the world, has made them and its

derivatives one of the most studied products to evaluate their beneficial effects.

The phenolic composition of grapes may vary depending on different factors
such as soil, climate, degree of maturity or grape variety (Garrido & Borges,
2013; Josep et al., 2010). Focusing on grape variety, the red ones have a higher
total amount of phenolic compounds than the white varieties. This is due to the
pigments contained in the red grape responsible for the different shade of the
grape. These pigments are mainly anthocyanins that are absent in white grapes.
Table 1 shows an example of the phenolic composition found in the most
studied grape varieties. Phenolic compounds in grapes are mostly distributed in
grape seeds at 60%—70%, followed by skins at 28%—35% and pulp with less than
10% (Trigo et al., 2020). Anthocyanins are mainly found in red grapes since they
are responsible for their red colour. Indeed, they also contribute with other
pigmentations (blue or purple) of many flowers, fruits and vegetables (Khoo et
al.,, 2017). There are five main types of anthocyanins found in red grapes:

malvidin-3-O-glucoside, cyanidin-3-O-glucoside, delphinidin-3-O-glucoside,
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petunidin-3-0O-glucoside, and peonidin-3-O-glucoside. Malvidin-3-O-glucoside

was the most predominant (Iglesias-Carres et al., 2018, 2019; Zhao et al., 2017).

Regarding flavanols, (+)-catechin and its isomer (-)-epicatechin are the most

abundant in grapes. Frequently, flavanols are conjugated with gallic acid giving

rise to the gallate flavanols which include epicatechin gallate, catechin gallate,

epigallocatechin gallate and gallocatechin gallate (Braicu et al.,, 2011).

Condensed tannins, also known as proanthocyanidins, are oligomeric and

polymeric compounds which consist in couple flavanol units.

proanthocyanidins, procyanidins are the most abundant, which contain

exclusively (epi)catechin units (D. Del Rio et al., 2013).

Flavonols are less distributed in grapes than anthocyanins and are typically

found as glycosides. The main flavonols found in the grapes are quercetin,

kaempferol and isorhamnetin glucosides (Larson et al., 2012; Y. Li et al., 2016;

Marunaka et al., 2017). The disaccharide quercetin-3-O-rutinoside is a common

dietary component (D. Del Rio et al., 2013). Moreover, grapes also contain non-

flavonoids, composed by two groups: phenolic acids and stilbenes. Stilbenes are

compounds presenting two aromatic rings connected by ethylene bridge.

Resveratrol and its structural analogue, pterostilbene, are the main stilbenes

found in grapes (Peng et al., 2018). Gallic acid (GA) is the main phenolic acid

found in grapes (Dludla et al., 2019; Jin et al., 2017; Mirvish et al., 1975).

2.2. Wine

The main grape-derived product is wine, being around 57 % of grape production

used to this purpose (OIV & International Organisation of Vine and Wine, 2019).

According to 2019 statistical report from the International Organization of Vine

and Wine, Spain is the third wine-producing country in the world with 44.4

million hectolitres, behind Italy and France (54.8 and 48.6 million hectolitres,

respectively). However, Spain is the country with the highest number of

hectares of vineyard (Jones & Webb, 2010; OIV & International Organisation of

Vine and Wine, 2019).
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Wine is composed mainly of water, carbohydrates, organic acids, minerals,

alcohol, polyphenols and aromatics (Snopek et al.,, 2018). Wine may be

classified in red, white, and rosé wines being the red and white wines the most

consumed. Wine contains a large quantity of phenolic compounds responsible

of its beneficial effects. Among the two main types of wine, phenolic

compounds content ranges from around 189-554 mg/L in white wine and from

1,538-3,406 mg/L in red wine. This difference is mainly due to the high

anthocyanins content of red wine (>700 mg/L), which are absent in white wine

(Visioli et al., 2020). Thus, red wine is the most studied by its higher content in

phenolic compounds.

Flavanols and anthocyanins are the most abundant phenolic compounds in

wine, followed by phenolic acids, flavonols and stilbenes. Among these, the

main compounds are catechin, epicatechin and proanthocyanidins in flavanols

group; cyanidin, delphinidin, malvidin, peodinin, petunidin and their derivatives

(commonly linked to sugar molecules, aliphatic acids or acyl groups) in

anthocyanin group; caffeic acid, ferulic acid, p-coumaric acid, o-coumaric acid,

2,3-dihydroxybenzoic acid, 2-hydroxybenzoic acid, 4-hydroxybenzoic acid, gallic

acid and vanillic acid in the phenolic acids group; kaempferol, myricetin,

quercetin and their respective glycosides in the flavonols group; and resveratrol

and piceatannol in stilbene group (Visioli et al., 2020).

Resveratrol is one of the phenolic compounds found in great quantity in wine

and of great importance in research. Thus, resveratrol is the most studied

phenolic compound in wine, and have been related with several healthy

properties including: amelioration of renal injury, decrease of oxidative stress,

improvement of cardiac function, reduction of lipogenesis and anti-

inflammatory and antihypertensive properties (lzdebska et al., 2018; E. N. Kim

et al., 2018; Matsumura et al., 2018; Rafe et al., 2019; S. Rio et al., 2018).

2.3. Wine derived by-products
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Winery industries produce millions of tons of waste. Winemaking process is

based on an ancestral procedure so that the winemaking process has been

closely linked to artisan techniques or practices, limiting progress technology to

those applications aimed at minimizing waste. Thus, the valorisation of these

by-products is of great interest. The main residues of this activity are, in order

of importance, organic residues (bagasse, seeds, pulp, skins, scrapes and

leaves), sewage, emission of greenhouse gases (CO,, volatile organic

compounds, etc.) and inorganic residues (diatomaceous earth, perlite, clays,

bentonite) (Teixeira et al., 2014).

The characteristics and composition of these by-products are very related to

the winemaking techniques used. Thus, the bioactive compounds such as

phenolic compounds may vary in the same by-product depending on the

winemaking process. The general procedure to make wine starts with the

harvest of grapes and, depending on the desired wine composition, stems can

be removed (Figure 1). Grapes are crushed and, in the case of red wine,

fermentation and maceration are carried out with the juice and pomace

providing pigments, mainly anthocyanins, which are responsible of its red

colour. Afterwards, the generated grape juice is pressed to remove grape

bagasse, also called grape pomace, grape skin and grape seed. Then, the

fermentation can either continue in the tanks or finish. After the fermentation

process, wine is separated from solid residues called lees (lees of first decanting

step) by transferring it to another container, a process called racking. The

obtained wine may continue with the malolactic fermentation in the tanks if it

is desired. Lees can also be obtained from this second fermentation after

sedimentation decanting. Finally, wine suffers a process of maturation in

barrels and natural clarification and stabilization before bottling.

winemaking process, the process is the same but with the exception of the first

fermentation, which is not carried out (Beres et al., 2017).
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Winery-derived by-products include grape pomace, grape seed, grape skin,
grape stem and wine lees (WL) (Di Lorenzo et al., 2015; Giacobbo et al., 2019;
Musee et al., 2007; Shrikhande, 2000).

2.3.1. Grape pomace. Bagasse or commonly called grape pomace (GP) is an
abundant by-product from the wine industry, resulting from the pressing
and/or fermentation processes. GP consists of the remaining skin, seeds and
stalks and represents around 25% of total grape weight used in the winemaking
process (Beres et al., 2017). It has a high content in dietary fibre with values
between 172.8-887.0 mg/g of dry weight following by carbohydrates (122.0-
405.3 mg/g) and protein (35.7-141.7 mg/g) (Antoni¢ et al., 2020). In red wine
the first fermentation before generation of pomace is the only step that does
not occurs in white wine, however, there are not large changes in their bioactive
compounds content. Therefore, significant amounts of bioactive compounds
such as phenolic compounds are retained in red and white grape pomace (Beres
et al., 2017). GP phenolic composition may vary depending on the variety and
maturity of grape and climatological conditions (Antoni¢ et al., 2020). It has a
wide range of phenolic compounds as it is made up of polyphenol-rich grape
skin and seed. Thus, we found (+)-catechin and (-)-epicatechin like the most
abundant flavonoids, followed by gallic acid, quercetin and quercetin-3-
glucoside. The stilbene compounds are low with trans-resveratrol and
piceatannol. Anthocyanins, the main group in red grapes, are mainly
concentrated in the skin and flavanols in the seed. Malvidin 3-O-glucoside is the
anthocyanin predominant followed by peonidin, delphinidin-3-glucoside or

petunidin (Garcia-Lomillo & Gonzalez-SanJosé, 2017).

2.3.2. Grape seed. Grape seeds are another by-product from the grape/wine
industry that has been widely studied. They represent 13% of the grape’s
weight and from 38% to 52% of GP in dry weight. They are composed of around
40% dietary fibre, 16% oil, 11% proteins and 7% phenolic compounds and other

compounds (Pasini et al., 2019). Regarding phenolic composition, flavanols are
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the major group found in grape seeds, being proanthocyanidins the most
abundant. These dimeric compounds are composed by flavanols units of (+)-
catechin and (-)-epicatechin linked together through interflavanoid bonds and
by gallate esters (Rockenbach et al., 2012). In addition, quercetin and their
derivatives are other flavonols found in high quantities in grapes seeds (Kadri
et al., 2019). Moreover, these seeds contain phenolic acids, standing out the
gallic acid found as gallic acid and gallic acid ethyl ester (M. M. Panteli¢ et al.,
2016; Yilmaz & Toledo, 2004). Therefore, due to its high phenolic content,
grape seeds have been extensively used to generate different
proanthocyanidin-rich extracts (Gupta et al., 2020; Katiyar, 2015; Liang et al.,
2016). As an example, Quifiones et al. 2013 studied a grape seed
proanthocyanidin extract (GSPE) comprised of 52% of phenolic compounds. The
analysis of the individual phenolic compounds in GSPE by reverse-phase LC-MS
revealed that the most abundant phenols included GA, monomeric flavanols (-
)-epicatechin and (+)-catechin, and dimer flavanols, both in their free and linked

to gallate forms (M. Quifiones et al., 2013).

2.3.3. Grape skin. Grape skins can be obtained from pomaces generated in
the vinification. Their phenolic content represents between 28%—-35% of the
total phenolic content in grapes (Trigo et al., 2020). However, the quantity of
phenolic compounds depends on different factors such as the winemaking
process used. Grape skins obtained in white winemaking preserve nearly all
their phenolic compounds while those obtained from red winemaking are less
interesting. They loss an important part of their content in these compounds
(mainly anthocyanins) in the maceration process during alcoholic fermentation
(Luo et al., 2016). Anthocyanins are the main group of phenolic compounds
found in white grape skin, with malvidin 3-O-glucoside as the predominant
compound mostly followed by peonidin 3-O-glucoside. This is due to the lack of
alcoholic fermentation and maceration steps in white winemaking (Kammerer
et al., 2004). Flavanols are the second group found in the major quantities in

white grape skin and the first in red grape skin, being (+)-catechin the main
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monomer present in grape skin, followed by (-)-epicatechin and procyanidins

(B1 and B3) (Rodriguez Montealegre et al., 2006). High levels of flavonols,

specially quercetin and kaempferol derivatives glycosides (myricetin-3-O-

glucoside, quercetin-3-0-galactoside, quercetin-3-O-glucoside and kaempferol-

3-O-glucoside) (Pea-Neira et al., 2007). Regarding phenolic acid group, gallic

acid, protocatechuic acid, caftaric acid, coutaric acid, p-hydroxybenzoic acid

and caffeic acid are identified although their content is small in comparison to

the other groups (Kammerer et al., 2004; Rodriguez Montealegre et al., 2006).

Trans-resveratrol and trans-polydatin are the main stilbenes found in grape

skin. Many studies use the skin together with the seed of the grapes, since both

by-products are extracted at the same time in the winemaking (fermentation

or pressing) (Mahmoudi et al., 2018; Sochorova et al., 2020; Yilmaz & Toledo,

2004).

2.3.4. Grape stem. The grape stem represents 5% of the grapes processed by

dry weight, being approximately 25% of the total by-products generated by the

wine industry. As mentioned earlier, like other the wine industry by-products,

the grape stem is rich in phenolic compounds with amounts between 187-378

mg/gallic acid by dry matter (Goutzourelas, Stagos, Spanidis, et al., 2015; Nieto

et al., 2020). Forty-two phenolic compounds have been identified in grape stem

extract, including phenolic acids, stilbenes, flavonols and flavanols, being

flavanols the predominant in grape stem. Gallic and caftarc acids are the

principal phenolic acids in grape stem extract. Trans-resveratrol, €-viniferin,

trans-resveratrol-glucoside (piceid), along with different dimmers and trimers

of trans- and cis-resveratrol, are the main stilbenes identified. Catechin

followed by epicatechin, was the main monomeric compound and procyanidin

dimer B1 the highest dimer compound in the flavanols group. The most

remarkable flavonols are quercetin-3-O-glucuronide, followed by quercetin-3-

O-glucoside, and malvidin-3-O-glucoside is the most abundant anthocyanin

(Nieto et al., 2020).
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2.3.5. Wine lees. According to the Council Regulation (EEC) No. 337/79, wine
lees (WL) are “the residue that forms at the bottom of recipients containing
wine, after fermentation, during storage or after authorized treatments, as well
as the residue obtained following the filtration or centrifugation of this product”
(Pérez-Serradilla & de Castro, 2008). Wine lees (WL) represent between 14-25%
of waste wineries (Giacobbo et al., 2019). They are mainly composed of yeasts,
tartaric acid, inorganic matter and phenolic compounds (Pérez-Serradilla &
Luque de Castro, 2011). WL has two phases, a solid and a liquid. The solid phase
is rich in protein and essential free amino acids. However, the high amounts of
phenolic compounds associated with these proteins make this solid fraction not
assimilable (Beres et al., 2017; Bustamante et al., 2008; De Iseppi et al., 2020).
Phenolic profile of WL has been characterized in phenolic extracts obtained
from the liquid and solid fractions (Table 2). The most common technique for
extraction of phenolic compounds from WL is solid-liquid extraction. Most of
the studies have been carried out on the solid fraction of WL after a
centrifugation process and have shown a high content of phenolic compounds
(Jara-Palacios, 2019). However, phenolic compounds are not totally extracted
by centrifugation, remaining in the solid fraction bound to yeast cell walls. The
presence of phenolic compounds in WL is due to the great adsorption capacity
of the yeast cell wall used in the winemaking process. Thus, the use of
extraction methods are required to extract all the phenolic potential contained
in this by-product (Morata et al., 2005). The phenolic compound profile of WL
varies depending on the type of grape used and the winemaking process (Pérez-
Serradilla & Luque de Castro, 2011). Total phenolic content shows a high level
of phenolic compounds with higher quantity of non-flavonoids vs. flavonoids.
Within flavonoids, anthocyanins are the most abundant in WL (Giacobbo et al.,
2019; Landeka Jurcevié et al., 2017). Rutin and quercetin followed by ellagic,
gallic, caffeic and p-coumaric acids have been described as the most abundant
phenolic compounds in WL (Caro et al., 2017a; Landeka Jurcevié et al., 2017).

Moreover, we have recently shown that the phenolic compounds content and
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profile may vary dependeing on the grape variety. Thus, WL from Cabernet,
Mazuela, and Garnacha varieties showed different total phenolic compounds
content, being almost doubled in WL from cabernet (CWL) compared to WL
from Mazuela and Garnacha (690.6, 395.3, and 379.6 mg/L, respectively). In
addition, CWL showed higher content of flavanols and anthocyanins than WL
from Mazuela and Garnacha varieties (Lopez-Fernandez-Sobrino, Soliz-Rueda,

Margalef, et al., 2021).
3. Phenolic compounds and their antihypertensive potential

As mentioned above, phenolic compounds are the main bioactive constituents
in grape, wine and their derived by-products. These compounds involve a large
group of bioactive phytochemicals that present at least one aromatic ring with
one or more hydroxyl group in their main structure (D. Del Rio et al., 2013).
These can be classified into flavonoids (flavanols, flavonols and anthocyanins),
stilbenes, phenolic acids and lignans (Fraga et al., 2019). Different studies have
shown several health properties of phenolic compounds, including
antihypertensive effects (Dabeek & Marra, 2019; Durazzo et al., 2019; Guerrero
et al, 2012; Maaliki et al., 2019; Schini-Kerth et al., 2010). Moreover,
consumption of phenol-rich foods has been associated with a range of health
benefits, including the reduction of cardiometabolic risk factors in humans
(Fraga et al., 2019). Figure 2 shows the different mechanisms through which
phenolic compounds manage HTN in the endothelium. Within flavonoids,
flavanols of different sources such as cocoa have been proved to improve CVD
by reducing BP (Martin & Ramos, 2021; X. Wang et al., 2014). Furthermore,
consumption of foods and extracts rich in flavanols and proanthocyanidins has
been shown to improve the CVD through the reduction of BP in hypertensive
and pre-hypertensive subjects (Heiss et al., 2010; Ren et al., 2021). In addition,
flavonols have shown ACE inhibitory potential. This enzyme acts at the renin-
angiotensin-aldosterone system (RAAS) level, one of the main mechanisms of

BP regulation (Hall et al., 1990). It cleaves the decapeptide angiotensin | (Ang 1)
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releasing the octapeptide angiotensin 1l (Ang Il), which can act as
vasoconstrictor through its binding to Ang-Il type 1 receptor (AT1R). Moreover,
Ang Il induces the production of aldosterone in the zona glomerulosa of adrenal
glands, leading to the retention of Na* and water and increasing BP (Cachofeiro
et al.,, 2008; Reaux et al., 1999). Therefore, its inhibition is one of the main
targets when looking for compounds with BP-lowering effects. In an in vitro
study, seventeen different flavonoids showed ACE inhibitory potencies ranging
from 17-95% at a concentration of 500 uM. Their activity was related with sub-
structures on the flavonoid skeleton, mainly the catechol group in the B-ring,
the double bond between C2 and C3 at the C-ring and the ketone group in C4
at the C-ring (Guerrero et al., 2012). Furthermore, administration of individual
flavanols, such as catechin and epicatechin, to hypertensive animals also led to
BP reduction (Mar Quifiones et al., 2015). These beneficial effects has been
linked to increased production in endothelial cells of nitric oxide (NO), the main
endothelium-derived vasodilator factor (M. Quifiones et al., 2014; Schini-Kerth
et al., 2010). This is also related to the strong antioxidant potential of phenolic
compounds. Thus, overproduction of reactive oxygen species (ROS) contributes
to the development of CVD and endothelial dysfunction (Cheng et al., 2017). In
the blood vessels, high levels of ROS are related with low levels of vasodilators
generating endothelial dysfunction. NO is the main vasodilator affected as it
interacts with oxygen free radicals to generate peroxynitrite (ONOO-). This
leads to a reduced NO availability and increased ROS levels promoting HTN
stage (Rodrigo et al., 2015) (Incalza et al., 2018). Furthermore, the increment
of ROS levels in cardiovascular control organs elicit targeted immune response,
which potentiates systemic HTN and its complications. Thus, oxidative stress
induced by pro-inflammatory signals worsens the immunologic response in
endothelium, which produces the progressive deterioration of vascular
function (Crowley, 2014). Moreover, high levels of oxidative stress in
hypertensive states increase Ang Il levels, which stimulate the production of

ROS through NADPH oxidase (NOX). Isoforms of this enzyme, in particular
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NOX1/NOX2, are involved in the development of endothelial dysfunction, HTN
and inflammation. Therefore, antioxidant properties of polyphenols can protect

from increased ROS levels contributing to vascular homeostasis.

Red grapes are also rich in anthocyanins, which are the responsible of their
colour (Khoo et al., 2017). Dietary intake of anthocyanins has been studied for
its health-promoting effects, more specifically with respect CVD prevention
(Wallace, 2011). Intake of anthocyanin-rich extracts of different sources, such
as chokeberry, bilberry or elderberry, led to increased endothelial NO levels via
the regulation of endothelial NO synthase (eNOS) expression and activity,
promoting vasorelaxation in pig coronary arterial rings (Bell & Gochenaur,
2006). In addition, anthocyanin-rich black soybean has demonstrated
antioxidant and antihypertensive properties, preventing oxidative damage,
increasing NO bioavailability and reducing NOX activity in lipopolisacharide
(LPS)-stimulated RAW 264.7 cells (J. N. Kim et al., 2017). Moreover, three meta-
analyses of randomized controlled trials demonstrated the association between
consumption of different sources of anthocyanins and the significant reduction
of SBP and improved vascular function (Fairlie-Jones et al., 2017; Huang, Chen,
Liao, Zhu, & Xue, 2016; Yang et al., 2017). One of these meta-analysis involving
24 clinical studies in healthy and hypertensive subjects showed that acute and
chronic anthocyanin consumption improves flow-mediated dilatation and, in
the case of acute administration, also the pulse, promoting vascular health
(Fairlie-Jones et al., 2017). In addition, a meta-analysis conducted with 22
clinical trials in healthy and hypertensive subjects showed that consumption of
berries rich in anthocyanins significantly reduces CVD risk factors including SBP,
low density lipoprotein (LDL)-cholesterol and fasting glucose levels (Huang,
Chen, Liao, Zhu, & Xue, 2016). Recently, hydroalcoholic extracts of Patagonian
Calafate berry (Berberis microphylla) containing conjugated anthocyanins,
mainly glycosylated anthocyanidins such as delphinidin-3-glucoside, petunidin-
3-glucoside and malvidin-3-glucoside, showed strong vasodilatation effects in a

rat arterial mesenteric bed bioassay (Calfio & Huidobro-Toro, 2019). Vascular
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responses of these glycosylated anthocyanins were endothelium-dependent,

mediated by NO production and independent of antioxidant capacity.

Within stilbenes family, resveratrol is the most abundant in grapes, red wine
and berries and has been proven to exert numerous beneficial effects, including
antihypertensive effects (Bonnefont-Rousselot, 2016). Thus, resveratrol has
shown antihypertensive properties in different models of hypertensive rats
associated with the improvement of endothelium through vascular relaxation
(Akar et al., 2012; Bhatt et al., 2011; Miatello et al., 2005; Mizutani et al., 2000),
enhanced eNOS activity (Akar et al., 2012; Bhatt et al., 2011; Miatello et al.,
2005) and subsequently increase of NO (Bhatt et al., 2011). This
antihypertensive potential of resveratrol is also related to its antioxidant
capability. Hence, resveratrol administration to hypertensive rodents led to
increased superoxide dismutase (SOD) (Bagul et al., 2012; Bhatt et al., 2011;
Franco et al., 2013; Ramar et al., 2012), catalase (Bagul et al., 2012; Franco et
al., 2013), glutathione peroxidase (GPx) (Ramar et al., 2012) and reduced
glutathione (GSH) (Alturfan et al., 2012; Bagul et al., 2012; Ramar et al., 2012)
activity. Furthermore, resveratrol activate sirtuins such as SIRT1 which is
implicated in the deacetylation and consequent activation of eNOS (Gertz et al.,
2012). However, there is some controversy regarding the effects of resveratrol
on BP in humans. Thus, a meta-analysis of randomized controlled trials showed
no relationship between resveratrol and pressure drop (Sahebkar et al., 2015).
Other meta-analysis in obese or pre-hypertensive subjects showed a reduction
in SBP after intake of resveratrol (Asgary et al., 2019; Fogacci et al., 2019;
Huang, Chen, Liao, Zhu, Pu, et al., 2016), and, in some cases, this effect was only

observed at high doses (Huang, Chen, Liao, Zhu, Pu, et al., 2016).

Regarding the flavonol group, quercetin and kaempferol are the most widely
distributed in foods with potential cardiovascular-related benefits (Dabeek &
Marra, 2019). Quercetin is found mainly in asparagus, onion and berries and
kaempferol in the green leafy vegetables like spinach, but they are also found

to a lesser extent in red wine (Dabeek & Marra, 2019). Quercetin stands out for
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its capacity of improving endothelial function by the modulation of vasoactive
agents, increasing NO levels and reducing the vasoconstrictor factor
endothelin-1 (ET-1), in addition to prevent the endothelial cell apoptosis
(Marunaka et al., 2017), (Dayoub et al., 2014). Quercetin acts via radical
scavenging ability regulating enzymes such as hemeoxygenase-1 (HO-1) and
reduces ROS production in macrophages (lbarra et al., 2003). In hypertensive
animal model, quercetin presented the ability to inhibit ACE, reducing BP levels
(Ibarra et al.,, 2003). In subjects with metabolic syndrome, the intake of
quercetin decreases SBP (Egert et al., 2009) and their intake in hypertensive
subjects reduced the SBP and DBP in hypertensive subjects but not in subjects
with pre-hypertension (Marunaka et al., 2017). Endothelial function was also
improved in healthy men as shown by a randomized, placebo-controlled,
crossover trial where the administration of quercetin increased the levels of NO
and reduced ET-1 (Loke et al., 2008). Moreover, a randomised double-blinded
controlled cross-over trial in pre-hypertensive subjects showed that intake of a
quercetin-rich onion skin extract reduced the arterial BP probably by the
regulation of ET-1 production (Brill et al., 2015). In addition, a meta-analysis of
7 randomized controlled trials showed the reduction of SBP and DBP after

supplementation with quercetin (Serban et al., 2016).

4. Antihypertensive effect of grapes, wine and winery by-products

As mentioned above, grapes, wine and winery-derived by-products are rich in
phenolic compounds, which have widely shown several beneficial effects
including antihypertensive properties. Therefore, they constitute a potential

valuable source to obtain new antihypertensive natural therapeutics.

4.1. Grapes. The antihypertensive properties of grapes have been reported by
both animals and human studies (Table 3). In this regard, the administration of
grape powder (600 mg/day) to spontaneously hypertensive rats (SHR)
produced an improvement of the endothelial function mediated by an

increment of eNOS production, which was accompanied by a BP-lowering effect
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(10 mmHg) (Thandapilly et al., 2012). Moreover, administration of 330 mg of
grape powder to Sprague-Dawley rats with buthionine sulfoximine (BSO)-
induced hypertension reduced BP by 20% via extracellular signal-regulated
protein kinase-1/2 (ERK-1/2) (Allam et al., 2013). In addition, an
antihypertensive effect has also been evidenced in humans after intake of grape
polyphenols. In this sense, a meta-analysis of 10 randomized controlled trials in
subjects with HTN or pre-HTN have demonstrated that daily grape polyphenol
intake could significantly reduce SBP by 1.48 mmHg when compared to control
subjects. Larger reduction was identified when consuming low-dose of grape
polyphenols (< 733 mg/day) or in patients with metabolic syndrome. In
contrast, diastolic blood pressure was not significantly decreased in the grape

polyphenols group as compared to controls (S.-H. Li et al., 2015).

4.2. Wine. Most of wine beneficial effects have been mostly attributed to its
content in resveratrol. However, as discussed above, other phenolic
compounds found in wine such as anthocyanins and catechins have also shown
beneficial properties (Snopek et al., 2018). Thus, different wine extracts rich in
phenolic compounds have been shown to exert several beneficial bioactivities
including antihypertensive effects (Leikert et al., 2002; Nash et al., 2018;
Pechanova et al., 2004; Sarr et al., 2006). Moderate consumption of red wine
(Artero et al., 2015; Snopek et al., 2018), dealcoholized red wine (Chiva-Blanch
et al., 2012) or red wine extracts (Leikert et al., 2002; Sarr et al., 2006) have also
been related to cardioprotective and antioxidant properties, including BP-
lowering effects and improvement of endothelial function (Chiva-Blanch et al.,
2012; de Figueiredo et al., 2017; Sarr et al., 2006). Production of NO is the main
mechanism implicated in the regulation of BP mediated by phenolic compounds
of red wine. In this regard, red wine polyphenols prevent HTN by inhibiting Nox
expression and increasing the release of NO in endothelium (Sarr et al., 2006).
Furthermore, red wine reduced plasmatic levels of the vasoconstrictor ET-1 at
asingle dose of 8.1 dL in hypertensive subjects, being improved in dealcoholized

red wine (Kiviniemi et al., 2010). A clinical trial in hypertensive subjects have
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shown that the moderate consumption of red wine (272 mL/day for 4 weeks)
slightly reduces SBP (2.3 mmHg) and DBP (1 mmHg). Nevertheless, their effect
was higher in the same red wine without alcohol with a reduction of 5.8 and 2.3
mmHg in SBP and DBP respectively, and increased the levels of plasmatic NO
(Chiva-Blanch et al., 2012). Pechanova et al. also reported that administration
of red wine polyphenols at a dose of 40 mg/kg/day during four weeks in
hypertensive rats induced by Nw-nitro-L-arginine-methyl-ester (L-NAME), an
inhibitor of eNOS, increased eNos expression and the release of NO (Pechanova
et al., 2004). Similar results were found in vitro where red wine polyphenols
extract increased eNos expression and thus endothelial NO production (Leikert

et al., 2002).

4.3. Winery by-products. As mentioned above, winery by-products are rich
in phenolic compounds and they have been used to obtain phenolic-enriched
extracts. These extracts have been shown to exert a wide range of
functionalities, including antihypertensive effects (Rasines-Perea & Teissedre,

2017; Shrikhande, 2000).

Grape pomace. GP is mainly composed by seeds and skins. /n vitro studies have
demonstrated that dry GP extract exerts antioxidant effects in endothelial and
muscle cells through the increment of gamma-glutamylcysteine synthetase
(GCS) and glutathione S-transferase (GST) enzymes (Goutzourelas, Stagos,
Housmekeridou, et al., 2015). GCS is the first enzyme in the biosynthetic
pathway of GSH, with a critical role for cell survival (Dalton et al., 2004). GST is
induced under conditions of oxidative stress and is involved in the detoxification
of organic epoxides, hydroperoxides and unsaturated aldehydes formed after
lipid peroxidation. GST detoxifies these products through their conjugation with
GSH (Fernandez-Iglesias et al., 2014) Moreover, administration of seedless red
wine pomace seasoning (RWPS) to SHR at a dose of 300 mg/kg/day during 4
weeks, reduced BP and oxidative damage. Restoration of eNos, mitochondrial

superoxide dismutase (Sod2), Ho-1 and reduction of Ace aortic gene expression
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were the leading mechanisms involved in the reduction of BP mediated by
RWPS in SHR (Del Pino-Garcia et al., 2017). In addition, the intake of 20 g/day
of wine grape pomace flour during 16 weeks improved SBP and DBP with a
reduction of 4.3 and 5.3 mmHg respectively in subjects with metabolic

syndrome (Urquiaga et al., 2015).

Grape seeds. GS are one of the most studied grape by-products for their
antihypertensive effects (Gupta et al., 2020; Rodriguez-Pérez et al., 2019).
Different extracts have been elaborated showing different bioactivities,
including antihypertensive effects due to their content in phenolic compounds,
especially in proanthocyanins (Gupta et al., 2020). In this regard,
antihypertensive mechanisms of GSPE have been widely elucidated in many
studies in vitro and in vivo (animal and human). Acute administration of GSPE
(375 mg/kg bw) produced a reduction of 50 mmHg over BP in SHR and
ameliorated oxidative stress. In addition, it was observed an increase of hepatic
GSH levels (M. Quifiones et al., 2013). However, no effects were observed in
Wistar Kyoto (WKY) rats after GSPE consumption. Moreover, a single oral dose
of GSPE (375 mg/kg bw) to male SHR decreased BP levels by NO and prostacyclin
(M. Quifiones et al., 2014). In another study using both cafeteria diet-fed
hypertensive rats (CHR) and SHR models, same acute administration of GSPE
decreased BP levels through SIRT1, which in turn causes the deacetylation of
eNOS increasing the bioavailability of NO and decreased aortic Nox4 and Et1
gene expression and plasma ET-1 levels (Pons et al., 2016b). Moreover, same
single oral administration of GSPE to CHR, showed a moderate reduction of BP
by 17 and 13 mmHg in SBP and DBP respectively, reaching normotensive values
of BP. This antihypertensive effect was related to an increase of NO availability
and partially to PGIl; (Pons et al., 2016a). This antihypertensive effect was
related to GSPE antioxidant properties since a reduction in MDA liver levels, a
marker of lipid peroxidation, was observed (Pons et al., 2014). Regarding GSPE
doses, intermediate dose (375 mg/kg bw) has been shown to exert enhanced

antihypertensive effect compared to higher dose (500 mg/kg bw) (Pons et al.,
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2016a). The same results have been shown in SHR models treated with extracts
rich in flavanol-rich compounds such as cocoa or grape seed (Cienfuegos-
Jovellanos et al., 2009; M. Quifones et al.,, 2013). These findings could be
explained by the pro-oxidant properties and the excessive production of ROS
caused by high doses of flavanols (Pons et al., 2016a). In addition, chronic
administration of GSPE (25 mg/kg bw/day for three weeks) to cafeteria diet-fed
rats, reduced SBP and DBP by 15 and 10 mmHg, respectively. This effect was
associated with the increment of GSH liver levels observed in these animals
which may protect from the oxidative stress associated with HTN (Mas-
capdevila et al., 2020). In addition, GSPE (250 mg/kg/day for five weeks) to
Sprague-Dawley (SD) rats with HTN induced by administration of Ouabain was
shown to regulate NO and ET-1 balance and to suppress the transforming
growth factor-B1 (TGF-B1), which is associated with endothelial cells
remodelling, decreasing BP (Liu et al., 2012). Administration of GSPE also
reduced plasmatic ET-1 levels and in cardiac and renal tissue which restored
endothelial dysfunction and oxidative stress in L-NAME-induced HTN pregnant
mice (Zhu et al., 2018).

The antihypertensive properties of GSPE have also been demonstrated in
hypertensive or pre-hypertensive patients. The results of clinical trials shows
that consumption of GSPE (400 mg/kg/day) for 12 weeks could ameliorate
vascular stiffness and regulate the BP at a normal stage (Odai et al., 2019). In
hypertensive subjects with metabolic syndrome, reduction of oxidative stress
by GSPE is one of the main mechanisms involved in BP reduction
(Sivaprakasapillai et al., 2009). In addition, different meta-analysis studies have
demonstrated the positive correlation among grape seed extract consumption
and BP reduction. Thus, a meta-analysis with 16 randomized controlled trials
demonstrated the beneficial impact of grape seed extract on BP, which was
more evident in younger or obese subjects as well as in people with metabolic
syndrome after treatment (Zhang et al., 2016). Other meta-analysis conducted

with 9 randomized controlled trials showed that grape seed phenolic extracts
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exert their antihypertensive effect over SBP and not over DBP (Feringa et al.,
2011). A recent meta-analysis of 6 controlled clinical trials showed that GSPE
supplementation reduces SBP and BPD in hypertensive and pre-hypertensive
subjects, being interesting in the treatment of HTN or as a preventive method

in pre-hypertensive subjects (Feringa et al., 2011).

Grape skin extracts. GSE have also been studied for their antioxidant and
antihypertensive activities. Administration of 100 mg/kg bw of GSE during 30
days showed a significant antihypertensive, vasodilator and antioxidant effects
in desoxycortisone acetate (DOCA)-salt and L-NAME hypertensive rats probably
mediated by restoration of NO levels (R. Soares de Moura et al., 2002). De Costa
et at. showed that GSE (200 mg/kg/day for 12 weeks) prevented the
development of HTN in SHR due to their antioxidant effect increasing the SOD
activity and decreasing MDA levels (De Costa et al., 2020). The increment of NO
synthesis and restoration of SOD, catalase, GPx and MDA levels produced by
chronic administration of GSE, prevented the development of HTN in rats with
metabolic syndrome induced by a high-fat diet (Emiliano et al., 2011; Resende
et al.,, 2013). Additional studies demonstrated that pre-treatment with GSE
avoided the HTN stage in rats that were induced HTN by the administration of
doxorubicin (Dox). Dox induce cardiomyopathy by the overproduction of ROS
(Mokni et al., 2012). Furthermore, studies carry out in hypertensive-induced
pregnancy female rats with L-NAME, showed the involvement of NO in the
antihypertensive effect of GSE avoiding the HTN stage in rats (Roberto Soares
De Moura et al., 2007).

Grape stem. Stems are also a great source of bioactive compounds which may
be used to extract phenolic compounds with antioxidant and antihypertensive
effects (Nieto et al., 2020). In this sense, antioxidant activity improves the redox
system in endothelial cell cultures with an increase of GSH and decrease of MDA
levels after treatment with grape stem extract. The antioxidant effect of grape
stem extract depend on their qualitative phenolic composition with

considerable amounts of trans-resveratrol, gallic acid, catechin, syringic acid or
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quercetin (Goutzourelas, Stagos, Housmekeridou, et al., 2015). Grape stem
extract presented an ACEi activity of 72.27 % in vitro at a concentration of 200
pg/mL and ICso value of 69.5 pg/mL in vitro (Lin et al., 2012). Single and chronic
dosage of grape stem extract reduced BP in SHR probably due to their phenolic
compounds. Specifically, the phenolic compound (+)-visitin A were isolated
from grape stem extract by their ACEi activity, showing antihypertensive effects

in SHR by increasing NO release from endothelial cells (Lin et al., 2012).

Wine lees. WL are a great source of phenolic compounds and they have been
used to obtain extracts with antioxidants effects (Jara-Palacios, 2019; Romero-
Diez et al., 2018). It has been evidenced that phenolic compounds identified in
WL such as resveratrol, quercetin, gallic acid, (+)-catechin, (-)-epicatechin or
malvidin-3-glucoside exhibits antihypertensive effects in hypertensive animal
and human models (Fogacci et al., 2019; Jin et al., 2017; Marunaka et al., 2017;
Mar Quifiones et al., 2015). Considering these evidence, together with the great
antioxidant effect of WL extracts and the relationship between oxidative stress
and HTN, WL could be a great alternative to manage HTN. Indeed, we have
recently demonstrated WL beneficial effects against HTN. Thus, we evaluated
the in vitro ACE inhibitory activity of WL from different varieties including
Cabernet, Mazuela, and Garnacha grapes, as well as their antihypertensive
effects in SHR at a dose of 5 mL/kg bw. Among these, Cabernet WL exhibited a
potent antihypertensive activity, similar to that obtained with the drug
Captopril. This BP-lowering effect was attributed to the presence of flavanols
and anthocyanins (Lopez-Fernandez-Sobrino, Soliz-Rueda, Margalef, et al.,
2021). In other study, an enzyme-assisted extraction was used to obtain WL
with increased phenolic content and enhanced bioactivities using Flavourzyme.
These enriched-phenolic WL (PWL) contained a 57.20% higher content in
phenolic compounds than control WL, being anthocyanins and flavanols the
largest families present. In addition, these enriched WL also showed greater
antioxidant, ACEi activities and antihypertensive effect. Moreover, this BP-

lowering effect was more prolonged than the one produced by Captopril. These
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results demonstrated that enzymatic protein hydrolysis is a useful methodology
to maximize the extraction of phenolic compounds from WL and to obtain
extracts with enhanced functionalities. This BP-lowering effect was related to
the high quantities of anthocyanins and flavanols present in these lees (Lopez-
Fernandez-Sobrino, Margalef, et al., 2021). Three different doses of WL (2.5, 5.0
and 7.5 mL/kg bw) were studied in SHR, where the intermediate dose (5 mL/kg
bw) was the most effective to reduce HTN with similar effects than the drug
Captopril. In addition, the drying process of WL produced the alcohol
elimination showed a significant enhance of the BP-lowering effect. The single
dose of 125 mg/kg bw of WL powder (WLPW), equivalent to 5 mL/kg bw, caused
a BP-lowering effect more potent than the drug Captopril. In addition, this
hypotensive effect was discarded in WKY at the same dose. Furthermore,
WLPW have demonstrated to enhance the redox system in HTN stage through
the reduction of plasmatic MDA and hepatic ROS, in addition to increase the
levels of plasmatic NO and hepatic GSH (Lépez-Fernandez-Sobrino, Soliz-Rueda,

Avila-Roman, et al., 2021).
5. Extraction of bioactive compounds

As has been mentioned, winery by-products can be considered as a good source
of antihypertensive compounds, mainly phenolic compounds. However, many
of these phenolic compounds are bound to proteins or to structures of the cell
matrix, making their release difficult. Thus, extraction of these bioactive

compounds is an important factor when using by-products.

Different extraction procedures allows for the separation of bioactive
compounds from inactive compounds present in plants (Pimentel-Moral et al.,
2020). Factors such as temperature, pH, pressure, extraction time or solvent are
decisive to achieve an effective extraction. In addition to these factors, the
structure of the bioactive compounds to be extracted must also be preserved
intact, being another factor to take into account when selecting the extraction

method (Okolie et al., 2019). Different methods of extraction of phenolic
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compounds have been used in order to revalue by-products (Teixeira et al.,
2014). They are commonly classified in conventional techniques and green
technologies (Pimentel-Moral et al., 2020). Most conventional extraction
methods are based on the use of different solvents with the application of heat
and/or mixing. Nevertheless, these techniques consume a lot of time, energy,
and polluting solvent. Thus, in the last decade, there has been an increasing
demand for new extraction techniques with the aim to reduce use of organic
solvents, the time of extraction and prevent the pollution between others
(Pimentel-Moral et al., 2020). Ultrasound-assisted extraction, microwave-
assisted extraction, pressurized-liquid extraction, supercritical fluid extraction
or enzyme-assisted extraction are among green technologies (Carciochi et al.,
2017). Some of these techniques have been used for the extraction of certain
phenolic compounds in winery by-products or for the extraction of phenolic
compounds in general. For example, microwave-assisted extraction has been
used to extract quercetin, catechin or anthocyanins from grape seeds and skins
and supercritical fluid extraction for release total phenolic compounds in grape
seeds and pomace (Ahn et al., 2004; Z. Fang & Bhandari, 2010; Louli et al., 2004;
Marqués et al., 2013).

Enzyme-assisted extraction is one of the extraction techniques booming by its
ability to improve the yield of compound extraction while the use of solvents is
reduced in the process (Puri et al., 2012). Enzymatic hydrolysis is commonly
used in bioactive compounds extractions for producing softer hydrolysis when
the selection of the appropriate hydrolytic enzyme depends of the source of cell
walls which mainly consists of lignin, polysaccharides, cellulose, hemicellulose,
pectin and proteins (Puri et al., 2012). Winery by-products presented fiber,
carbohydrates and proteins, which are susceptible to hydrolysis. Phenolic
compounds, one of the main bioactive compounds presents in wine and by-
products of winemaking, can be found attached to proteins or other structures
of the cell matrix, being of interest the use of extraction methods to release

these bioactive compounds (Louli et al., 2004; Teixeira et al., 2014). Enzymatic
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hydrolysis allows for the release of phenolic compounds bound to proteins, but

proteins can also be hydrolyzed by releasing peptides with different

bioactivities, including antihypertensive (Jakubczyk et al., 2020). In this sense,

Rodriguez-Morgado et al. have shown enzymatic extraction of GP with protease

generate a release of phenolic compounds and peptides which improve its anti-

inflammatory properties (Rodriguez-Morgado et al., 2015).

CONCLUSION

In conclusion, this review emphasizes the importance of finding new alternative

natural therapeutics against hypertension, which is increasing its prevalence

worldwide and which current available pharmacological treatments present

several adverse effects. In this regard, grapes, wine and wine industry by-

products may be a valuable option as they are rich in phenolic compounds

which have shown several beneficial effects including antihypertensive in both

animals and human studies. In addition, the use of wine by-products is of

particular interest as winery industry generates large amounts of waste that can

be reused as they are rich in phenolic compounds, contributing to a more

sustainable environment and circular economy. Nevertheless, some of these

by-products such as WL, have been little studied regarding their beneficial

effects against HTN and further investigations are needed. Moreover,

extraction procedures such as enzymatic hydrolysis can be applied to obtain

products with enriched phenolic compounds content and enhanced

functionality.
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Figure 1. General procedure of winemaking process. Grapes are crushing and
in the case of red wine, fermentation and maceration is carried out with the
juice and pomace. Generated grape juice is pressed to remove grape bagasse

(also called grape pomace) grape skin and grape seed. Then the fermentation
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can continue in the tanks or end. After the fermentation process, wine is racking
to be separated of solid residues called lees (lees of first decanting step). The
obtained wine continues with the malolactic fermentation in the tanks and
obtain lees of the second decanting step after sedimentation decanting. Finally,
wine suffer a process of maturation in barrels and natural clarification and
stabilization before bottling. In white winemaking process, the first
fermentation process with pomace is not carried out, the rest of the process is

the same that in red wine.
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Patent:

Objective:

To study the antihypertensive effect of wine lees and their uses

Wine lees, derivatives thereof and their uses

Francisca Isabel Bravo Vazquez, Raul Lopez Fernandez, Juan Maria
Alcaide-Hidalgo, Maria Margalef Jornet, Anna Mas Capdevila, Jose
Maria del Bas Prior, Maria Eugenia Hernandez De Pablo, Maria Begofia

Muguerza Marquinez.

European Patent.
Applicant: GRANDES VINOS Y VINEDOS S.A.

State: Presented
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