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RESUMEN

La hipertension arterial es un problema de salud publica a nivel mundial, en donde la
prevencion y tratamiento son el principal objetivo para la disminucién de enfermedades
cardiovasculares. Ademés de los farmacos, existen alimentos que debido a sus
compuestos bioactivos regulan la presién sanguinea a traves de la inhibicion de la enzima
convertidora de angiotensina (ACE). Existen pocos estudios sobre las propiedades
bioactivas de extractos de germinado de cereales sobre la hipertension. El objetivo
principal de este estudio fue estandarizar y caracterizar extractos de cebada variedad
Esmeralda y Perla sin germinar y germinada y evaluar su efecto sobre actividad de la
ACE en un modelo in vitro e in vivo. Los resultados mostraron que la germinacién mejord
la biodisponibilidad de aminoacidos, carbohidratos y compuestos fendlicos en ambas
variedades. Los extractos de cebada Esmeralda germinada por 7 dias pueden inhibir la
actividad de la ACE in vitro hasta 83%. Los extractos de germinados de 7 dias de ambas
variedades de cebada disminuyeron los efectos de la presion arterial mejorando la
funcionalidad renal y endotelial, niveles de ACE |y Il y los efectos en 6rganos blanco.
Estos resultados muestran que el consumo de extractos de cebada germinada podria

influir en la mejora de los efectos negativos de la presion arterial.



ABSTRACT

High blood pressure is a global public health issue and preventing and treating it is crucial
for reducing cardiovascular diseases. In addition to medication, certain foods containing
bioactive compounds can help regulate blood pressure by inhibiting angiotensin-
converting enzyme (ACE). There is limited research on the bioactive properties of cereal
sprout extracts in relation to hypertension. The main objective of this study was to
standardize extracts of ungerminated and sprouted Emerald and Pearl barley and to
evaluate their effect on ACE activity in an in vitro and in vivo model. The results showed
that germination improved the bioavailability of amino acids, carbohydrates and phenolic
compounds in both varieties. Extracts of Emerald barley sprouted for 7 days can inhibit
ACE activity in vitro up to 83%. Moreover, the sprout extracts from the two 7-day-old
barley varieties mitigated the effects of high blood pressure by improving renal and
endothelial function, ACE | and Il levels, and impacts on target organs. These results
suggest that consuming sprouted barley extracts may help ameliorate the adverse effects

of high blood pressure.



CAPITULO I. INTRODUCCION A LA INVESTIGACION

1.1 Introduccién

La hipertension es un problema de salud publica que a nivel mundial afecta al
31.1% de adultos, con una mayor prevalencia en los paises de bajos ingresos (31.5%) en
comparacion con los paises de altos ingresos (28.5%) (Campos-Nonato et al., 2021). Esta
condicion se caracteriza por la presion continua en los vasos sanguineos y es regulada por
el Sistema Renina-Angiotensina-Aldosterona (SRAA). Cuando hay una hiperfusion renal
debido al aumento de sales en el aparato yuxtaglomerular del rifién, la renina estimula la
produccion de angiotensina I, la cual se convierte en angiotensina Il bajo la accion de la
ACE (Oparil et al., 2018).

Existen inhibidores que acttan sobre la ACE que evitan la produccién de
angiotensina Il y disminuyen la presion en pacientes hipertensos (Vaduganathan et al.,
2020). Sin embargo, debido a los efectos adversos como tos seca, dafio renal y reacciones
alérgicas ha aumentado la investigacion sobre el desarrollo de alimentos funcionales que
podrian participar sobre la actividad de la ACE.

Los principios bioactivos provenientes de distintos grupos de alimentos como
frutas, verduras, granos y cereales pueden actuar como inhibidores de la ACE , entre estos
se encuentran péptidos, proteinas y compuestos fenolicos (Huang et al., 2013). Diversos
estudios destacan el consumo de alimentos ricos en compuestos bioactivos, como
compuestos fendlicos o antocianinas, que podrian participar sobre la actividad de la ACE

(Ojeh et al., 2020; Wang et al., 2021).



En cereales, como la cebada, se ha mostrado que algunos péptidos, proteinas y
compuestos fendlicos pueden actuar como inhibidores de la ACE y disminuir la presién
arterial (Gangopadhyay et al., 2016; Hokazono et al., 2010; Ra et al., 2020). Ademas, se
ha descrito una sinergia entre fitoquimicos de cebada que actian sobre las vias de
ciclooxigenasa y lipoxigenasa para la prevencion de enfermedades inflamatorias y
cardiovasculares (Gul et al., 2014). La cebada se utiliza para la elaboracion de malta, la
calidad de esta depende de la capacidad que tiene la semilla en el metabolismo y
produccién de compuestos durante la germinacion (Pérez-Ruiz et al., 2015). Se ha
reportado la relevancia en el uso de mostos de malta en la alimentacion, debido a su
calidad nutricional, proporcionando aminoacidos y fenoles bioactivos generados durante
las primeras etapas de germinacion (Cortese et al., 2020; Szwajgier, 2009; Yalgingiray
etal., 2020). Sin embargo, hasta el momento no se han encontrado reportes sobre la
funcionalidad de extractos de cebada de larga germinacion. Por lo tanto, el presente
proyecto tiene como objetivo estandarizar y caracterizar extractos elaborados a partir de
dos variedades de cebada (Perla y Esmeralda), sin germinar y durante 3, 5y 7 dias, para
evaluar su capacidad inhibitoria de la enzima convertidora de angiotensina (ACE) en
modelos in vitro e in vivo.

En este contexto, el presente trabajo esta dividido en seis capitulos principales. El
capitulo uno muestra una introduccién general al trabajo de investigacion para
comprender la importancia y finalidad del proyecto. Dicho capitulo comprende la
justificacién, objetivos y el diagrama metodoldgico del proyecto de investigacion.

El segundo capitulo abarca un articulo de revision que destaca la importancia de
los compuestos bioactivos presentes en distintos cereales, los cuales influyen en la
actividad de la ACE y que podrian estar relacionados con la prevencion del COVID-19.

Dicho articulo se encuentra publicado en la revista de Foods.

10



El tercer capitulo presenta una investigacion sobre la participacion de la
germinacion y el uso de distintos solventes para la obtencion de compuestos fendlicos en
dos variedades de cebada.

Este articulo fue el preAmbulo para el disefio de los extractos de germinados de
cebada, este trabajo se encuentra publicado en la revista de Chemistry and Biodiversity.

Mas adelante, en el cuarto capitulo se encuentra la primera parte experimental del
proyecto. En este capitulo se muestra un articulo original publicado en la revista de Food
Measurement and Characterization, donde se muestra el andlisis de compuestos
bioactivos y la actividad antioxidante de extractos liofilizados de cebada de dos
variedades (sin germinar y con diferentes dias de germinacion). Dichos resultados nos
encaminaron hacia la evaluacién antihipertensiva in vitro e in vivo.

En el quinto capitulo, se muestra la evaluacion de extractos de cebada sobre la
actividad de la ACE. El modelo in vitro proporciono la informacién necesaria para la
seleccion del extracto del dia 7 de germinacion para utilizarlo en el modelo in vivo.
Posteriormente, se evalu6 el efecto de la variedad con mayor efecto inhibidor de la ACE,
en un modelo de hipertension inducido en ratas Wistar. Se determinaron los cambios en
la funcionalidad renal y endotelial (NOx), niveles de ACE | y ACE Il y los efectos
histopatolégicos. Estos resultados han sido sometidos a revision en la revista Food
Chemistry.

Por ultimo, el sexto capitulo comprende las conclusiones generales de la

investigacién y se incluyen las perspectivas a futuro.
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1.2 Justificacion

La Organizacion Mundial de la Salud (OMS), menciona que la hipertension es el
factor nimero uno de riesgo de muerte a nivel mundial (OMS, 2020). En México, una de
cada cuatro personas padece hipertension arterial. En los hombres la prevalencia es de
24.9% y 25.1% en mujeres, lo que representa un total de 30 millones de personas (Pifia-
Pozas & Araujo-Pulido, 2020). En Hidalgo, se han reportado 34 mil 499 casos (SSH,
2020). La mayoria de los tratamientos para esta enfermedad incluyen farmacos
inhibidores de la enzima convertidora de angiotensina, los cuales producen una
disminucion en la vasoconstriccion y en la retencién de sodio y agua (Messerli et al.,
2018). Sin embargo, existen otras alternativas que actdan como inhibidores de la ACE,
entre ellos estan algunos compuestos bioactivos presentes en diversas fuentes de
alimentos, incluidos los cereales, que han sido identificados para su uso potencial contra
la hipertension (Taylor et al., 2013). En distintos estudios se ha sugerido que algunos
polifenoles de la cebada presentan actividad inhibitoria de la enzima convertidora de
angiotensina (Ra et al., 2020), sin embargo, este campo aln es poco estudiado. En el
presente estudio se evaluara el efecto de los compuestos bioactivos presentes en la cebada
a partir de la elaboracion de extractos de germinados, dicho proceso aumentara la
concentracion de fitoquimicos derivados de la cebada germinada, los cuales podran ser
utilizados para medir la inhibicion de la ACE en modelos in vitro e in vivo y de obtener
resultados positivos podran ser utilizados como coadyuvantes en el tratamiento contra la

hipertension.
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1.3 Objetivos

1.3.1 Objetivo general

Estandarizar y caracterizar extractos de cebada germinada mediante técnicas analiticas

y modelos in vivo para analizar el efecto sobre la hipertension, funcional renal y

endotelial.

1.3.2 Objetivos especificos

1.

Identificar el impacto de los compuestos bioactivos de cereales en la salud a través

de una metabUsqueda para su divulgacion cientifica.

Obtener extractos de cebada germinada (0, 3, 5 y 7 dias) variedad Perla y
Esmeralda con el uso de distintos solventes para determinar la concentracion de

compuestos fenolicos y flavonoides totales.

Caracterizar el perfil de compuestos bioactivos de extractos de cebada germinada

mediante técnicas analiticas para evaluar sus beneficios a la salud.

Determinar la inhibicién de la enzima convertidora de angiotensina de extractos
de cebada germinada a través de un ensayo enzimatico para valorar su capacidad

antihipertensiva.

Evaluar la actividad de los extractos de cebada germinada sobre la enzima
convertidora de angiotensina en un modelo in vivo a partir de la medicion de la
presién arterial de cola, analisis bioquimico de suero y tejidos para analizar su

potencial antihipertensivo.
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1.4 Diagrama metodoldgico

En la Figura 1 se muestra el diagrama metodolégico que resume el trabajo en 4 objetivos

principales.

OBJETIVO 1

Elaboracion de una
revision bibliogrifica

-

OBJETIVO 2

Obtencion de
extractos de cebada
germinada y sin
germinar

OBJETIVO 3
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CAPITULO Il. CEREALS AS ASOURCE OF BIOACTIVE COMPOUNDSWITH
ANTI-HYPERTENSIVE ACTIVITY AND THEIR INTAKE IN TIMES OF
COVID-19

2.1 Introduccion

El presente capitulo muestra una revision bibliografica publicada en la revista Foods. En
este articulo se destaca la importancia del consumo de cereales, sobre todo durante la
pandemia del COVID-19. Dentro del trabajo se describe la fisiopatologia de la
hipertension arterial, ademas se menciona como este padecimiento es la principal
comorbilidad en pacientes con COVID-19. Se describen los farmacos antihipertensivos
como, los inhibidores de la enzima convertidora de angiotensina, los bloqueadores de los
receptores de angiotensina Il (IACE y BRAS) y su uso complementario en el tratamiento
contra COVID-19. De igual manera, se destaca como algunos compuestos bioactivos
presentes en cereales podrian tener actividad similar a los farmacos antihipertensivos y
como podrian interactuar en los receptores de SARS-CoV-2. En este contexto, se destaca
principalmente la presencia de compuestos fendlicos y péptidos presentes en cereales
como arroz, cebada, maiz, trigo, avena, mijo, centeno y sorgo. Ademas, se mencionan
fitoquimicos, proteinas, fibras y otros componentes de estos cereales, con actividad
antihipertensiva, antiviral, antioxidante y antiinflamatoria. Se destacan estudios in vivo,
in vitro, in silico y clinicos sobre los mecanismos que presentan algunos compuestos
presentes en cereales para disminuir la presion arterial, destacando la importancia de su

consumo durante y después de la pandemia del COVID-19.
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Abstract: Cereals have phytochemical compounds that can diminish the incidence of chronic diseases
such as hypertension. The angiotensin-converting enzyme 2 (ACE2) participates in the modulation of
blood pressure and is the principal receptor of the virus SARS-CoV-2. The inhibitors of the angiotensin-
converting enzyme (ACE) and the block receptors of angiotensin II regulate the expression of ACE2;
thus, they could be useful in the treatment of patients infected with SARS-CoV-2. The inferior
peptides from 1 to 3 kDa and the hydrophobic amino acids are the best candidates to inhibit ACE,
and these compounds are present in rice, corn, wheat, oats, sorghum, and barley. In addition, the
vitamins C and E, phenolic acids, and flavonoids present in cereals show a reduction in the oxidative
stress involved in the pathogenesis of hypertension. The influence of ACE on hypertension and
COVID-19 has turned into a primary point of control and treatment from the nutritional perspective.
The objective of this work was to describe the inhibitory effect of the angiotensin-converting enzyme
that the bioactive compounds present in cereals possess in order to lower blood pressure and how
their consumption could be associated with reducing the virulence of COVID-19.

Keywords: cereals; COVID-19; diet therapy; drug therapy; hypertension; phytochemicals

1. Introduction

Cereals constitute an important part of the daily diet due to their high content of
proteins, dietary fiber, and bioactive compounds with antioxidant and anti-inflammatory
activities, which help prevent diseases related to metabolic syndromes such as obesity,
cardiovascular diseases, and type 2 diabetes [1,2]. Wheat, oats, barley, and rice have
been reported to have antihypertensive and antioxidant activities due to their content of
phytochemical compounds that participate in hormonal regulation mechanisms that help
lower blood pressure and other non-transmissible diseases [3-6].

Peptides derived from food have a high potential regarding the development of
nutraceuticals and functional foods due to their specificity and molecular weight [7].
According to Cavazos and Mejia [8], the anti-hypertensive activity of the bioactive peptides
presents in cereals with hypotensive effects contribute to preventing cardiovascular diseases.
Likewise, it has been discovered that the hydrolyzed proteins and phenolic compounds
promote the regulation of oxidative stress and decrease the appearance of associated chronic
diseases [9,10].

Foods 2022, 11, 3231. https://doi.org/10.3390/foods11203231
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Hypertension has been one of the most important comorbidities that contribute to
the development of cardiovascular diseases. Recently, during the pandemic caused by the
coronavirus SARS-CoV-2, the most common comorbidities in patients with COVID-19 have
been reported, of which hypertension (30%), diabetes (19%), and coronary diseases (8%)
stand out [11]. Some recent findings showed an important role of the Renin-angiotensin—
aldosterone system (RAAS) in hypertensive patients diagnosed with COVID-19. This is
because SARS-CoV-2 utilizes the angiotensin-converting enzyme 2 (ACE2) to unite in the
surface of epithelial cells. Thus, controlling the production of ACE2 can mediate the entry
of SARS-CoV-2 in the cells [12].

Some hypertensive drugs, such as the blocking receptors of angiotensin II (BRA),
can modify the expression of ACE2 [13,14], which could decrease the virulence of SARS-
CoV-2. The objective of this review is to describe the anti-hypertensive activity present
in some bioactive compounds in cereals, wherein activities such as the inhibition of ACE,
its participation in oxidative stress, and its consumption could be associated with the
prevention of COVID-19. Furthermore, some angiotensin-converting enzyme inhibitors
(ACEi) and angiotensin II receptor blockers (ARBs) used in the treatment of hypertensive
patients diagnosed with COVID-19 are described.

2. Physiopathology of Hypertension

High blood pressure, also known as hypertension, is a public health problem suffered
by around 1.3 million adults worldwide. This condition occurs when an elevation in the
systolic and diastolic pressure occurs above 140/90 mmHg, respectively [15]. Studies
relate the hyperactivation of the renin angiotensin system [16,17], oxidative stress [18],
and chronic inflammation [19] as the principal causes in the development of hypertension.
Other factors related to hypertension include biochemical processes, such as the increase
in the sympathetic activity of the nervous system, the inadequate intake of calcium and
potassium, and alterations in the secretion of renin, a hormone related to the elevation
in the activity of the angiotensin renin system [20]. In addition, the increased activity
of ACE causes a high production of the hormone angiotensin II, as well as deficiencies
in vasodilators including vascular inflammatory factors, which promote an alteration in
cellular ion channels [20].

The RAAS is the principal mechanism that affects the regulation of blood pressure. An
increase in the renin hormone caused by an increment in the intake of sodium provokes the
stimulation of the production of the physiologically inactive hormone called angiotensin-I
(Ang-I), which is converted into angiotensin II (Ang-II) due to the angiotensin-converter
enzyme (ACE-I). Ang Il is a vasoconstrictor that stimulates the production of aldosterone,
which causes an increase in blood pressure through the retention of sodium and water.
This induces the activation of the epithelial sodium channel stimulating the reabsorption of
the Na+ in the cortical duct (Figure 1) [17,21].

Although the potential of antihypertensive drugs to lower blood pressure in individu-
als with hypertension has been shown, lifestyle habits, such as regular exercise and healthy
eating, have also been reported to have a positive effect on blood pressure control [22].
Some mechanisms used by the bioactive compounds present in food, mainly polyphenolic
compounds to reduce hypertension, include the reduction in the levels of the vasocon-
strictor molecule I and the increase in the antioxidant glutathione [23], which improve the
production of vasodilator factors such as oxide nitric [24] and inhibit the expression of
proangiogenic factors such as vascular endothelial growth factor [25].

Therefore, a better understanding of the hormonal mechanisms that control high blood
pressure could clarify the causes and effects that a drug treatment combined with a diet
rich in cereals could have on the control of hypertension, effectively reducing inflammation
and oxidative stress and strengthening the immune system during the COVID-19 crisis.
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Figure 1. Renin-angiotensin—-aldosterone system. Created with BioRender.com (accessed on 5
October 2022).

3. Hypertension: Main Comorbidity in Patients with COVID-19

COVID-19, caused by the SARS-CoV-2 virus, is an infectious disease that has provoked
a sanitary crisis worldwide. The pathogenesis of the SARS-CoV-2 virus starts by means
of the union of the protein of the viral peak with the target receptor of ACE2, which
facilitates the internalization of the virus within the host cells. It was reported that SARS-
Cov-2 is a virus whose tropism is based on the use of ACE2 to unite the epithelial cells
of the organism [26,27]. The ACE balances blood pressure and converts angiotensin I
into angiotensin II with a vasoconstrictive function and at the same time facilitates the
degradation of a vasodilator termed bradykinin [28]. The control over these hormonal
processes balances the health of hypertensive patients. However, a combination of other
diseases makes it difficult to control and, in many cases, can worsen the evolution of each
illness. Therefore, the initial reports suggest that hypertension, diabetes, and cardiovascular
diseases are the most frequent comorbidities in COVID-19 [29].

The ACE2 can change the balance of the RAAS by means of the conversion of Ang II
to Ang (1-7). Therefore, hypertension and COVID-19 have developed into a recent concern
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over the susceptibility of patients with hypertension to develop COVID-19, as it increases
the severity of the illness and the use of ACEi and ARBs [30].

The inhibitors utilized in the treatment of hypertension increase the expression of
ACE2 on the cellular surface and can increase the expression of the intestinal messenger
ribonucleic acid (ARNm) of ACE2. Although there are few data concerning the effects of
these drugs regarding the expression of the ARNm of ACE2 in the pulmonary epithelial
cells, there exists the concern that the patients who take these treatments can encourage the
contraction of the virus [31].

An optimum immune response is the key to maintaining control over infectious
and non-infectious diseases. An increase in the intake of whole cereals rich in fiber and
polysaccharides is associated with a reduction in PCR-hs (a marker used to predict car-
diovascular events in patients with atherosclerosis via Polymerase Chain Reaction) [32];
decreased interleukin-6 (IL-6) [33], which is produced in response to infections and tissue
damage; and tumor necrosis factor alpha (TNF-«), an inflammatory cytokine produced by
macrophages/monocytes during acute inflammation [2]; therefore, cereals reduce the risk
of suffering illnesses predicted by inflammation such as cardiovascular diseases [34] and
diabetes type II [35].

Since blood pressure is difficult to control, the most widely used resources involve
identifying drug targets to effectively control and manage blood pressure in hyperten-
sive patients.

4. Anti-Hypertensive Drugs and Their Use in the Treatment of COVID-19

The use of ACEi and ARBs have been associated with a decrease in the mortality
of a hospital population diagnosed with COVID-19 and with a reduction in the hospital
in-patient stay observed with a greater effect in patients with hypertension [36].

However, it has been shown that ACEi and ARBs could facilitate the entry of the virus
into the host cell and increase the chances of infection or its severity, although there are
no conclusive studies [37]. In a study of 187 patients with COVID-19 (the mean age was
58.5 years), it was observed that the mortality of those treated with ACEi/ARBs did not
show a significant difference with those who were not treated with ACEi/ARBs [38].

Martinez-del Rio et al. [39] reported that the use of ACEi and antagonists of the
angiotensin receptor 2 (ARAZ2) in elderly patients does not increase the risk of death or the
use of assisted ventilation, but the use of these drugs overexpress ACE2 and increases the
risk of infection. This enzyme acts by inhibiting angiotensin 2 and increasing the production
of angiotensin 1-7 with anti-inflammatory and vasodilator effects [40], which have been
found in greater levels in persons that have survived respiratory stress than in persons
who have perished [41].

Braude et al. [36] reported the influence of ACEi and ARBs on mortality in 1371 pa-
tients with a mean age of 74 years diagnosed with COVID-19. The results showed a
significant reduction in hospital stay. This was because ACEi decreases the production of
ACE2, as it blocks the conversion of ACE1 to ACE2, and the ARBs block the receptor of
angiotensin II type I impeding the actions of ACE2 concerning pulmonary vasoconstric-
tion and endothelial permeability, thereby diminishing the injury at the pulmonary level.
Therefore, the use of ACEi could decrease the progression and mortality of patients with
COVID-19.

One strategy to treat infection with COVID-19 is to inhibit the entry of SARS-CoV-2 in
the host cell through the receptors of ACE2 [42]. Consequently, the positive regulation of
ACE2 in infected patients with SARS-CoV-2 could be clinically useful due to the vascular
protection provided by the activity of angiotensin 1-7, thereby diminishing the effects of
angiotensin II on vasoconstriction and the retention of sodium [43].

Bioactive compounds are valuable for drug development and adjunctive therapies
for the related infection. These compounds can act as preventive agents or as treatment
accelerators. Flavanones, flavones, and saponins are some natural ACE2 inhibitors [44,45].
Saponins can inhibit the binding of COVID-19 protein S to ACE2 receptors [46] (Figure 2).
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BioRender.com (accessed on 28 August 2022).

The peptide inhibitors that are used in the treatment of diverse diseases could also
be potential agents against COVID-19. The bioactive peptides with unique sequences of
amino acids can mitigate the inhibition of the transmembrane proteases and serine type
II (TMPRSS2), a gene regulated by androgens, for the priming of the viral protein peak,
furin split, and the members of the renin—angiotensin—aldosterone system (RAAS). On the
other hand, it has been shown that the inhibition of virus replication could be mediated by
hydrogen bonding through the binding of amino acid residues [47,48] (Figure 3).

Virus binds to receptors on cell surface

SARS-CoV #
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Activates S
protein union

Entry site

S protein 2. Bioactive
1. Protein- peptides
protein union unionto S
by bioactive ‘ protein by
peptides : hydrogen
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Figure 3. Peptide activity on SARS-CoV-2: (1) Inhibition of TMRPSS2 by bioactive peptides blocks
priming of virus S proteins. (2) Inhibition of protein S by amino acid residues through hydrogen
bonds prevents SARS-CoV-2 virus’ entry. Created with BioRender.com (accessed on 28 August 2022).

The peptides of a food origin can perform diverse bioactivities, including antiviral
activities, depending on their characteristics and sequencing [49]. Therefore, the peptides
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derived from cereals could serve as inhibitors of multiple processes regarding the entry
into the host cell and the viral replication of SARS-CoV-2. Diverse epidemiological studies
highlight the importance of the consumption of diets rich in cereals and products of a
natural origin that help to protect against hypertension and viral diseases such as COVID-
19 [33,50,51].

5. Cereals as a Source of Compounds with Anti-Hypertensive Activity

The flavonoids and phenolic acids present in cereals have an ACE-inhibitory capacity
mainly associated with blood pressure-lowering effects due to their antioxidant capac-
ity [52]. The regulation of reactive oxygen species, the reduction in oxidative stress, and the
formation of zinc chelates are factors that promote the lowering of blood pressure [53,54].
In Table 1, the in vivo or in vitro antihypertensive mechanisms of phenolic compounds
present in some cereals are described.

Table 1. Phenolic compounds derived from cereals with antihypertensive activity.

Main Phenolic

Decrease

Food Compound Test ICsp or % IECA BP Main Mechanism Reference
Sterols, Regulation of NOS and
Virgin rice bran oil tocopherols, in vivo ND 25.5% reduction in oxidative [54]
and tocotrienols _ stress
Raw rice Pé}eeigg;?)%%s in vitro 97% ND Competitive inhibition of [55]
Endothelium-derived
hyperpolarizing
Rice bran Phenolic A o factor-mediated
hydrolysate compounds nvvo ND 31.5% vasorelaxation and L-type 561
Ca 2+ channel-mediated
vasoconstriction
Non-competitive inhibitors
Barley seedlings Polyphenols in vitro 66.5% ND of ECA and formation of [57]
chelates with ions of zinc
Barley whole grain . A 8770 pg/mL Natural competitive
Barley bran Anthocyanins in vitro 4540 pg/mL ND inhibitors o}E ECA [58]
Solid-state Phenolic in vitro 53.8% ND Inhibition of ECA by 159]
fermented wheat compounds ’ roteolysis
Bioprocessed Phenoli The hydrolysis of short
whea}tjmi ddlines comerg?ullcds in vitro 94.9% ND chain peptides increases [60]
& p ECA- inhibitory capacity
Hydrogen and the
Sorghum roasted Phenolic acids P hydrophobic union caused
grain and flavonoids in vitro 2099 pg/mL ND by the denaturation of [61]
enzymes
Production of peptides and
. Phenolic s o free amino acids before
Sorghum grains compounds in vitro 46.3% ND germination increases [62]
ECA-inhibitory activity
Extruded maize Phenoli ECA inhibition trough
products added comerg?nlfds in vitro 41% ND sequestration of enzyme [53]
with a red seaweed P metal factor Zn?*
Small peptide compounds
may represent the
Watel;lf;(f;gCts of Soluble phenols in vitro 50% ND bioactive factors [63]

contributing to the total
ECA-inhibitory activity

BP: Blood Pressure; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; % IECA: Percent inhibition of
ECA; ND: Not determined.

In addition to phenolic compounds, studies have been conducted on multiple can-
didates for antihypertensive peptides, which, because of their biological activity, can be
generated or incorporated into functional foods. Table 2 summarizes studies highlighting
cereal peptides and proteins with antihypertensive activity. Proteins with a molecular
weight lower than 1 kDa favor their entry through cell membranes enabling their ab-
sorption and circulation [64]. Hydrolyzed proteins with high levels of proline and other
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amino acids contribute to enzyme inhibition by chelation with zinc at the active center
of the enzyme and its interaction with hydrophobic sites. Therefore, the ionic interaction
between amino acids and zinc enhances the competitive activity for the catalytic sites of
ACE [65,66]. Since there are antihypertensive peptides from cereals rich in proline and
other hydrophilic amino acids related to the S protein of SARS-CoV-2, they could serve
as multi-target inhibitors against host cell entry. The antihypertensive rice bran tripep-
tide Tyr-Ser-Lys, reported by Wang et al. [67], has two aliphatic amino acids in its chain
with a hydroxyl in the C-terminal chain; thus, it could have antiviral effects. Similarly,
the peptide Gly-Phe-Pro-Thr-Leu-Lys-Ile-Phe—reported by Gangopadhyay et al. [68]—in
barley flour presents four hydrophilic amino acids, increasing the chances that it will be
coupled to the S protein of the virus that causes COVID-19. An in silico study showed that
some oligopeptides from barley, oats, wheat, and soybeans (PISCR, VQVVN, PQQQF, and
EQQQR) were identified as potential binders of the SARS-CoV-2 spike protein receptor-
binding domain (RBD) [69]. This feature is also observed in short-chain peptides isolated
from cereals [70]. Antihypertensive peptides generally contain amino acid residues at the
C-terminus or N-terminus. The presence of tyrosine, phenylalanine, tryptophan, proline,
lysine, isoleucine, valine, leucine, and arginine present in the peptides influence the binding
of the ACE substrate or inhibitor [71]. According to the reported studies, an association has
been established between the presence of bioactive compounds and the ACE-inhibitory
mechanism and this could have a significant impact on the active sites of SARS-CoV-2.

Table 2. Peptides derived from cereals with antihypertensive activity.

Bioactive

IC50 or %

Food Compound MW Test IECA Decrease BP Main Mechanism Reference
Bran of rice Peptide <4 kDa in vitro 30 pg/mL ND Reducer a]rzlggnhibitor of [67]
. . Blocker of ECA due to
}Ilh ce protein Dipeptides ND in vitro 76.58-pg/mL ND the presence of aromatic [72]
ydrolysates : id
amino acids
Inhibitors of ECA via the
Barley flour Peptide <3 kDa in vitro 70.3% ND presence of hydrophobic [68]
amino acids
Regulation of
) o o trictors i
Corn germ flour Peptide <3 kDa in vivo 830 pg/mL 15.7% viar? %%n:;écpifsﬁiryﬁisﬁs [73]
decreases in Ang 1L
Corn germ Peptides <6 kDa in vitro 1389 pg/mL ND Inhibitory effect on ECA [74]
Corn gluten flour Peptides <3kDa  invivo/in vitro 290 ug/mL >30§E?Hg Pe{}ilesiiegglﬁut?;;f; of [75]
3545 H Inhibitor of ECA by
Corn gluten flour Dipeptide ND in vivo-in vitro 37 ug/mL a ng,m &  possible synergy between [76]
peptides
Inhibition of ECA by
Hydrolyzed . S electrostatic interactions
wheat gluten Peptides <lkDa in vitro 2 ug/mL ND and interactions with [66]
hydrogen bonds
Competitive and
Hﬁ’ dl:(d{zte d Peptides <1kDa in vitro 4 ug/mL ND non-competitive [77]
wheat gluten inhibitors of ECA
Defatted wheat Inhibition of ECA by
cta eern"’lv ca Peptides <5 kDa in vitro 452 pg/mL ND enzymolysis and [78]
& ionization of proteins
Defatted wheat Hydrolyzed A Inhibition of ECA by
germ proteins ND mn vitro 220 pg/mL ND hydrophobic amino acids (791
Phenolics from Inhibition of ECA by
Wheat flour peptide ND in vitro 84.52% ND bound phenols after acid [80]
fractions hydrolysis
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Table 2. Cont.
F Bioactive ICsg or % . .
ood Compound MW Test IECA Decrease BP Main Mechanism Reference
Ultrasonic pretreated
Oat-isolated . - o enzymolisis increased
protein Peptides <3 kDa in vitro 60% ND ECA-inhibitory activities [81]
of the oat peptides
Inhibition of ECA-I by
. aromatic, small acids
1? a(;rlz)liofaltré Peptides ND in silico 96.5% ND with low lipophilicity [82]
y y and high electronic
Oat tei in vit i C F’f'ope'rtile'i)'t f
at protein . in vitro e in ompetitive inhibitors o
hydrolysate Peptides <3 kDa silico 35 ug/mL ND ECA [83]
. Binding of the C-terminal
Swee;g;ghum E?; ’Egre; <1 kDa in vitro 31.6 ug/mL ND of Serine with the active [84]
sites of ECA
so;%,zﬁg}iﬁfm Tripeptides ND in vitro 1.3 pg/mL ND Competltlgégnhlbltor of [85]
Bread produced ECA binding at the
with addition of . - N-terminal and proline or
6% rye-malt Peptides ND in vitro 0.002 uM/mL ND aromatic amino acids at [86]
gluten the C-terminus
Extruded and . A o Reduction in the indexes
fermented millet Peptides ND in vivo ND 14.6% of RAAS [87]
Bread or o
- . Inhibition of
sandwiches with Protein ND Clinical ND 3% vasoconstrictors and [88]

pure millet
grains

induction of vasodilators

BP: Blood Pressure; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; MW: Molecular weight; % IECA:
Percent inhibition of ECA; Ala: Alanine; Arg: Arginine; Cys: Cysteine; Gln: Glutamine; Glu: Glutamic acid;
Ile: Isoleucine; Leu: Leucine; Lys: Lysine; Phe: Phenylalanine; Pro: Proline; Ser: Serine; Thr: Threonine; Trp:
Tryptophan; Tyr: Tyrosine; Val: Valine; NOS: Nitric oxide synthase; ND: Not determined.

5.1. Rice

Wild rice (Zizania spp.) is one of the cereals that has presented anti-hypertensive,
antiallergic, and immunomodulating activities, which are associated with the phenolic
acids, flavonoids, and other phytochemicals with antioxidant properties that aid in the
prevention of chronic illnesses [89,90]. Okarter and Liu [91] report that the low incidence of
chronic diseases in regions where rice is consumed is related to the presence of phytochem-
ical antioxidants in this cereal. Consequentially, these studies suggest the potential use of
rice and its by-products in the prevention or contributory treatment of non-transmissible
diseases such as hypertension.

Gong et al. [89] quantified the total phenolic content and flavonoids in different
varieties of rice, such as black rice, red rice, whole rice, and plain rice. They reported
concentrations of 1159, 669, 108.7, and 58.88 mg of Gallic Acid Equivalents (GAE)/100 g.
With respect to the total content of flavonoids, the authors reported 1503, 598.2, 77.94,
and 26.52 mg Quercetin Equivalents (QE)/100 g in black rice, red rice, whole rice, and
plain rice. Deng et al. [92] demonstrated the antihypertensive effects of wild rice (Zizania
latifolia) in spontaneously hypertensive rats, attributing these effects to the influence of the
polyphenol content, principally quercetin, due to previous studies that have demonstrated
that this compound reduces blood pressure and, moreover, since it presents protective
effects against cardiovascular diseases. Table 1 shows the main mechanism used in the
ACE inhibition of some phenolic compounds derived from cereals such as rice. The
phytochemical composition of wild rice is so complex that the decrease in hypertension
could be related to the synergic effects of bioactive compounds such as polyphenols and
bioactive tripeptides [92,93].

Michelke et al. [72] evaluated possible ACE inhibitor peptides found in hydrolyzed
whey, soy, and rice protein. The evaluation of ACE inhibition was performed in different
ACE systems such as human plasma, venous endothelial cells from human umbilical
cord, rabbit lungs, and rat aortic rings. The IC50 values observed in the soybean and
rice peptide mixtures were approximately 2 to 2.5 times higher than the IC50 value of the
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serum-derived peptides. Therefore, the best ACE-inhibitory activity was from the serum
peptides consisting of isoleucine and tryptophan.

Some studies have shown the effectiveness of dipeptides made up of isoleucine and
tryptophan (IW) in decreasing ACE, showing anti-inflammatory and antioxidant activities
in endothelial cells [94,95]. Lunow et al. [96] mention that the IW dipeptide acts as a
competitive and selective inhibitor for the C-Terminal of ACE in plasma.

Jan-on et al. [54] demonstrated that virgin rice bran oil prevents hypertension induced
by the L-NG-nitroarginine methyl ester (L-NAME) in rats, improving the hemodynamic
alterations, as well as the reduction in oxidative stress and vascular inflammation. This
suggests that these activities could be mediated by the content of unsaturated fat, antioxi-
dants, phytochemicals such as g-oryzanol, phytosterols, and tocopherols, which possess
antioxidant activities and provide vascular and inflammatory protection.

On the other hand, rice bran presents a high concentration of biologically active com-
pounds that are important for human health, of which are found cellulose, hemicellulose,
pectin, arabinoxylan, lignin, 3-glucan, polyphenols, y-oryzanol, 3-sitosterol, vitamin B9,
vitamin E, tocopherols, micronutrients (such as calcium and magnesium), and essential
amino acids (such as arginine, cysteine, histidine, and tryptophan) [97].

Due to the high content of nutrients, a diet rich in rice increases immunological,
antioxidant, anticancer, and antidiabetic activities, protecting the organism against multiple
diseases [98]. Therefore, the use of these compounds and their different functions as
collectors of free radicals, antiallergy agents, antiatherosclerosis agents, anti-influenza
agents, anti-obesity agents, and antitumor agents offer protection against numerous chronic
diseases and degenerative diseases in humans, including hypertension and some cases that
could interfere with the infection of COVID-19.

5.2. Barley

In barley (Hordeum vulgare L), phytochemical concentrations have been reported
in relation to a reduction in heart disease, colon cancer, gallstones, and cardiovascular
illnesses [99]. The Food and Drug Administration reported that the intake of barley is
related to a decrease in cardiovascular diseases [100], such as chronic coronary diseases,
due to the decrease in plasma cholesterol promoted by {3-glucans from hulled barley, which
promote the excretion of fecal lipids [101].

Some of the properties that are attributed to barley for reducing the risk of cardio-
vascular diseases such as hypertension are related to their different bioactive components,
which include peptides and ACE-inhibitory proteins [102]. However, some studies mention
that the high inhibition of ACE is principally stimulated by the combination of components
that come from antioxidants [103], peptides [68], or phenolic compounds [104].

Different authors have also demonstrated the great variety of bioactive compounds
originating from barley [57,68], among which the most utilized are inhibitors of ACE. The to-
tal concentration of phenolic acids ranges between 604 and 1346 mg/g [105]. Kim et al. [106]
studied the content of 127 varieties of barley with and without husks and they found that
the flavonoid content ranged from 62-300.8 mg/g. Andersson et al. [107] studied 10 vari-
eties of barley and found that the concentration of phytosterols ranges between 820 and
1153 mg/g. With respect to anthocyanins, the most common found in barley is the cyanidin
3-glucosidic type (214.8 mg/g) [108]. On the other hand, the lignans are the most studied
polyphenols in barley, whose concentration ranges between 6.6 and 541 mg/100 g [109].

The peptides obtained from barley also present inhibitory effects towards ACE. The
effects of the peptides occur principally because of the presence of hydrophobic peptides
in the C-terminal chain of the peptide that are united in the active sites of ACE [68]. The
presence of anthocyanins and polyphenols extracted from whole grains and seedlings
of barley, respectively, have also been studied as potential inhibitors of ACE, presenting
competitive and non-competitive inhibitory mechanisms. Some polyphenols show a non-
competitive inhibition of ACE when a structural difference with the natural substrate of
ACE is produced (Table 1) [57,58].
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In addition to phenolic compounds and inhibitory peptides, the soluble fiber in barley
and other cereals has an important role in human health. A study by Behall et al. [110]
observed a reduction in systolic and diastolic blood pressure in middle-aged men and
women after a 5-week integral diet. Fiber has anti-inflammatory effects, and in adults
with asthma, an average fiber intake of 5 g/day plus a controlled mineral-rich diet is
inversely associated with the eosinophilic inflammation of the respiratory tract and pul-
monary function [111,112]. Epidemiological studies in humans have demonstrated that
fiber can promote health and prevent chronic diseases, especially those related with in-
flammation [113], which could improve the cognitive function of people infected with
COVID-19 [113]. Therefore, the intake of dietary fiber can support antiviral and immuno-
suppressive therapeutic treatments, thereby ameliorating the suffering of COVID-19 [114].

5.3. Corn

Across the globe, there are different varieties of corn, which is rich in fiber, vitamins,
minerals, phenolic acids, flavonoids, sterols, and a great variety of phytochemicals [115].
There are reports that indicate that corn is one of the cereals with the highest availability
of nutrients, mainly 3-carotene and «-tocopherol, which suggests that it may be the most
suitable for biofortification [116]. However, this may depend on the pigments in the grain.
Blue, red, and purple corn have a higher concentration of anthocyanidins; in Chinese purple
corn, approximate concentrations of 256.5 mg of cyanidin 3-glucoside/100 g at a dry weight
have been reported, while in American corn, the anthokinin content ranges from 54 to
115 mg/100 g per sample [117,118]. Yellow corn is rich in carotenoids with a concentration
of 0.823 mg/100 g per dry weight of corn [119]. Violeta et al. [116] have reported concentra-
tions of 26.9 ug/g of 3-carotene and 27.2 ug/g of a-tocopherol in dark orange corn grains,
while in dark red corn, they were 2.51 and 4.95 pg/g, respectively, and in red corn, they
only reported a concentration of x-tocopherol of 4.87 ug/g. Pigmented genotypes have
shown a strong antioxidant capacity using DPPH and TEAC techniques [120]. In black
corn, a higher antioxidant activity has been reported than in yellow and white corn [121].
According to reports, the type of phenolic compound and/or flavonoids are associated
with grain pigmentation. The bioactive compounds have been related to antioxidant [122],
anticancer [123], antimicrobial, and anti-viral activities [124]. The anthocyanin content
differs by the variety of corn; in pink corn, it is approximately 12.74 mg of cyanidin 3-
glucoside/100 g at a dry weight, while in black corn, the anthocyanin content is 304.5 mg
of cyanidin 3-glucoside/100 g at a dry weight [118]. Corn has the highest antioxidant
activity with 181.4 umol equivalents of vitamin C/g per grain compared to cereals such
as rice that have 55.77 umol equivalents of vitamin C/g per grain, wheat with 76.70 pmol
equivalents of vitamin C/g per grain, and oats with 74.67 pmol equivalents of vitamin C/g
per grain [125].

Mellen et al. [126] carried out a metanalysis regarding the intake of whole grains and
clinical cardiovascular events. According to their estimates, the consumption of whole
cereals reduces the risk of suffering cardiovascular diseases by 21%. Similarly, this has
been related to a decrease in the risks of suffering chronic diseases such as diabetes type
2 [127], obesity, some cancers [128,129], and cardiovascular diseases [130]. Wu et al. [74]
evaluated the antihypertensive activity of ACE inhibitor peptides from corn germ using
the hydroenzymatic lysis method with alkaline protease that allows for the production of a
high concentration of inhibitor peptides. They carried out an ultrafiltration that allowed
them to obtain smaller peptides of 6 kDa, increasing the IC50 of the inhibitory activity of
ACE and demonstrating that the smaller the size the better absorption, according to the
authors [7,75].

It has been reported that the peptides extracted from corn germ flour promote the bal-
ance between vasoconstrictor factors, vascular endurance, and the reduction in the level of
renin and Angiotensin II, thus controlling blood pressure [73,74]. Huang et al. [75] demon-
strated the antihypertensive effect of the peptides of corn in spontaneously hypertensive
rats. They reported that two types of mechanisms of action exist in the peptide inhibitors
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of ACE: those that compete with the availability of the substrate of ACE and those that
combine the bioactivity of ACE to inhibit its enzymatic activity. These are normally made
up of more than four amino acids and from two to three amino acids. It is shown in this
study that the molecular size of the inhibitory peptide of ACE plays an important role in
its inhibitory activity because the peptides less than 3 kDa had an inhibition four times
greater than the peptides of 5 kDa. In a dipeptide (Ala-Tyr) isolated from a hydrolyzed corn
gluten flour, an IC50 of 82.92% was observed; therefore, due to its size, it is a potential ACE
inhibitor [131]. Some peptides and proteins derived from cereals with antihypertensive
activity are shown in the Table 2.

Duru [132] showed that the minerals and phytochemical content present in corn husks
contribute to multiple health benefits. Among the most abundant minerals that can be
found are calcium, sulfur, and potassium, which contribute to nerve and muscle regulation.
This is the case for calcium; sulfur is present in different amino acids and potassium plays a
part in the acid-base balance and osmotic regulation. As a consequence, a modification of
the diet that includes the consumption of corn could be a strategy to prevent cardiovascular
diseases and infectious diseases such as COVID-19.

5.4. Wheat

Wheat (Triticum spp.) has been used for the elaboration of basic foods since time
immemorial and is highly essential in human nutrition, providing 55% of starch and more
than 20% of food calories. Clinical studies have demonstrated that the regular consumption
of wheat is associated with a reduction in chronic diseases, specifically the intake of dietetic
fiber and other bioactive compounds [4].

Wheat is a rich source of diverse phytochemicals, among which are phenolic acids,
terpenoids, tocopherols, and sterols [133]. The concentration of phenolic acids in whole
wheat ranges between 200 to 1200 mg/g in dry weight [134]. The type of milling and the
use given to this cereal has a great impact on the composition of the bioactive compounds
and, thus, the health benefits as well as the improvement of the functions of the colon, those
against cancer, those that protect against obesity, those that promote weight loss, and those
that mitigate cardiovascular diseases [4,135].

Zhang et al. [66] isolated peptides from wheat gluten for their potential use as ACE
inhibitors, showing the importance of generating gluten hydrolysates to increase their
benefits, especially for the celiac population.

Besides gluten, wheat germ has widely been studied because of its high protein content.
Diverse studies have demonstrated that the peptides isolated from wheat germ and some
isolated from wheat gluten, such as VPL (Val-Pro-Leu), WL (Trp-Leu), WP (Trp-Pro), and
IAP (Ile-Ala-Pro), present antihypertensive effects principally for ACE inhibition, which is
caused principally by the high presence of hydrophobic amino acids such as proline and
tryptophan (Table 2) [8,78,79].

Asoodeh et al. [77] performed a characterization of ACE-inhibitory peptides from
wheat gluten protein hydrolysates through the use of trypsin. The sequences with the high-
est inhibitory activity were Ile-Pro-Ala-Leu-Leu-Lys-Arg and Ala-GIn-GIn-Leu-Ala-Ala-
GlIn-Leu-Pro-Arg-Met-Cys-Arg; as in most inhibitory peptides, this activity is influenced by
the peptides’ structure, since some peptides that have tryptophan, tyrosine, phenylalanine,
and proline residues and hydrophobic amino acids in the C-terminal sequence show greater
inhibitory activity towards ACE [136].

Besides the extraction and evaluation of inhibitory peptides, Gammoh et al. [80]
demonstrated that the isolation of phenols from protein fractions in wheat flour increased
antihypertensive activity in an in an vitro model, alongside increasing antioxidant proper-
ties and decreasing allergenicity.

Recently, studies have demonstrated the capacity of polysaccharides to increase the
immune response to infectious diseases. In cells such as macrophages, the polysaccharides
activate the protein tracts, stimulating the control processes of the immune response [137].
Therefore, the polysaccharides of wheat induce the expression of cytokines, activating
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macrophages and increasing the phagocytotic activity [138,139]. Thus, the polysaccharides
activate the important immunosuppression tracts for the treatment of persons infected with
COVID-19 because they stimulate the production of anti-inflammatory substances, which
could apply to the treatment of grave cases [137].

5.5. Oats

Oats (Avena sativa) are a whole cereal that provide proteins, unsaturated fatty acids,
vitamins, minerals, dietetic fiber, and phenols such as the avenanthramides [140]. Soy-
can et al. [141] determined the concentration of phenolic acids and avenanthramides in
commercial products of oats and showed that there was a greater concentration of these
compounds (1518.6 ug/g) compared to oat bran (626.3 png/g). Different bioactive com-
pounds have been reported in oats, such as phenolic compounds, with a concentration
between 180 and 576 mg Routine Equivalents (RE)/100 g. As to the phytosterols, oats
present a concentration between approximately 35 and 68.2 mg/100 g. On the other hand,
the tocopherol content (vitamin E) ranges between 0.5 and 3.61 mg/100 g [142].

Diverse studies mention that a regular consumption of oats reduces cholesterol [5,143],
improves the sensitivity of insulin [144], and controls blood pressure [145]. Soyca et al. [141]
reported a concentration of total phenolic acids of 39.5-62.75mg /100 g per sample. In this
study, it is mentioned that ferulic acid is the principal component present in commercial
oats, consisting of 58-78.1% of the total compounds. Ferulic acid presents antioxidant
activities that can prevent chronic diseases [146]. It has been demonstrated that avenan-
thramides offer health benefits such as antioxidative properties that can help protect against
cardiovascular diseases [147].

Few studies have investigated the benefits offered by oats in hypertension. However,
their positive effects on cardiovascular diseases have not been discarded. Wang et al. [81]
evaluated the ultrasonic pre-treatment of the protein in oats and its activity as a protein in-
hibitor of ACE, utilizing the enzymatic pre-treatment with ultrasound for the improvement
of the hydrolysis of proteins and the process of enzymolysis for the liberation of peptides
less than 3kDa. The results showed that the ultrasonic energy, the duration of treatment,
and the time of enzymolysis greatly influenced the hydrolysis grade and inhibitory ac-
tivities of the ACE of the peptides. They showed that the inhibition of ACE provoked
by the peptides had an increase of 32.1 to 53.8% compared to samples without ultrasonic
treatment. According to the authors, the rate of enzymatic hydrolysis after ultrasonic
pre-treatment was due to the increase in the affinity between the alcalase and the isolated
protein. Alcalase is a specific endonuclease enzyme that combines exposed hydrophobic
sides, which could have brought about an increase in the production of inhibitor peptides
of ACE, provoked by the high grade of the hydrolysis it promoted [148].

Besides the protein inhibitors of ACE, the soluble fibers such as the 3-glucans of
oats have been widely studied, demonstrating prebiotic effects and improving glycemic
control and regulating blood pressure [149,150]. Maki et al. [151] evaluated the effect of
the consumption of foods that contain the 3-glucan from oats in blood pressure. The
study consisted of a controlled randomized clinical trial, which was double blinded, where
97 men and women, with a mean age of 63 years, systolic blood pressure of 130-179 mmHg,
and/or a diastolic blood pressure of 85-109 mm Hg were assigned to consume foods
containing oat 3-glucan or control foods for 12 weeks. Although the results did not show a
significant difference in terms of the decrease in blood pressure between the groups, the
decrease in blood pressure significantly decreased both the systolic (8.3 mm Hg, p = 0.008)
and diastolic (3, 9 mm Hg, p = 0.018) pressure in the subjects with a body mass index above
the mean (31.5 kg/m?) compared to the control groups.

The extracts of 3-glucans produce immunomodulatory effects and pulmonary cry-
oprotections, which could have therapeutic implications in patients with COVID-19. In the
same way, these could reduce oxidative stress and activate macrophages [33].

McCarty and DiNicolantonio [152] recently described the potential role of 3-glucan as
a natural nutraceutical to boost the response of interferon type 1 to RNA viruses such as the
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influenza and the coronavirus. Therefore, the intake of oat products provides a rich source
of phytochemicals that provides health benefits such as decreasing high blood pressure and
influencing the immunotherapies against infections such as COVID-19 due to the presence
of inhibitory peptides of ACE and of 3-glucans.

5.6. Millet

Millet includes numerous species that are not related genetically. However, it contains
various phytochemicals, phenolic compounds, phytosterols, policosanols, and bioactive
peptides [153]. Chandrasekara and Shahidi [154] evaluated different varieties of this
cereal that presented approximate concentrations of hydroxybenzoic and hydroxycinnamic
acids and their by-products from 9.3 to 62.2 pg/g and 9.1 to 173 pg/g of defatted flour,
respectively, both in their free forms. As to flavonoids, this cereal contains from 2 to
100 mg/g, which differs because of the variety of the species [153]

The protein of foxtail millet (Setaria italica Beauv) can have physicochemical and
physiological properties. Some studies have found that foxtail millet presents antioxidant
activities, reduces the levels of cholesterol, and can present anticancer effects [155,156].

Furthermore, foxtail millet presents antihypertensive effects. Studies reported the
inhibitory capacity of the ACE of hydrolyzed proteins derived from this cereal [87]. The
consumption of whole grains can reduce blood pressure. Hou et al. [88] reported that the
consumption of 50 g of whole grains of pulverized foxtail millet extruded in the form of
bread or millet pancakes for 12 weeks showed a significant reduction in SBP of 133.61 and
129.48 mmHg, as well as a reduction in the mass index and body fat in 45 middle-aged
hypertensive patients. However, Chen et al. [87] showed the best results with respect to
decreasing blood pressure. In this study, they used spontaneously hypertensive rats. They
showed that a diet of 200 mg of peptides per kg of body weight for four weeks reduces
blood pressure via the intake of raw samples and in extruded and fermented samples
with Rhizopus oryzae. Compared to the extruded and fermented samples, the raw samples
caused a greater decrease in blood pressure with a reduction of 28.3 mmHg in PAS. As
to the extruded and fermented hydrolyzed proteins, there was a reduction of 24.8 and
13.6 mmHg, respectively. A controlled group treated with captopril had a reduction of
23.6 mmHg.

Therefore, the consumption of foxtail millet protein, specifically hydrolyzed, raw,
and extruded millet protein, improves hypertension due to the antioxidant and anti-
inflammatory properties whereby vascular conditions can be regulated gradually
(Table 2) [157]. In both studies, the levels of ACE and Ang II decreased, which could
indicate that the antihypertensive mechanism of foxtail millet consists of inhibiting the
activity of the ACE in the serum of subjects with slight hypertension. The antihypertensive
effects produced by cereals are related to the improvement in the endothelial function that
is achieved by inhibiting the effects of vasoconstrictors such as Ang II, inducing vasodilata-
tion through nitric oxide, and affecting the vasorelaxation tracts involved. Along with the
previously mentioned cereal, the consumption of millet can aid the modulation of immune
functions, which helps to protect against the COVID-19 ailment [158].

5.7. Rye

Among cereals, rye (Secale cereale L.) contains the highest concentration of dietetic
fiber, which is composed of arabinoxylan, cellulose, 3-glucan, fructans, and lignin. Ara-
binoxylan is the most abundant fiber in rye (7.6-12.1% of the dry grain weight) [159].
Pihlava et al. [160] reported 0.5, 4.6, and 20.5 mg/100 g of dry weight of total flavonoids
present in the fine flour of rye, whole rye flour, and rye bran, respectively. As to the
quantity of anthocyanins, the authors reported 0.15 mg /100 g in rye bran, 0.18 mg/100 g in
whole rye flour, and 0.026 mg/100 g in fine rye flour. They also reported 66.3, 15.5, and
291.6 mg /100 g in the dry weight of alkylresorcinols in whole rye flour, fine rye flour, and
rye bran, respectively.
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There is important evidence within the studies of the physiological effects of rye foods
with possible health benefits, such as the positive effects on tumors in prostate cancer [2],
antihyperglycemic properties, and antihypertensive activities [86]. Zhao et al. [86] evalu-
ated the concentration of inhibitors of the ACE of different bakery products starting with
rye sourdough. They reported eight ACE-inhibitory tripeptides. The dominant tripeptide
was IPP (Ile-Pro-Pro) with 58 to 73 mmol/kg. Moreover, the peptide that showed the
greatest inhibition of ACE was LPP (Leu-Pro-Pro) (57 mmol/L), which is characterized by
the presence of leucine, an amino acid with a greater hydrophobicity, which is a principal
characteristic of the inhibitors of ACE.

Rye grains are a source of diverse phytochemicals such as phenolic acids, lignans,
and alkylresorcinols [160]. Multiple studies have demonstrated the capacity of the sec-
ondary metabolites of plants to generate antiviral activities besides the importance of
phytochemicals against SARS-CoV [161,162]. There are studies that link the effectiveness of
dietary fiber to the prevention of diseases related to lifestyle such as hypertension [163,164].
Dietary fibers reach the colon and produce short-chain fatty acids, which are released into
the circulation to reach the organs involved in the regulation of hypertension [165]. Due
to the high content of dietary fiber, proteins, and various bioactive compounds, rye can
enhance immunomodulatory and antihypertensive activities.

5.8. Sorghum

Sorghum (Sorghum spp.) contains tannins, phenolic acids, anthocyanins, and phytos-
terols. These phytochemicals have the potential to provide a significant impact on human
health, promoting cardiovascular health by reducing the plasma levels of lipoproteins of a
low density and hepatic cholesterol [166]. Sorghum contains benzoic acids and cinnamic
acids, which range from 16 to 131 mg/g and from 41 to 444 mg/g, respectively [167].

Anthocyanins are the most studied flavonoids in sorghum; Awika et al. [168] reported
that the anthocyanin content in black sorghum bran is three to four times higher than in
whole grain and had at least twice the anthocyanin levels (10.1 mg/g) in comparison with
red sorghum (3.6 mg/g). The quantitative data of the phytosterols present in sorghum are
limited, although approximate contents of 44 to 72 mg/100 g have been reported [169,170].

The generation of ACE-inhibitory peptides has been carried out in different forms.
Most of these techniques were based on the production of peptides from food proteins via
enzymatic hydrolysis [66]. Wu et al. [84] developed a kinetic method that describes the
enzymatic hydrolysis of the protein of sweet sorghum grain utilizing alcalase to purify ACE-
inhibitory peptides (Table 2). The authors demonstrated that 19% hydrolysis exhibited the
strongest inhibitory activity of ACE. On the other hand, they obtained a tripeptide inhibitor
composed of Threonina (Thr)-Leucine (Leu)-Serine (Ser), which, due to the serine union at
the C-terminal of the chain, manages to interact in the peak protein subunits (S1 and S2) of
ACE, thereby achieving its inhibition. Some studies explained the relationship between
the structure and the activity of the inhibitory peptides of ACE, which are influenced by
the C-terminal and the presence of hydrophobic amino acids or aromatic residues such as
Tryptophan (Trp), Tyrosine (Tyr), Proline (Pro), and Phenylalanine (Phe). However, this
structure-activity relationship has not been completely established [148].

The polyphenols have an ample antiviral activity against diverse groups of viruses
such as influenza A (H1IN1), hepatitis B and C (VHB/VHC), herpes simplex 1 (VHS-1),
human immunodeficiency virus (HIV) and, recently, the virus that caused the COVID-19
disease (SARS-CoV-2) [171].

Besides their antiviral capacity, the phenolic compounds can also present antihyper-
tensive activity. Irondi et al. [61] analyzed raw and toasted red sorghum grain flour (150
and 180 °C) to determine the inhibitory activities of different enzymes including ACE. They
found that the raw grains showed high inhibitory activities (19.64 pg/mL) because of the
high presence of phenolic acids (gallic, chlorogenic, caffeic, ellagic, and p-coumaric) and
flavonoids (quercetin, luteolin, and apigenin), as increasing the temperature when toasting
decreases the presence of phenolic compounds and, consequentially, causes a decrease in
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inhibitory activity, with an IC50 in the grains roasted at 150 °C of 20.99 ug/mL and in the
grains roasted at 180 °C of 22.81 ug/mL. Therefore, the parallel decrease in the inhibitory
activity of the enzymes and the phenolic composition of the grains with the increase in
the toasting temperature suggests that the phenolic acids and the flavonoids could be the
principal inhibitors of the enzymes of the grain.

In this way, sorghum is a cereal with high potential to control hypertension and, in
some cases, its consumption could reduce the probability of viral infection by SARS-CoV-2
due to its high phytochemical content. In general, this cereal seems to have a great potential
to form part of a healthy diet and its consumption as grains or as food products could
reinforce the bioavailability of nutrients to prevent chronic diseases and infections.

6. Conclusions

Different components of cereals have been characterized, such as anthocyanins,
flavonoids, phenolic acids, proteins, and fibers, which have biological activities that help
prevent or control hypertension acting on the RAAS, inflammation, and oxidative stress.
According to the studies reported in this review, pigmented raw rice exhibits the greatest
ACE inhibition. In an in vitro study, raw rice was shown to inhibit up to 97% of ACE. This
activity is related to the reduction in oxidative stress and the reduction in NOS, caused by
the presence of phenolic compounds such as proanthocyanidins. In silico studies showed
that peptides derived from oats, made up mainly of aromatic amino acids, can inhibit up
to 96.5% of ACE. The presence of this type of amino acid is also related to the ability to
inhibit the TMPRSS protease of the host to prevent the entry of the SARS-CoV-2 virus. ACE
inhibitor drugs (ACEi) and angiotensin II receptor blockers (ARBs) participate in processes
that regulate the expression of ACE2, thus being useful in the treatment of patients who
developed SARS-CoV-2. Ultimately, this review highlighted the mechanisms used by
bioactive compounds in cereals to lower blood pressure and how these processes could be
involved in reducing the degree of COVID-19 infection.
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CAPITULO IIl. TOTAL PHENOLS AND FLAVONOIDS IN GERMINATED
BARLEY USING DIFFERENT SOLVENTS

3.1 Introduccion

Este capitulo muestra un articulo original de investigacion publicado en la revista
Chemistry and Biodiversity. Se seleccionaron dos variedades: Perla y Esmeralda. Estas
variedades fueron seleccionadas debido a que son las cultivadas en el estado de Hidalgo
y se diferencian por la presencia de cascarilla (Esmeralda) y ausencia de cascarilla (Perla).
Se realizo la extraccion y cuantificacion de fenoles y flavonoides totales en semillas sin
germinar y con diferentes dias de germinacién (3, 5 y 7), utilizando solventes con
diferente polaridad. Se utilizaron agua, acetona 50%, metanol y etanol al 80% como
solventes para la extraccion de fenoles y flavonoides. Los resultados mostraron que
ademas de la germinacidn, la selecciéon de un disolvente repercute en la eficacia para
extraer fenoles y flavonoides totales. La germinacion de 7 dias fue la mejor opcién para
incrementar la concentracion de fenoles con 27.34 y 21.85 mg EAG/g y para flavonoides
con 8.24 y 5.50 mg EQ/g en Esmeralda y Perla, respectivamente. Se observé que existe
una alta correlacion entre la concentracién de fenoles y flavonoides totales con el tamafio
de radicula (r= 0.780-0.995). Por otro lado, los resultados mostraron que el metanol al
80% extrajo la mayor concentracion de fenoles para Esmeralda (40.55 mg EAG/g) y
flavonoides en Perla (6.97 mg EQ/g). A partir de este estudio se estandarizaron los

extractos que serian utilizados en los estudios posteriores.
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Total Phenols and Flavonoids in Germinated Barley Using

Different Solvents

Abigail Garcia-Castro,” Alma Delia Roman-Gutiérrez,*® Araceli Castafieda-Ovando,” and

Fabiola Araceli Guzman-Ortiz*™

Sprouts are a source of secondary metabolites as phenolic
compounds. Germination and the use of solvents can affect
their content. The aim of this work was to identify the total
content of phenols and flavonoids in ungerminated and
germinated (3, 5, and 7 days) Esmeralda and Perla barley.
Different solvents (water, 50% acetone, 80% methanol, 80%
ethanol) were used to recover total phenols and flavonoids. The
7-day germination proved to be ideal for total phenol and
flavonoid obtention from Esmeralda barley and the highest
total phenol and flavonoid content in Perla variety was

Introduction

Barley (Hordeum vulgare L) is a cereal widely consumed world-
wide and is used in food, beverages, and some health products
such as barley-based fibers and probiotics." The consumption of
germinated grains, including barley, has been reported to be
increasing due to their nutritional quality and improved functional
properties.?¥!

The importance of barley lies in the presence of various
metabolites, such as phenolic compounds, which have been
shown to be involved in various biological activities related to
different diseases.”

Germination is a simple and cost-effective process that has led
to an increase in secondary metabolites in cereals and
legumes."®'" This allows for enhancing the functionality of the
human diet by using sprouts for direct consumption or incorporat-
ing them into the development of new foods that enhance their
phenolic content and antioxidant activity.”

During the early stages of germination, limited resources are
available to meet physiological processes, and when growth is
restricted, carbon diversion towards the production of secondary
metabolites is activated."? Additionally, the generation of bio-
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observed at 5 and 7 days of germination, respectively. Methanol
and ethanol (80%) yielded the highest extraction percentage of
total phenols; 50% acetone recovered the highest flavonoid
concentrations in Esmeralda barley and 80% methanol in Perla
barley. The highest total phenol concentration was obtained
from Perla samples at 13.60 mgGAE/g, and the highest total
flavonoids were observed in Esmeralda barley at 1.73 mg QE/g.
A high correlation was found between the concentration of
phenols (0.995) and total flavonoids (0.780) with the radicle size
in the Esmeralda samples.

active compounds occurs through the mobilization of reserve
compounds and the phenylpropanoid pathway."”

As a result, the level of phenols varies throughout germination,
and this process can increase the nutritional quality of sprouts.
The content of phenolic compounds and other nutrients may vary
according to genetic or morphological characteristics, such as the
presence or absence of hulls and/or the radicle size in cereals like
rice and barley."*'® On the other hand, in maize and rice, roots
have been reported to be associated with hormonal activities that
allow for better nutrient absorption. A larger root has a greater
capacity for nutrient storage and absorption."” However, some
vegetables may store most of their bioactive compounds in leaves,
fruits, or flowers.

Furthermore, the concentration of phenolic compounds is also
related to the choice of solvent for extraction, impacting the
efficiency of the process. In research and the food industry, various
extraction techniques and solvents are used to obtain and
concentrate phenolic compounds of interest, which can then be
applied in the formulation of supplements, functional foods, or
pharmaceutical products.'®'?

The use of solvents with different polarities allows for the
extraction of a wide range of phenolic compounds with varying
solubility affinities. Polar solvents such as ethanol and methanol
are efficient in extracting water-soluble phenolic compounds like
flavonoids and anthocyanins.**"

However, despite the existence of various studies on the effect
of solvents in phenolic compound extraction, there is limited
information on the extraction of these compounds in different
barley sprouts using solvents with different polarities.®"

Therefore, the objective of this article was to obtain an extract
with the highest concentration of phenolic compounds from non-
germinated and germinated barley for 3, 5, and 7 days, using
methanol, ethanol, water, and acetone as extractants, and to
examine the relationship between the content of phenolic
compounds and radicle size.

© 2023 Wiley-VHCA AG, Zurich, Switzerland

41



doi.org/10.1002/cbdv.202300617

Research Article

CHEMISTRY &
BIODIVERSITY

«

Results and Discussion
Total phenol concentration in germinated barley

Changes in total phenol contents in the two germinated barley
varieties (Esmeralda and Perla) are shown in Table 1. The first
column of the table presents the total phenol content using a
high-polarity solvent (water) for barley sprout extract (BSE)
resuspension.

Ungerminated extracts from Esmeralda variety (EBSEQ) and
Perla variety (PBSE0) showed concentrations of 0.64 and
0.91 mg GAE/g, respectively, and both presented significant differ-
ences (p <0.05). In contrast, total phenols in Esmeralda and Perla
barley sprout extract from 3 days of germination (EBSE3, PBSE3)
were 7.8 and 7.9 times higher, respectively (Table 1).

These results represent a significant increase when compared
against ungerminated EBSEO and PBSEO (p < 0.05).

Furthermore, germination for 5 days increased total phenols to
19 and 42% in Esmeralda and Perla barley sprout extract from
5 days of germination (EBSE5, PBSE5), respectively, as compared
with germination for 3 days. Then, PBSE5 showed higher total
phenols (10.36 mgGAE/g) vs. EBSE5. Germination for 7 days
produced a 19% increase in total phenols (EBSE7) when compared
to EBSES.

Contrastingly, total phenols in Perla barley sprout extract from
7 days of germination (PBSE7) were reduced by 31.2% vs. PBSE5;
however, the concentration was increased up to 11-fold. Similarly,
PBSEO presented an 11-fold increase after germination for 5 days
(Table 1).

These results are higher than those reported by Lu et al. and
Lee et al. in barley grains germinated for 5 and 6 days, respectively.
The concentrations of total phenols they obtained increased 1.2-
2.4 times when compared to ungerminated samples. %!

Tomé-Sanchez et al. reported that total phenols in wheat
increased 3.4 times after germination for 7 days and up to 2.3
times in corn after 6 days of germination."**¥ According to

previous works, the differences found are related to the type of
seed and germination time.

Additionally, the increase in phenolic contents during germi-
nation is affected by enzymatic activities that promote the
degradation of the cell wall.*** This process is a consequence of
chorismate biosynthesis and shikimate pathway, key metabolites
to the synthesis of primary products, leading to the release of
precursor amino acids for certain phenolic compounds (trypto-
phan, tyrosine, cysteine).”””

The increase is related to biosynthesis and/or hydrolysis of
phenolic compounds bound to cell walls, as a direct result of the
enzymatic action induced by the embryo during its
development.?*?

Therefore, it has been proven that germination mobilizes
stored nutrients through enzymatic activity to significantly
increase the concentration of total phenols.” As in the studies
reported, the results in this work indicate that germination is
essential to increasing total phenols. Still, extraction efficiency
depends on the solvent used.®"

Use of solvents to recover total phenols in extracts of
germinated barley

Table 1 shows the concentrations obtained when using different
solvents to extract phenolic compounds from EBSEs and PBSE.

We used two aqueous solutions of polar protic solvents (80 %
methanol and 80% ethanol), which show interactions between
hydrogen bonds due to hydroxy groups (water, ethanol, and
methanol).”? An aqueous solution of a polar aprotic solvent (50%
acetone), with a dipole due to a carbonyl group, was also
employed.

The concentration of total phenols in non-germinated barley
sprout extracts (EBSEO) ranged from 0.12 to 1.19 mgGAE/g
(Table 1). Compared to water, there was an 85% increase in total
phenols in EBSEO when 50% acetone was used as the solvent. In

Table 1. Total phenolic content in barley extracts of the Esmeralda and Perla varieties (mg GAE/g of sample¥).

Sample Water Methanol 80 % Ethanol 80% Acetone 50%
Esmeralda

EBSEO 0.64+0.05"° 0.1240.11% 0.3840.06" 1.19+0.18"
EBSE3 5.0240.28“ 2.0240.18% 1.78+0.03® 5.6340.49%
EBSE5 6.00+0.16% 5.6240.25% 4.91+0.16% 5.1140.45%
EBSE7 7.1540.46" 12.2940.514 9.9440.19" 6.334+0.58"
Perla

PBSEO 0.9140.06% 0.1140.01¢ 0.104+0.00% 1.94+0.13%
PBSE3 7.26+£0.43% 1.6140.00® 1.1040.08% 6.4540.02%
PBSE5 10.36 4 0.86" 6.0040.13%¢ 4.90+0.45% 8.40+0.71%
PBSE7 7.23+0.36% 12.44+1.14% 13.60+0.35* 10.04+0.98"

EBSEO: Ungerminated extracts from Esmeralda variety; EBSE3: Esmeralda barley sprout extract from 3 days of germination; EBSE5: Esmeralda barley sprout
extract from 5 days of germination; EBSE7: Esmeralda barley sprout extract from 7 days of germination; PBSEO: Ungerminated extracts from Perla variety;
PBSE3: Perla barley sprout extract from 3 days of germination; PBSE5: Perla barley sprout extract from 5 days of germination; PBSE7: Perla barley sprout
extract from 7 days of germination; A-D: Capital letters indicate statistically significant differences (p <0.05) between germination days with the same
solvent; a-c: Lowercase letters show statistically significant differences (p <0.05) between the same day of germination with different solvents. *Dry basis.
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the germinated barley sprout extracts at 3 days (EBSE3), the
concentration of total phenols in Esmeralda ranged from 1.78 to
5.63 mg GAE/g, following the same trend as in EBSEQ, although no
significant differences were observed compared to water (p>
0.05). In the non-germinated rice bran sprout extracts (PBSEQ),
concentrations of total phenols ranged from 0.10 to 1.94 mg GAE/
g. Like EBSEQ, acetone was the most efficient solvent. Compared
to water, PBSEO showed a 113% increase in total phenols when
50% acetone was used. In the 3-day germinated rice bran sprout
extracts (PBSE3), the concentration of total phenols obtained
ranged from 1.10 to 7.26 mgGAE/g (Table 1). The solvent that
extracted the highest concentration of total phenols was a
combination of water and acetone.

Meneses et al. evaluated different solvents to extract phenolic
compounds from Brewer’s spent grain. They obtained the highest
content of total phenols (9.9 mg/g) using 60% acetone, which
represented a 175% increase vs. water. The use of acetone
improved the extraction of total phenols, as compared to other
solvents, in samples from corn and wheat®"***? These results
suggest that the cell walls of these grains, including barley, are
non-polar, allowing for less polar solvents (water, acetone) to
promote phenol extraction.®”

On the other hand, in the 5-day germinated barley sprout
extracts (EBSE5) and 5-day germinated rice bran sprout extracts
(PBSE5), an increase in the concentration of total phenols was
observed compared to the 0-day and 3-day BSE of both varieties
(Table 1). The use of different solvents resulted in the extraction of
varying concentrations of total phenols, indicating an increase in
these compounds with germination time.

In EBSE5, concentrations ranged from 4.91 to 6.00 mg GAE/g.
In PBSE5, the results showed a content of 4.90 to 10.36 mg GAE/g.
In both Perla and Esmeralda, the highest concentration was
obtained when water was used for the extraction of total phenols.
This suggests that the polarity of the extracted compounds may
change during germination. Other studies that have used water
for obtaining phenolic compounds have been carried out on

purple corn grains, chia seeds, and walnut green husk, however,
the concentrations obtained have been lower compared to other
solvents such as methanol and acetone.®*?%%”

In the 7-day germinated barley sprout extracts (EBSE?),
concentrations of total phenols ranged from 633 to
1229 mgGAE/g (Table 1). Compared to water, EBSE7 values
showed a 71% increase when 80% methanol was used. On the
other hand, in PBSE7, concentrations of total phenols ranged from
7.23 to 13.60 mg GAE/g. In these BSE, 80% ethanol was the solvent
that extracted the highest content of total phenols. Compared to
water, PBSE7 showed an increase of up to 88%. Phenolic
compounds are generally polar; therefore, they can be recovered
with highly polar solvents such as methanol, ethanol, and
acetone.””

The choice of solvent concentration has been a topic of
controversy, as there is no single solvent that can recover the
highest phenolic content. The addition of ethanol modifies the
dielectric constant and polarity of the extraction solvent, which
favors the extraction of a greater variety of biological
compounds.®® The polarity of the solvent plays a key role in
increasing the solubility of phenolic compounds, allowing them to
migrate from the matrix to the solvent system, thereby improving
the extraction yield.*

Total flavonoid concentration in germinated barley

Table 2 shows the total flavonoid contents in EBSE and PBSE, both
ungerminated and germinated for 3, 5, and 7 days. The results
were expressed a mg QE/g dry sample.

The total flavonoids at different germination times are
presented in the first column of Table 2. In ungerminated BSEs,
0.23 and 0.19 mgQE/g were obtained from EBSEO and PBSEQ,
respectively.

After 3-day germination, both varieties presented a significant
increase (p<0.05), 0.91 and 0.83 mgQE/g in EBSE3 and PBSE3,

Table 2. Total flavonoid content in barley extracts of the Esmeralda and Perla varieties (mg QE/g of sample¥).

Sample Water Methanol 80 % Ethanol 80% Acetone 50%
Esmeralda

EBSEO 0.2340.005> 0.050.002“ 0.26+0.05° 0.84+0.03“

EBSE3 0.91+£0.07® 0.50+0.02% 0.57 £0.05% 1.22:£0.05%

EBSES 0.59+0.03% 0.57 +0.05% 0.67 £0.02** 1.56£0.03*
EBSE7 1.66 +£0.14" 0.98 £ 0.06"° 0.7840.02"° 1.73+£0.14"

Perla

PBSEO 0.1940.007 0.04£0.002“ 0.07 £0.006 0.51£0.03“

PBSE3 0.8340.07% 0.39+£0.02%° 0.5440.05% 0.58+0.05%
PBSE5 0.7440.06%° 0.550.05%¢ 0.47 £0.009% 0.8240.08%

PBSE7 1.14£0.11% 1.51£0.03* 0.74+0.06 1.19£0.10"
EBSEO: Ungerminated extracts from Esmeralda variety; EBSE3: Esmeralda barley sprout extract from 3 days of germination; EBSE5: Esmeralda barley sprout
extract from 5 days of germination; EBSE7: Esmeralda barley sprout extract from 7 days of germination; PBSEO: Ungerminated extracts from Perla variety;
PBSE3: Perla barley sprout extract from 3 days of germination; PBSE5: Perla barley sprout extract from 5 days of germination; PBSE7: Perla barley sprout
extract from 7 days of germination; A-D: Capital letters indicate statistically significant differences (p <0.05) between germination days with the same
solvent; a-c: Lowercase letters show statistically significant differences (p <0.05) between the same day of germination with different solvents. *Dry basis.
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respectively. In contrast, the concentration was reduced by 35%
and 10% in PBSE5 and EBSES5, respectively.

Nevertheless, when compared to the concentrations obtained
at day 5, BSEs germinated for 7 days produced a higher amount of
flavonoids. Total flavonoids increased by 181% in EBSE7 and 54%
in PBSE7.

These results show that 7-day germination yields larger
amounts of total flavonoids. When compared to ungerminated
BSEs, Esmeralda barley presented 7.2 times more total flavonoids
while the increase was 6-fold in Perla variety.

This increment is higher than what Lee etal. reported (2.1
times) in barley germinated for 6 days. Although few studies
evaluate the content of total flavonoids, it has been observed that,
as total phenols, flavonoids are increased along with germination,
a fact that has been identified in samples from other grains as
millet and quinoa. 44"

The increase in flavonoid concentration in germinated seeds
can be attributed to the synthesis of the polymer-bound form
resulting from plant germination. In addition, this process, along
with maceration, is related to the activation of catalytic enzymes
associated to the phenylpropanoid pathway, promoting the
formation of secondary metabolites.*? The capacity of germination
to release bioactive compounds leads to condensed tannin
solubilization and the migration of phenolic compounds to the
outer layer of germinated seeds. This can produce an increase in
these metabolites.""*”

Sokrab et al. reported higher polyphenol concentrations (up to
138%) in two corn samples germinated for 2, 4, and 6 days. Then,
germination is a key factor to the increase in flavonoid
concentrations in BSEs"?

Total flavonoid concentration with solvents in germinated
barley

Table 2 presents the concentrations obtained in EBSE and PBSE
when using different solvents (water, 80 % methanol, 80% ethanol,
and 50% acetone). Comparisons were carried out to observe
significant differences (p <0.05) between the same germination
day and different solvents. The results were expressed as mgQE/g
dry sample.

The EBSEO showed a concentration of total flavonoids ranging
from 0.05 to 084 mgQE/g (Table 2). Meanwhile, the PBSEO
presented contents of 0.04 to 0.51 mgQE/g. The results showed
that 50% acetone was the solvent that extracted the highest
content of total flavonoids in both varieties.

In the EBSE3, the concentration of total flavonoids was from
0.50 to 1.22 mgQE/g, and these results followed the same trend
as in non-germinated BSEs, where the highest concentration was
obtained with 50% acetone. Likewise, the EBSE5 and EBSE7
showed the highest content of total flavonoids with 50% acetone,
with a total of 0.57 to 1.56 mgQE/g and 0.78 to 1.73 mgQE/g,
respectively (Table 2).

On the other hand, the PBSE3 presented the highest
concentration when water was used for extraction, with values of
up to 0.83 mgQE/g. After 5 days of germination, the concentration
of total flavonoids in PBSE5 was from 0.47 to 0.82 mgQE/g, where
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the highest content was obtained with 50% acetone. Compared
to the most polar solvent, the flavonoid content in PBSE7
increased by 32% when 80% methanol was used. These results
are in agreement with Meneses et al., who reported an increase in
flavonoid concentration when 80% methanol was used in brew-
er's spent grain samples. These results indicate how the flavonoid
content in barley samples could be related to their polarity.®"

Furthermore, it has been reported that the use of water as an
extraction solvent is not common, as a significant portion of
flavonoids are poorly soluble in water. The double bond between
positions 2 and 3 of flavones and flavonoids is susceptible to
forming flatter structures, making it difficult for solvent molecules
to penetrate.*” Therefore, 50% acetone managed to extract the
highest content of total flavonoids in the BSE. This could be
because the solubility of flavonoids may be lower in methanol,
ethanol, and/or water due to their original structure, and they can
form strong hydrogen bonds between their own molecules.
Moreover, not only hydrogen bond donation but also the capacity
for accepting hydrogen bonds is strong.””’

Comparison of total phenol and flavonoid contents between
barley varieties

Figure 1 shows the phenol concentrations in the two varieties
using solvents with different polarities.

In Figure 1A, the comparisons between varieties and the same
germination day using water are shown. The Perla BSEs displayed
a significantly higher concentration than the Esmeralda BSEs (p <
0.05). However, at 3 and 7 days of germination, no significant
differences were observed in the concentration (p > 0.05).

In the comparison with 80% methanol (Figure 1B), no change
in the content of total phenols was observed between varieties.
The extracts with 80% ethanol showed no significant difference
between varieties on days 0, 3, and 5 of germination (p>0.05)
(Figure 1C). However, in the 7-day germinated BSEs, the PBSEs
statistically showed a higher content of total phenols compared to
the EBSEs (p < 0.05).

Regarding the use of 50% acetone (Figure 1D), the Perla
variety presented the highest content of total phenols on all
germination days compared to Esmeralda. These differences may
be related to the absence of hulls in the Perla barley. Zilic et al.
reported that hull-less barley had the highest content of phenols
compared to other cereals such as rye, wheat, and oats. Addition-
ally, the absence of hulls in some grains allows for greater
synthesis of phenolic compounds as a protective response, and
these types of grains are richer in bound phenolic acids.“**”

The concentration of flavonoids between varieties and the
same germination day using different solvents (80% methanol,
80% ethanol, and 50% acetone) is shown in Figure 2.

The content of total flavonoids when extracted with water was
statistically similar (p >0.05) between varieties on days 0, 3, and 5
of germination. However, in the 7-day germinated BSEs, the
content of total flavonoids was statistically higher in the EBSEs
compared to the PBSEs (p < 0.05).

With the use of 80% methanol (Figure 2B), no significant
difference was observed between the two barley varieties on days
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Figure 1. Total phenol content in extracts of two barley varieties. EBSE: Emerald germinated barley extracts; PBSE: Perla germinated barley extracts. *: Indicates
significant differences (p < 0.05) between varieties and the same day of germination.

0, 3, and 5 (p>0.05). However, at 7 days of germination, the Perla
variety showed a higher concentration. When using 80% ethanol
(Figure 2Q), both varieties presented a statistically similar concen-
tration of total flavonoids on days 3 and 7. On the other hand,
when 50% acetone was used (Figure 2D), the content of total
flavonoids in the EBSEs was statistically higher compared to the
PBSEs on all germination days. These results may be due to
Esmeralda barley showing greater morphological changes in
starch throughout germination, suggesting greater enzymatic
activity during this process compared to Perla barley.“®

Relationship between radicle size and phenolic compound
concentration in germinated barley extracts

Figure 3 shows the average radicle size in the two barley varieties.
Perla exhibited more elongation as compared to Esmeralda across
germination days.

Table 3 presents the relationship between radicle size and
total phenols. High correlation was observed between radicle size
and the content of total phenols and flavonoids in Esmeralda.
However, in Perla, correlation was only observed in the content of

Chem. Biodiversity 2023, €202300617 (5 of 8)

Table 3. Correlation between root size and total phenol and flavonoid
content.

Esmeralda Root size (cm)
Total phenols mg GAE/g 0.995

Total flavonoids mg QE/g 0.780

Perla Root size (cm)
Total phenols mg GAE/g —0.201

Total flavonoids mg QE/g 0.855

flavonoids. Probably because the phenolic compounds are acting
as protection against pathogens during the growth of the
seedling.” Bakhouche, etal. reported a similar behavior in L.
delicatulum, found a higher concentration of phenolic compounds
in the radicle than in the leaves, but lower concentration of
flavonoids.””

Besides germination, the presence of hull in Esmeralda likely
affects the differences in total phenols as compared to Perla
barley.
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Figure 2. Total flavonoids content in extracts of two barley varieties. EBSE: Emerald germinated barley extracts; PBSE: Perla germinated barley extracts. *:
Indicates significant differences (p < 0.05) between varieties and the same day of germination.

4.81¢cm

9.18cm

Figure 3. Radicle size of two varieties of barley. Sprouts of two varieties of
barley. Esmeralda (A) 3 days, (B) 5 days, (C) 7 days; Perla (D) 3 days, (E) 5 days
and (F) 7 days.

Similarly, some authors demonstrated that germination
improved the concentration of bioactive compounds in soy
samples. As well as the presence of husk in cereals such as

rice.[51,52]

Chem. Biodiversity 2023, €202300617 (6 of 8)

Lépez-Perea etal. identified the phenolic composition in
barley hull using different solvents. Their results concluded that
the hull contains 0.82-3.4 mgGAE/g total phenols. Additionally,
the biosynthesis processes of phenols in Esmeralda barley grains
might be different since the hemicellulose fractions in the hull are
mainly constituted by arabinoxylans.!**3-"

Arabinoxylans are a heterogeneous polysaccharide group
formed by a xylose chain bound by B-(1-4) links to which
arabinose and ferulic acid residues are bound by ester linkages.*”
This characteristic could affect the increase in phenolic com-
pounds bound to gallates or ferulates and thus the content of
total phenols is different between Esmeralda and Perla varieties.

On the other hand, Esmeralda is a smaller sprout than Perla
(Figure 3), pointing to a stress process that leads to a greater
metabolite synthesis, as reported by Cornejo et al. in germinated
rice. Therefore, there is no correlation between radicle size and
phenolic compound concentration, yet the evaluation of the two
barley varieties allowed for the identification of morphological
differences between them.™
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Conclusions

The results showed that germination for 5 and 7 days constituted
the best options to obtain total phenols and flavonoids,
respectively, from barley samples. The best solvent to extract total
phenols from barley samples was 80% ethanol, while the best one
to extract total flavonoids was 50% acetone. The concentration of
phenolic compounds depended on the germination time. The
results of this study reflect the importance of germination to
improve the total phenolic content and the use of solvents to
increase the concentration in different barley varieties.

Experimental Section

Samples

Barley grains (Hordeum vulgare L.) were collected in the city of Apan,
Hidalgo state, Mexico. These samples belong to the Esmeralda and
Perla varieties, characterized by the presence and absence of shell,
respectively. Esmeralda barley shows six-row spikes and Perla barley
has two-row spikes. Both samples were cultivated with rains in
summer of 2019, the average precipitation of the surface of the region
was 105 to 110 mm. Grains were donated by producers.

Barley germination

Germination was carried out according to the method described by
Gutiérrez-Osnaya et al. Viable barley grains were selected and
disinfected with 0.05% sodium hypochlorite.*® The seeds were soaked
in water for 24 h and placed in a plastic tray for moistening to
saturation. The trays were kept at room temperature (21-24°C) and
65 % relative humidity for 3, 5, and 7 days. Radicle size was measured
on each germination day by choosing 10 random grains. Ungermi-
nated barley samples and those obtained at different germination
times (3, 5, and 7 days) were dried in an oven at 50°C to obtain
moisture lower than 5%. The sprouts were ground and sieved
(0.2 mm particle size), and the flours obtained were stored at 4°C for
later analysis.

Preparation of extracts from germinated barley

Water (25 mL) was added to 2 g flour from different samples and the
mix was macerated on a heating plate at 60-70°C for 2 h under
constant stirring. The mix was centrifuged at 3000 rpm for 10 min, and
each supernatant was labeled as BSE (barley sprout extract), indicating
whether the variety was E or P (Esmeralda or Perla) along with the
germination time (0, 3, 5, and 7 days) (Table 4).

Phenolic compound extraction

Each BSE was dried at 50°C for 20 h (10-12 mL), resuspended in 4 mL
solvent (water, 50% acetone, 80% methanol, or 80% ethanol), and
kept under constant stirring at 200 rpm for 16 h. The mixtures were
centrifuged at 3000 rpm for 10 min, and supernatants were labeled
EBSE (Esmeralda barley sprout extract) or PBSE (Perla barley sprout
extract), indicating the corresponding germination time (0, 3, 5, and
7 days).
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Table 4. Sample nomenclature
Barley variety Germination day Abbreviation
Esmeralda 0 EBSEO
3 EBSE3
5 EBSE5
7 EBSE7
Perla 0 PBSEO
3 PBSE3
5 PBSE5
7 PBSE7

Quantification of total phenols and flavonoids

Total phenols

Total phenols were determined following the Folin-Ciocalteu
method.®® Distilled water (1580 pL) was added to 300 uL 10% Na,CO,
aqueous solution, 20 pL BSE, and 100 pL Folin-Ciocalteu reagent (1:2);
the mix was kept at room temperature for 120 min, and absorbance
was read at 765 nm in triplicate for each BSE. Total phenols were
expressed as mg of gallic acid equivalents (GAE)/g barley flour dry
base (dry base).

Flavonoids

The quantification of total flavonoids was carried out following the
method described by Zili¢ et al. Briefly BSE (500 uL) was mixed with
75 uL 5% NaNO2 in test tubes away from light*® Then, 150 puL 10%
AICI3 was added and the mix was left to rest for 5 min. Finally, 500 pL
1 MNaOH was added and the volume was adjusted to 2.5 mL with
distilled water. Absorbance was immediately read at 510 nm. The
procedure was done in triplicate for each BSE, and results were
expressed as mg of quercetin equivalents (QE)/g of barley flour db.

Statistical analysis

Data were analyzed through ANOVA, and means were compared
using Tukey's test with a confidence interval of 95%. In addition,
Student’s t test was used to compare the two barley varieties, and
Pearson’s correlation coefficient indicated the relationship between
total phenol and flavonoid contents and radicle size. All analyses were
carried out using Minitab v19.
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CAPITULO IV. ANALYSIS OF BIOACTIVE COMPOUNDS IN LYOPHILIZED
AQUEOQOUS EXTRACTS OF BARLEY SPROUTS

4.1 Introduccion

En este capitulo se presenta un articulo original publicado en la revista Food
Measurement and Characterization. En este estudio se muestra la caracterizacion de
extractos acuosos de cebada sin germinar y germinada (3, 5y 7 dias). Se utilizaron las
variedades Perla y Esmeralda. Se determind el perfil de oligosacéridos y se calculé el
contenido de azucares totales y reductores. Ademas, se determiné el contenido total de
proteina y perfil de aminodcidos. Se realizo la cuantificacion e identificacion de fenoles
y flavonoides totales, y se realizaron distintos ensayos para determinar la actividad
antioxidante (DPPH, ABTS y FRAP). Los resultados mostraron el efecto de la
germinacién de ambas variedades sobre el contenido de compuestos bioactivos y su
actividad antioxidante. Se observo un aumento gradual en el contenido de carbohidratos,
aminoacidos, proteinas y compuestos fendlicos a medida que avanzaba el proceso de
germinacién. Los oligosacaridos mas abundantes fueron la glucosa y la maltosa, mientras
que los aminodcidos principales fueron el &cido glutdmico y el aspartico. En cuanto a los
compuestos fenolicos, el &cido feralico y la catequina fueron los mas destacados. Ademas,
se observé un aumento en la actividad antioxidante, especialmente a los 5y 7 dias de
germinacion, segun los ensayos de ABTS, FRAP y DPPH. Los resultados obtenidos
sugieren una alternativa prometedora para obtener compuestos bioactivos, aunque se
requieren ensayos clinicos adicionales para respaldar su eficacia en el tratamiento de

diversas condiciones relacionadas con la oxidacion.
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Abstract

The objective of this study was to characterize the lyophilized aqueous extracts of barley variety Esmeralda and Perla
ungerminated and germinated for 3, 5, and 7 days. Significant changes were observed in both barley varieties, particularly
in the freeze-dried extracts of 7 days (P7, E7) compared to ungerminated barley extracts (PO, EQ). There was an increase
in the total content of carbohydrates, proteins, amino acids, and phenols. The freeze-dried extract P7 exhibited the highest
content of total sugars, reducing sugars, and oligosaccharides, with values of 269.52, 23.95, and 853.8 mg/g dry weight
(dw) respectively. The increase in protein and amino acid content was similar in P7 and E7. Additionally, a concentration
of total phenols and flavonoids was observed to be 18.17 mg GAE/g and 2.54 mg QE/g in P7, and 21.73 mg and 2.8 mg
QE/g in E7. Ferulic acid and catechin were the predominant compounds in all extracts. E7 showed a 327% increase in
DPPH radical scavenging activity compared to ungerminated barley. On the other hand, in the ABTS assay, a 624%
increase in antioxidant activity was observed in P5 extracts, and the capacity for Fe (II) ion oxidation increased by 134%
in P7 extracts. These findings suggest that barley germination can enhance its nutrient profile and antioxidant capacity. The
obtaining of aqueous extracts indicates the relevance for easy consumption, which has significant implications for human
health, as barley-derived foods could provide additional health benefits or even the consumption of aqueous extracts as a
base for a potential beverage.

Keywords Barley extracts - Germination - Bioactive compounds - Antioxidant activity

Introduction

Barley contributes greatly to improving health, mainly due
to its anti-inflammatory, antioxidant and antidiabetic proper-
ties [1, 2]. Research conducted by Donkor et al. [3] revealed
that sprouted grains of barley, rye, and sorghum have higher
concentrations of total phenols compared to unsprouted
grains. These differences are closely related to the quality
of the hypocotyl, including its thickness, color, texture, and
length, as well as water storage and germination conditions.
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During metabolism, the chemical composition of sprouted
grains is modified by enzymatic activity, which can result in
the increase of the concentration of ascorbic acid, thiamine,
riboflavin, minerals, phenolic compounds, proteins, sugars,
and other nutrients of interest for health [4-6].

During the germination process of barley, starch, fats,
and proteins are hydrolyzed to form new cellular compo-
nents. Amino acid metabolism plays an essential role in
protein synthesis and hormone metabolism such as insulin
[7, 8]. Additionally, this process is associated with phenolic
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metabolism activation, whose compounds play a crucial
role in various aspects of plant growth, including metabo-
lism, growth, reproduction, and defense against pathogens,
adverse environmental conditions, stress, and ultraviolet
radiation [9, 10]. The release of phenolic compounds also
contributes to increasing properties such as antioxidant,
antidiabetic, anticancer, anti-inflammatory, analgesic, anti-
depressant, and antihypertensive activity, and it has even
been reported to be effective in neutralizing snake venoms
[11-14]. Furthermore, phenolic compounds, along with
sterols and tocopherols, prevent neurological diseases and
reduce cholesterol levels [15]. On the other hand, flavonoids
are also associated with moderating cancer and coronary
diseases [11].

Barley is a significant source of these beneficial com-
pounds for health. Carbohydrates also undergo modifi-
cations during germination, with some oligosaccharides
regulating the immune system and improving intestinal
microbiota [12]. Thus, detailed characterization of germi-
nated barley is promising for its application in food.

The available information on barley varieties, such as
Esmeralda and Perla, is limited. Previous studies on ger-
minated barley have focused mainly on extracting pheno-
lic compounds and studying antioxidant activity, mostly
analyzing grain extracts and germinated flours, excluding
lyophilized samples and broader compound characteriza-
tion. Similar research on other germinated grains and seeds
(corn, chia, quinoa, beans, lentils, soybeans, and lupine)
has primarily focused on antioxidant compounds [16—18].
Generating lyophilized aqueous barley extracts can ensure
food safety, as they do not leave chemical residues and can
be incorporated into functional foods, enhancing their nutri-
tional profile and promoting health beyond basic nutrition.

The design of plant extracts for inclusion in functional
foods is gaining attention due to their potential health
benefits [19]. The bioactive compounds present in barley
extracts have the potential to improve the nutritional profile
of foods, following the trend of offering functional foods
that promote health beyond basic nutrition [20, 21]. This
practice also reflects the growing preference for using bio-
active compounds of plant origin in the search for healthy
foods with biological functions.

In addition to its health benefits, barley stands out for
its wide application in the food industry and beverage
production. For example, malted barley is a fundamental
ingredient in beer manufacturing, providing essential nutri-
ents [22]. Additionally, barley is used in the production of
various baked goods, such as bread and cookies, due to its
starch and protein content, which contribute to the texture
and nutritional value of these foods [23]. Processes like ger-
mination allow for an increase in the nutritional value and
functionality of grains [24]. Therefore, the objective of this
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study was to characterize the lyophilized aqueous extracts
of barley variety Esmeralda and Perla ungerminated and
germinated for 3, 5, and 7 days that allow us to demonstrate
their potential as functional ingredients in the formulation
of foods and beverages with improved antioxidant prop-
erties and greater nutritional content, in order to promote
health and human well-being.

Materials and methods
Sample preparation

Barley grains (Hordeum vulgare L.) were collected in the
municipality of Apan in the state of Hidalgo. The Esmer-
alda variety is characterized by the presence of husk and the
presence of 6 rows in its spike, and the Perla variety without
husk and with 4 rows in its spike.

Germination

Germination was carried out according to the methodology
of Gutiérrez-Osnaya et al. [25] with some modifications.
The seeds were washed with water and subsequently placed
in a solution with 0.05% sodium hypochlorite for 30 min
and rinsed with running water. The grains were soaked in
drinking water for 24 h and placed in a plastic tray, moist-
ening until saturation. The trays were placed in a humidity
chamber (LabTech, Mod, LHT-0250E, Korea) at a tempera-
ture of 24 °C and 60-70% relative humidity. To prepare the
extracts, non-sprouted and sprouted grains of 3, 5, and 7
days were taken.

Preparation of barley sprout extracts

Barley extracts were obtained from 3, 5, and 7 days of germi-
nated and ungerminated barley. It was carried out following
the maceration method described by the European Brewery
Convention (EBC) [26] with modifications. The germinated
barley was dried in an oven (Barnstead Lab-Line, Mod.
3478, USA) at 50-55 °C, and until a humidity of less than
5% was obtained. Subsequently, grinding was carried out
using a Nutri-bullet (Corning Mexicana, Mod. 1368 — 160,
Mexico), and the flour was sieved to obtain a particle size of
0.2 mm. Subsequently, 50 g of flour was taken and 200 mL of
water at 45 °C was added. Then, this temperature was main-
tained in an oven (Thermo Scientific, Mod. SP131325Q),
China) for 30 min and raised 1 °C for 30 min until reaching
70 °C. Finally, 100 mL of water at 70 °C was added and that
temperature was maintained for one hour. Subsequently, it
was allowed to cool for 10 min. Afterward, the weight was
adjusted to 450 g with water and centrifuged (Solbat, Mod.
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J-12, Mexico) at 5000 rpm for 10 min. Finally, the super-
natants were lyophilized (Labconco, Mod. 816-333-8811,
USA) at a temperature of -62 °C and 0.040 mBar pressure.
The lyophilized extracts were weighed and stored frozen
and under vacuum until use. On average, for every 400 mL
of aqueous extract, 20 g of lyophilized extract was obtained,
that is, a proportion of 0.05 g/mL. For the corresponding
analyses, each lyophilizate was resuspended in water until
the corresponding original volume was obtained.

Extract characterization
Oligosaccharide profile

For the determination of oligosaccharides, the procedure
followed was Shaw [27], using high-performance liquid
chromatography (HPLC) (Knauer Azura, Germany). The
separation was carried out on an Agilen Technologies Inter-
sil 5p ODS-2 column (150 x 4.6 mm). Water at 30 °C was
used as the mobile phase at a flow rate of 0.8 mL/min. The
results were expressed as mg/g of sample.

Reducing sugars

Reducing sugar determination was carried out using the
3.5-dinitrosalicylic acid (DNS) technique Miller [28]. In a
tube, 180 uL of DNS reagent and 30 pL of the lyophilized
sample (0.05 g/mL) were combined. Subsequently, the mix-
ture was homogenized and boiled for 15 min. Afterward,
1230 pL of distilled water was added, and the solution was
allowed to stand for 10 min. Finally, the absorbance was
measured at 540 nm (UV/VIS Genesys 10 UV, Thermo
Electron, Mexico). The results were expressed as mg of glu-
cose per g of sample, on a dry weight basis (dw).

Total sugars

The total sugar content was determined using the method
Dubois et al. [29]. Briefly, 100 uL of sample, 900 pL of
distilled water and 200 pL of 5% w/v phenol were added
to a glass tube and vortexed (Barnsteard Thermolyne, type
37,600 mixer, Malaysia). Then 1 mL of concentrated H,SO,
was added and mixed briefly. Finally, the samples were read
in a spectrophotometer (UV/-VIS Genesys 10 UV, Thermo
Electron, Mexico) at 490 nm. The sugars obtained were cal-
culated and expressed as mg of glucose per gram of sample
(dw).

Protein

The percentage of protein was determined using the Kjel-
dahl method, described in AOAC method 955.04 (2003). To
calculate the protein, 6.25 was used as the conversion factor.

Determination of free amino acids (AA)

The AA profile was determined according to the method-
ology of Vazquez-Ortiz et al. [30] using HPLC (Thermo
Scientific Accela) equipped with a fluorescence detector
(Thermo Scientific Dionex Ultimate 3000). The separation
of AA was carried out on a Microsorb column (100- 3 C18
100x 4.6 mm). Methanol was used as the mobile phase, and
the buffer solution was sodium acetate (0.5 M) at a flow
rate of 1.2 mL/min. Identification was performed using a
wavelength of 330 mm and an emission of 455 mm. Peak
identification was performed by retention time comparison
with amino acid standard solution. Calibration curves with
standard concentrations were used for the amino acid quan-
tification. Results were expressed as mg/g dw.

Analysis of polyphenols
Total phenolic compounds

Total phenols were determined according to the Folin-Cio-
calteu spectrophotometric method [31]. To 1580 pL of dis-
tilled water, 300 uL of aqueous sodium carbonate solution
(Na2CO3) was added, then 20 uL of the extract and 100
uL of the Folin-Ciocalteu reagent (diluted 1:2) were added
and kept at room temperature for 120 min. Subsequently,
the absorbance was measured (Thermo Electron Corpora-
tion, Mod. Genesys 10 UV, USA) at 765 nm. Total phenols
were expressed as mg Gallic Acid Equivalents (GAE)/g dw.

Total flavonoids

The flavonoid content was determined using the technique
of Zili¢ et al. [32] and Eberhardt et al. [33]. Each extract
obtained was diluted with 10% water. Then, 500 pL of the
extract was taken and mixed with 75 pL of 5% NaNO, in
glass tubes protected from light. Then 150 puL of 10% AICl,
was added and allowed to stand for 5 min. Finally, 500 pL
of 1 M NaOH were added and the volume was completed
to 2.5 mL with distilled water. The absorbance was imme-
diately measured at 510 nm (Thermo Electron Corporation,
Mod. Genesys 10 UV, USA). Quercetin was used as a stan-
dard and total flavonoid were expressed as mg Quercetin
Equivalents (EQ)/g dw.
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Identification and quantification of phenolic compounds

The quantification of phenolic compounds by HPLC was
described by Ramamurthy et al. [34] with slight modifica-
tions. It was performed in reverse phase using a Zorbax
(ODS)-C18 column (5 pum particle size, 15 cm x 4.6 mm
i.d). The mobile phase ran at 1.5 mL/min and consisted of
solvent A (acetic acid/water, 2:98 v/v) and solvent B (acetic
acid/acetonitrile/water, 2:30:68 v/v). During the analysis,
the solvent gradient was programmed from 10 to 100% B
in A in 30 min. A diode array detector was used and pro-
grammed at four different wavelengths: 260, 280, 320, and
360 nm. The injection volume was 20 pL. All solvents used
were filtered through 0.45 pm membranes. The identifica-
tion of phenolic acids was carried out by comparison with
the retention time and absorption spectra of standards of
commercial phenolic compounds, and their quantification
was carried out using their calibration curves. The results
were expressed as pg/g of dry sample [35].

Antioxidant activity
DPPH assay

The DPPH assay of each barley extract was determined
using the method of Brand-Williams et al. [36]. 2.5 mg of
the radical (DPPH) was dissolved in 40 mL of methanol. The
solution was diluted to 50 mL with methanol and protected
from light. Its absorbance was read at 520 nm and adjusted
to 0.5. Each extract (100 puL) was mixed with 2000 pL of
the DPPH. A reading of each sample was taken at 60 min of
reaction. The results were calculated from a standard curve
of 0 to 25 uM Trolox and were expressed as pmol Trolox
equivalents (TE)/g of sample on dw.

ABTS assay

The ABTS assay method was used as described by Pastrana-
Bonilla et al. [37] with slight modifications. ABTS has dis-
solved in water to 7 mM and allowed to react with a 2.45
mM potassium persulfate solution for 16 h in darkness. The
volumes used in this analysis to generate the colorimetric
reaction were: 990 uL ABTS (adjusted to an absorbance of
0.7) and 20 pL of each extract. The absorbance was mea-
sured at 734 nm each minute for 5 min. The results were
calculated from a standard curve of 0 to 25 uM Trolox and
expressed as pmol Trolox equivalents (TE)/g of sample on
dw.
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FRAP assay

The antioxidant capacity to measure ferric reduction was
determined by the FRAP according to the method described
by Abdel-Aal and Hucl [38]. The FRAP reagent was pre-
pared with 10 mM TPTZ solution in 40 mM hydrochloric
acid, 20 mM FeCI3 solution, and 0.3 M acetate buffer (pH
3.6). The test solution consisted of a mixture of 30 uL of the
extract, 90 puL of water, and 900 pL of the FRAP reagent.
The absorbance was measured after 30 min of reaction at
593 nm. The results were calculated from a standard curve
(0-100 pM FeSO,) and expressed as uM FeSO,/g on dw.

Statistical analysis

The results were expressed as the average of three deter-
minations +their standard deviation. Data were analyzed
using one-way analysis of variance (ANOVA). A compari-
son of means was performed using the Tukey test with a
confidence level of 95%. All analyses were performed with
Minitab statistical software version 19.2, USA.

Results and discussion
Carbohydrate content

Freeze-dried aqueous extracts were utilized, derived from
two barley varieties, Perla and Esmeralda, ungerminated
(PO and EO) and after germination for 3, 5, and 7 days (P3,
PS5, P7, E3, E5, and E7). Table 1 shows the levels of total
and reducing sugars in freeze-dried aqueous extracts of
barley. In the Perla variety, the total sugar content ranged
from 112.23 to 269.52 mg/g dw. Extract P7 exhibited a 2.4-
fold increase in total sugar content compared to sample PO,
showing statistical significance (p <0.05). Conversely, in
the Esmeralda variety, the increment in total sugars on the
seventh day of germination was comparatively lower than
that in the Perla variety, with concentrations ranging from
81.69 to 155.73 mg/g dw. The rise in E7 was 1.9 times that
of the EO sample, also statistically significant (p <0.05). In
both varieties, the total sugar content in the aqueous extracts
increased with germination time. In the Perla variety, all the
extracts from the different days of germination showed a
significant difference (p <0.05). However, in the Esmeralda
variety, the total sugar content in the extracts from days 5
and 7 of germination was not significant. (p>0.05). The
increase in the Esmeralda variety was less than in the Perla
variety. These results were similar to those reported by Qin
et al. [6] where they observed that the total sugar content
increased after 5 days of germination in Chinese domestic
barley musts.
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The content of reducing sugars ranged between 3.42 and
23.95 mg/g dw in Perla and between 3.08 and 12.97 mg/g
dw in Esmeralda (Table 1). The trend in the increase in ger-
mination time was similar to that of total sugars. The results
showed that the highest content of reducing sugars was
observed in extracts from 5 days of germination in both vari-
eties. These values increased significantly 7 and 4.2 times in
PS5 and ES, in relation to PO and EO, respectively (p <0.05).
The results were lower compared to what was reported by
Zhang et al. [39] and Kumari et al. [40], who observed an
increase in reducing sugars in buckwheat of up to 18.9 and
21.9 times in 3 and 4 of germination, respectively.

The increase of sugars observed in the aqueous extracts
during germination may stem from the dynamic alterations
in sugar content over the germination period, attributed to
the activation of enzymatic hydrolysis. This process allows
for the release and enhanced bioavailability of sugars within
the seed [41]. Germination initiates with an increase in
moisture content, increasing from 14 to 40% during seed
soaking, thereby softening the grain cover and enhancing its
permeability. Consequently, seeds activate and commence
the production of enzymes, such as a-amylase, which cata-
lyze the breakdown of amylose and amylopectin into simple
sugars [42]. Barley sprouts have been found to contain up
to 7% glucose, while extracts derived from barley sprouts
can reach levels as high as 12.3% [6, 35]. Notably, macera-
tion temperature can influence sugar content by promoting

starch gelatinization and augmenting enzymatic activity,
thereby facilitating the conversion of sugars and dextrins
[43].

During germination, starch reserves in the grain endo-
sperm are mobilized to provide energy to the growing plant.
Amylases act on starch, breaking it down into shorter chains
of maltose and, ultimately, into glucose, resulting in an
increase of reducing sugars [44]. On the other hand, gluca-
nases are enzymes that break down polysaccharides in the
cell walls of barley into glucose units. This process also con-
tributes to the increase in levels of reducing sugars during
germination. However, it has been reported that after 36 h of
germination, metabolic reactions increase, causing a greater
energy demand and, therefore available carbohydrates such
as reducing sugars, which could be causing the decrease in
reducing sugars after 5 days of germination [45].

The total oligosaccharide content exhibited an increase
in the extracts derived from 7-day sprouts (Table 1). In P7
it was 853.8 mg/g dw and in E7 it was 755.4 mg/g dw. Glu-
cose, maltose, and maltotriose had a similar behavior in
the extracts. The concentration increases in extracts from
3 days of germination afterward, decreases after 5 days and
increases again after 7 days. Glucose concentration exhibited
variability among samples of the Perla variety, with the P7
extract displaying the highest concentration (266.80 mg/g),
while the PO extract showed the lowest (38.2 mg/g). The
E7 extract presented the highest glucose concentration

Table 1 Carbohydrate content in Carbohydrate (mg/g)/ 0 3 5 7

lyophilized aqueous extracts of Germination day

Perla and Esmeralda barley PERLA
Glucose 38.20+0.60P 113.80+3.728 100.70+3.01€ 266.80+2.374
Maltose 179.40 +0.82¢ 48270 +18.24 403.10£0.70" 459.00 +5.00*
Maltotriose 15.90+0.68¢ 110.40 +0.354 101.60£4.258 100.90 +2.88P
Maltoetraose 430+0.12° 11.30+0.28¢ 21.80+0.314 15.60 +0.408
Maltopentose 4.00+0.178 3.90+0.148 4.60+0.03* 3.70+0.118
Maltohexaose 1.50+0.02° 2.20+0.03€ 4.50+0.22* 3.70+0.03"
Maltoheptaose 12.60+0.28* 10.50 +0.082 6.50+0.25¢ 4.10+0.11°
Maltooctaose 5.60+0.074 4.00+0.038 4.00+0.068 ND
Reducing sugars 3.42+0.33% 8.55+0.265° 23.95+0.3342 3.70+0.11¢
Total sugars 112.23+3.20*  161.04+5.08%®  236.87+0.995° 269.52+0.554
% Soluble solids ' 86.6 93.51 94 .44 98.76

ND: Not detected; ':°Brix; Capi-
tal letters indicate significant
differences between germina-
tion days and the same variety
(p<0.05); Lowercase letters
indicate significant differences
between varieties (p < 0.05)

ESMERALDA
Glucose
Maltose
Maltotriose
Maltoetraose
Maltopentose
Maltohexaose
Maltoheptaose
Reducing sugars
Total sugars

% Soluble solids

40.70 +0.06°
282.80+0.20°
15.00+0.37¢
8.70+0.07%
ND

ND

ND
3.08+0.285
81.69+1.10°
82.69

133.10+1.808
450.40+0.804
114.40+5.72%
7.00+£0.06°
3.20+0.09¢
4.00+0.138
8.90+0.214
2.96+0.228
145.97 +2.765°
88.32

125.40+0.73B
411.90 +2.968
101.10+1.208
3.40+0.05°
420+0.218
430+0.18%
2.90+0.07¢
12.97 +0.47%°
151.90 +3.64A8°
91.12

281.50+£10.174
340.70 +13.6¢
112.20+2.154
6.22+0.14¢
5.10+0.044
5.60+£0.034
4.10+0.208
4.14+0.4082
155.73 +:0.88ABb
93.85
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compared to EO, where 281.5 and 40.7 mg/g of dw samples
were obtained, respectively. Maltose levels varied between
samples: the highest were in P3 extracts (482.7 mg/g) and
the lowest in PO extracts (179.4 mg/g). It has been previ-
ously demonstrated that maltose is the primary product of
starch hydrolysis during mashing [43].

Maltoetraose presented a different behavior; its highest
concentration was observed in extracts from 5 days of ger-
mination in Perla and Esmeralda at 3 days of germination.
The oligosaccharides maltotriose, maltopentose, malthex-
ose, maltoheptaose, and maltooctaose were identified at low
concentrations. Barley shows a higher content of oligosac-
charides and a lower proportion of monosaccharides (glu-
cose), indicating that the action of starch hydrolysis may
change between varieties, possibly related to enzymatic
activity which breaks down stored polysaccharides, mobi-
lization of carbohydrate reserves, and biosynthesis of new
compounds [6].

Fig. 1 Heat map showing the
content of biomolecules in barley
extracts with different germina-
tion times. Capital letters indicate
significant differences between
germination days and the same
variety (p <0.05); Lowercase
letters indicate significant differ-
ences between varieties and the
same germination day (p <0.05)

Amino acids
(mg/g)

Total amino
acids

Protein (%)
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A heat map showing the change in protein and amino acid
content over germination time in aqueous extracts of barley
is presented in Fig. 1.

The lyophilized aqueous extracts of the Perla variety
presented protein percentages of 4.36 to 8.19% dw. In
the P7 extracts, a significant increase in protein content
was observed, being 1.8 times higher than that in the PO
extracts (p<0.05). The extracts of the Esmeralda variety
presented percentages of 4.33 and 8.91%. The protein con-
tent in the E7 extracts was 2 times higher than in the EO
extracts. The results showed a significant increase in pro-
tein content throughout the days of germination in both
varieties (p <0.05). A higher protein content was observed
in the E7 extracts compared to P7 (p<0.05). P7 extracts
come from naked barley, which can interfere with the yield
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for obtaining protein because barley husk can contain up to
24% of the total protein [46].

Other studies have demonstrated the correlation between
the increase in protein content and the duration of germi-
nation [5, 47]. Anaemene and Fadupin [48] reported that
after 3-day germination, a protein percentage increase in
pigeon pea grains was observed, from 21.2% in ungermi-
nated samples to 22.3% in germinated grains. Although the
germination time is shorter (3 days) compared to the present
study (7 days), both studies demonstrate how germination
significantly influences the increase in protein content. Fur-
thermore, during grain imbibition, protein synthesis begins,
which contributes to the protein increase in sprouted grains
[49].

The content of amino acids in the extracts of sprouts
of the two varieties of barley (PO, P3, PS5, P7, EO, E3, ES5,
and E7) are shown in Fig. 1. The total amino acid content
increased with the duration of germination. In the Perla vari-
ety, the total content ranged from 36.03 to 69.19 mg/g dw.
Notably, P7 exhibited the highest concentration, being 1.9
times greater than PO and demonstrating statistical signifi-
cance (p <0.05). Esmeralda variety showed concentrations
ranging from 32.98 to 69.68 mg/g dw, with E7 display-
ing a 2.11-fold increase compared to E0, also significant
(»<0.05). No significant differences in protein content were
observed between varieties and the same day of germination
(»>0.05).

Among the main components of barley extracts or musts
are amino acids, being the main source of nitrogen for meta-
bolic routes necessary for processes such as fermentation,
increase of nutrients and alcohol precursors [50, 51]. Ger-
mination enhances the nutritional quality of cereals through
the hydrolysis of prolamins and amino acids, such as glu-
tamic acid, which acts as the main precursor for amino acids
like arginine [52].

An increase in aromatic amino acids such as phenylala-
nine and tyrosine was observed; and essential amino acids
such as histidine and arginine that may participate in anti-
oxidant activities [53]. Furthermore, the findings indicate
that a significant portion of essential amino acids, includ-
ing threonine, methionine, lysine, valine, leucine, isoleu-
cine, phenylalanine, and histidine, experienced an increase
in their content as germination progressed. These results
are similar to those reported by Gorzolka et al. [54], who
demonstrated a gradual rise in amino acid content from 3
to 8 days of germination in barley samples. The presence of
essential amino acids such as leucine is key for protein syn-
thesis, because they can play a fundamental role in insulin
and glucose metabolism [7].

Various studies have reported that germination activates
proteolytic enzymes, leading to the release of peptides and
amino acids in cereals such as wheat, rice, and corn [55-57].

The presence of amino acids, particularly aromatic and
essential ones, contributes significantly to the increase in
antioxidant activity. This is due to the ability of these amino
acids to act as hydrogen donors and maintain the molecu-
lar stability of radicals, which in turn promotes greater
antioxidant activity in grains and sprouted foods [58]. This
highlights the importance of considering germination as a
strategy to improve the nutritional quality and health ben-
efits of foods.

Total phenolic and flavonoid content in germinated
barley extracts

The results of total phenolic and flavonoid content in ger-
minated barley extracts are shown in Fig. 2. The results
showed concentrations of total phenols from 4.71 to 18.17
and from 8.36 to 21.73 mg GAE/g in Perla and Esmeralda,
respectively. The concentration of flavonoids was from
0.61 to 2.54 and from 2.24 to 2.80 mg QE/g in Perla and
Esmeralda.

The Perla and Esmeralda extracts presented a significant
increase (p <0.05) in total phenols throughout the days of
germination. In the Perla variety, P5 and P7 presented the
highest concentration, being statistically different from PO
and P3 (p <0.05). The increase in P5 and P7 compared to
PO was 3.3 and 1.91 times, respectively. A similar behavior
was observed in the Esmeralda variety. ES and E7 presented
the highest concentration of total phenols, which increased
2.3 and 2.5 times in relation to EO.

Research has demonstrated a correlation between the
germination of grains and cereals and the total phenolic
content [59, 60]. During this process, there is an increase in
concentration attributed to the synthesis of phenolic com-
pounds from glucose and/or aromatic amino acids released,
which also elevate with germination time in both barley
varieties (Table 1; Fig. 1) [61]. It can be hypothesized
that the phenolic compound synthesis was favored by the
greater availability of these compounds. In general, changes
in polyphenol content could be due to the hydrolysis of
polymeric polyphenols due to the enzyme glucosidase or
esterases that can produce free or extractable polyphenolic
compounds during germination and malting processes [62].
Additionally, apart from germination, the maceration pro-
cess utilized in the production of worts or extracts could
influence the release of total phenols, as hydrolytic enzymes
are activated, leading to the liberation and solubilization of
phenolic compounds in water within the temperature range
of 45 to 78 °C [63].

The flavonoid content exhibited a similar pattern,
increasing during germination in both barley varieties. Spe-
cifically, P3, P5, and P7 extracts demonstrated a significant
increase (p <0.05), with concentrations reaching 2.8, 4.1,
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Fig. 2 Total concentration of phenols in barley extracts. Capital letters indicate significant differences between germination days and the same
variety (p <0.05); Lowercase letters indicate significant differences between varieties and the same germination day (p <0.05)

and 3 times higher than PO, respectively. While Esmeralda
extracts displayed an upward trend throughout germination,
the differences were not statistically significant (p > 0.05).
Conversely, E3, E5, and E7 extracts exhibited increases in
total flavonoid content by up to 1.13, 1.27, and 1.22 times,
respectively, compared to EQ. Additionally, both varieties
showed a decline in flavonoid content in P7 and E7 extracts
compared to P5 and ES, with reductions of 3.6% in P7 and
24% in E7, respectively.

Heat treatment has been demonstrated to induce the
degradation of free phenolic compounds, particularly fla-
vonoids, which have been reported to be more susceptible
to heat-induced degradation, with reductions of up to 51%
[23]. Likewise, prolonged germination can lead to this
decrease [59, 64]. This decrease in flavonoid content could
be related to the action of oxidants such as Reactive Oxy-
gen Species (ROS) that are generated in cells, especially in
mitochondria, during the electron transfer chain [65]. Fur-
thermore, the degradation of phenolic compounds could be
related to enzymes such as phenoloxidase and peroxidase,
which promote the oxidation of phenolic substrates [66].

On the other hand, UV radiation has been shown to
enhance the production of free phenols by affecting the
proline-linked pentose phosphate pathway [67]. Therefore,
Perla barley, since it does not have hulls, could significantly
increase the content of flavonoids as protection against UV
rays, unlike Esmeralda barley. Since flavonoids represent
most phenolic compounds in the human diet, it is important
to understand how germination can influence their content
and presence in foods.

@ Springer

Phenolic profile

The quantitative analysis of phenolic compounds from
germinated barley extracts was performed using HPLC
equipment. In the extracts of Perla and Esmeralda sprouts,
a gradual increase in the concentration of different pheno-
lic compounds was observed concerning the ungerminated
samples (Table 2). Ferulic acid was the most abundant,
the concentration of ferulic acid in Perla was from 6.57 to
30.67 pg/g. The increase was 4.6 times more in P7 com-
pared to PO (ungerminated sample). The same was observed
in Esmeralda barley. The concentration of ferulic acid
ranged from 16.03 to 77.57 pg/g, with E7 being 4.8 times
greater than EO. The next major phenolic compound was
p-coumaric, later syringic and gallic acid, it was evident
that these phenolic acids are synthesized during germination
because they were not identified in the ungerminated sam-
ples of both varieties. These results coincide with Tomkova-
Drabkova et al. [68]; they describe how the maceration and
germination phases are responsible for an increase in ferulic
and p-coumaric acid.

Swajgier [69] demonstrated that the concentration
of ferulic acid, as well as other phenolic acids, increases
during the initial stages of maceration, due to hot water
extraction and the release of ester-bound forms assisted by
cinnamoyl esterases. Cortese et al. [70] evaluated the phe-
nolic composition of different extracts from six varieties of
beer and showed that trans-p-coumaric acid, ferulic acid and
catechin were the main components in the extracts. Ham
et al. [71] obtained different phenolic compounds in waxy
barley extracts, among the most abundant flavonoids and
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Table 2 Phenolic profile of lyophilized aqueous extracts of Perla and Esmeralda barley (ug/g)

Sample  Gallicacid  p-cumaric acid Syringic acid Ferulic acid 4-hydroxybenzoic acid Chlorogenic acid Catechin
PERLA

PO <LOD <LOD < LOD 6.57+2.6% <LOD <LOD 22.03+5.7%
P3 <LOD 16.14+7.1b° 19.55+1.8% 21.22+3.1"  <LOD 9.64+0.8° 358.32+9.2¢
P5 <LOD 36.80+0.1° 15.87+0.1%° 59.71+0.5¢ <LOD <LOD 256.93+0.3¢
P7 <LOD 27.53 +0.0% 21.35+0.3* 30.67+0.3° <LOD 7.96+0.1° 432.88+5.2°
ESMERALDA

E0 <LOD <LOD < LOD 16.03+0.1"  5.87+0.76 <LOD <LOD

E3 2.5+0.4° 7.54£0.07° 11.95+3.0° 4334407 <LOD <LOD 136.78 +:21.8"
E5 8.3+0.8° 21.77+0.6° 19.19+1.3% 69.25+1.0° <LOD <LOD 193.76 £7.5¢
E7 10.2+1.2° 24.46 +2.4° 21.14+1.8* 77.57+3.5° <LOD <LOD 517.84+5.8%

Freeze-dried aqueous extracts of ungerminated barley (PO and EO) and germinated for 3, 5 and 7 days (P3, PS5, P7, E3, ES and E7) were used;
The results are shown as the means of three repetitions + their standard deviation; LOD: Limit Of Detection; Lowercase letters indicate signifi-
cant differences between germination days and the same variety (p <0.05); Extracts with the same letter did not present significant differences

(p>0.05)

phenolic acids were naringin, prunin, catechin, ferulic acid,
and vanillic acid. These compounds are associated with the
prevention of cancer, cardiovascular diseases and diabetes
[71, 72].

On the other hand, catechin was the only flavonoid identi-
fied in both extracts. This flavonoid was synthesized during
germination and its concentration increased as germination
time increased. In Pearl barley the concentration of catechin
was from 22.03 to 432.88 pg/g, P7 was 19.6 times more
than PO. However, in the ungerminated sample of Esmer-
alda barley, catechin was not identified; from day 3 of ger-
mination, a concentration of 136.78 pg/g was observed, and
it increased to 517.84 pg/g in E7. Catechin was the most
abundant compound in barley extracts, mainly in E7 with
up to 517 pg/g. Catechin is a natural polyphenolic flavonoid
with antioxidant activities, such as lipid peroxidation and
free radical scavenging [73].

The nutritional value of sprouted seeds as well as higher
phenolic content and antioxidant activity compared to dried
seeds have been previously reported [74]. Germination
increases the content of phenolic compounds several times
and diversifies the phenolic profile [75].

In addition to germination, the boiling caused during
maceration could influence the increase in catechin com-
pared to other phenolic compounds. Different works have
mentioned that the contents of catechin, gallic acid, p-cou-
maric acid, and ferulic acid increase significantly during
boiling, representing almost 50% of the total individual
phenolic compounds identified in musts [70, 76]. The dif-
ferences in the phenolic profile presented in this study when
compared with other profiles from barley could be related
to the type of cereal and the extraction conditions [77, 78].

Antioxidant activity

The antioxidant capacity of barley extracts is shown in
Fig. 3A-C.

The DPPH radical uptake increased 4.2 and 3.02 times
in extracts P7 and E7, concerning PO and EO, respectively
(Fig. 3-A). The highest activity was observed in extracts
from P7 and E7. The Esmeralda variety presented the highest
activity compared to Perla (p<0.05). Like the DPPH method,
the ABTS method increased its antioxidant capacity con-
cerning germination time (Fig. 3-B). The values increased
5 times in E7 and 7.9 times in P7 extracts, concerning the
extracts EO and P0O. The highest ABTS radical scavenging
activity was observed in P5 extracts. On the other hand,
the oxidation capacity of the Fe (II) ion increased 1.83 and
2.3 times in extracts of E7 and P7, respectively, concern-
ing EO and PO (Fig. 3-C). The highest activity was noted in
ES extracts, with these results being statistically significant
compared to P5 extracts (p <0.05).

The findings revealed that germination periods of 5 and
7 days resulted in increased antioxidant activities across all
assays (DPPH, ABTS, and FRAP). These results are similar
to those reported by Garcia-Castro et al. [79]. In contrast to
DPPH, both ABTS and FRAP methods exhibited enhanced
antioxidant activity from the initial day of germination in
both varieties. This observation is consistent with studies
conducted by Zhou et al. [80] and Rico et al. [81], where
improvements in antioxidant activity were noted in barley
after 4 and 6 days of germination. It has been reported that
the increase in antioxidant activity is related to the release
of phenolic compounds during the germination process in
different grains [82, 83]. This behavior may be related to
the affinity of each method for the compounds with which it
can react. For instance, in the DPPH method, aromatic and
essential amino acids, such as tryptophan, tyrosine, phenyl-
alanine, histidine, and arginine, may significantly contribute
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Fig. 3 (A) Capture capacity of
the DPPH? radical; (B) ABTS™; A
and (C) Oxidation capacity of

the Fe*” ion in germinated barley 8+
extracts. Capital letters indicate
significant differences between
the same variety (p <0.05); Low-
ercase letters indicate significant
differences between varieties
(»<0.05)
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to the observed biological activity [53], which is due to the
ability of phenolic, indolic, and imidazole groups to func-
tion as hydrogen donors and maintain the molecular stabil-
ity of the radicals. The ABTS method generally has greater
affinity with polyphenols, while the FRAP method can bind
to a wide range of antioxidant compounds (mainly polyphe-
nols) and other compounds that have some reducing power
[84]. The results of this study indicated that an extended
germination period leads to higher antioxidant activity due
to the release of significantly contributing compounds.

Conclusions

The results revealed an increase in the content of carbohy-
drates, amino acids, protein, and phenolic compounds in
freeze-dried aqueous extracts of Perla and Esmeralda bar-
ley as the germination time was prolonged. The most abun-
dant oligosaccharides were glucose and maltose, while the
predominant amino acids were glutamic and aspartic acid.
Regarding phenolic compounds, ferulic acid and catechin
were the most abundant. In addition, an increase in anti-
oxidant activity was observed, especially at 5 and 7 days
of germination, according to the ABTS, FRAP, and DPPH
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tests. These findings highlight how germination can be an
effective process for improving the nutritional quality and
antioxidant properties of barley, which could have benefi-
cial implications for human health and food formulation in
the future.
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CAPITULO V. EFFECT OF BARLEY SPROUT EXTRACTS VAR. PERLA AND
ESMERALDA IN AWISTAR RAT-INDUCED HYPERTENSION MODEL

5.1 Introduccion

En este capitulo se aborda la parte central del proyecto el cual ha sido sometido a revision
en la revista Food Chemistry. Este estudio muestra los resultados de la evaluacion de los
extractos de cebada (Perla y Esmeralda) sin germinar y germinada (3, 5y 7) sobre su
participacion en la actividad de la ACE tanto in vitro como in vivo. La primera etapa
consistio en la evaluacion de los extractos de cebada sobre la actividad de la ACE in vitro.
La actividad inhibidora de ACE se ensayd midiendo la liberacion de &cido hiparico (HA)
del sustrato Hipuril-Histidil-Leucina (HHL). La actividad de los extractos fue comparada
con captopril, un ACEi de uso comun. Los resultados mostraron un porcentaje de
inhibicion del 53 al 83%, mientras que el captopril inhibi6 la actividad de la ACE en un
95%. Los extractos de germinados de 7 dias (Perla y Esmeralda) mostraron el mayor
porcentaje de inhibicion de la ACE. Por lo tanto, estos extractos fueron seleccionados
para los ensayos in vivo. En la segunda etapa, se utiliz6 un modelo de induccion a la
hipertensién con L-NAME y se administraron extractos de cebada durante 5 semanas para
evaluar el efecto antihipertensivo. Se evalud la funcion renal y endotelial, la actividad de
la ACE Iy 11, y se midi0 la presion arterial de cola semanalmente. Ademas, se observaron
los cambios histopatoldgicos en corazén, rifién e higado. El tratamiento logro una
disminucion de la actividad de la ACE I y ACE Il en un 81 y 76.5%, respectivamente.
Los extractos pudieron mejorar la funcién renal y endotelial en ratas hipertensas. El
estudio histopatologico mostro un efecto protector de los extractos contra el dafio en el
tejido cardiaco, renal y hepatico. En esta etapa de la investigacion se permitié cumplir
con dos objetivos especificos del trabajo doctoral, ademas los resultados mostraron un

alcance en el tratamiento coadyuvante contra la hipertension.
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Hypertension increases the risk of heart attacks and strokes, especially in younger
individuals. To control or prevent it, dietary and lifestyle changes are recommended. In
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1. Introduction

Hypertension is a major public health globally, which affects 31.1% of adults, with a
higher prevalence in low-income countries (31.5%) compared to high-income countries (28.5%)
(Campos-Nonato et al., 2021). Hypertension is a condition closely linked to several diseases,
which makes it a significant risk factor for health. Cardiovascular diseases, such as coronary heart
disease, ischemic heart disease, cerebrovascular disease, as well as heart and kidney failure, are
some of the diseases associated with hypertension. (Aguilera-Méndez et al., 2020; Lopez-Lopez
etal., 2017; Toala & Pefiaherrera, 2023). In addition, hypertension can lead to a decrease in
quality of life and a reduction in the life expectancy of patients (Markowicz & Grzeszczak, 2017).
On the other hand, treating hypertension can generate significant expenses, including the cost of
medication and medical appointments (Osibogun & Okwor, 2014).

Hypertension is characterized by a continuous tension of the blood vessels, normally
regulated by the Renin-Angiotensin-Aldosterone System (RAAS). RAAS is a hormonal system
crucial in regulating blood pressure and balancing fluids and electrolytes in the body (Ojeh et al.,
2020). Renin, released by the kidneys in response to low blood pressure or low blood volume,
converts angiotensinogen to angiotensin I. Angiotensin | is then converted to angiotensin Il by -
converting enzyme (ACE), leading to vasoconstriction and the release of aldosterone, which
increases sodium and water reabsorption in the kidneys (Vaduganathan et al., 2020; Volpe &
Battistoni, 2020). Reduced bioavailability of nitric oxide (NO) is linked to increased production
of reactive oxygen species (ROS), a key factor in hypertension pathogenesis (Jordan et al., 2018).
The increase in ROS generation results in impaired endothelial function, inadequate vasodilation,
and increased blood pressure. Therefore, NO, released by endothelial cells, is a crucial regulator
of vascular function. (Pérez et al., 2021).

The entire system that regulates the production of ACE Il plays a crucial role in
maintaining cardiovascular homeostasis. This system is the target of various medications and
treatments that aim to reduce the risk of disease and related conditions. By controlling the
production of ACE Il through the consumption of bioactive compounds found in different food
sources, such as barley, we can help prevent various diseases (Garcia-Castro et al., 2022; Rizwan
etal., 2023; Walls et al., 2020)

Drug therapies include ACE inhibitors, such as captopril or lisinopril, which prevent ACE
from producing angiotensin Il, a vasoconstrictor hormone that raises blood pressure. Inhibiting
ACE reduces the formation of angiotensin Il, which can result in dilation of blood vessels and
lowering blood pressure (Bernatova et al., 1999; Vaduganathan et al., 2020).

In addition to ACE inhibitors, angiotensin Il receptor blockers may be involved in
increasing nitric oxide levels by promoting blood vessel dilation and improving blood circulation

(Martinez-del Rio et al., 2020). Due to the negative side effects of drug consumption such as
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dizziness, dry cough, kidney problems, and hypotension, there has been an increase in research
on lifestyle changes (Maniero et al., 2023; Messerli et al., 2018). Maniero et al., (2023) show the
non-pharmacological approaches commonly used for the prevention and treatment of
hypertension include reducing salt consumption and weight, increasing physical activity, quitting
smoking, limiting alcohol consumption, and changing diet. Several studies highlight the
consumption of foods rich in bioactive compounds, such as phenolic compounds or anthocyanins,
which could participate in the activity of ACE (Ojeda et al., 2010; Wang et al., 2021). In cereals,
such as barley, peptides, proteins, and phenolic compounds have been shown to act as inhibitors
of ACE and show antihypertensive effects in different study models (Gangopadhyay et al., 2016;
Hokazono et al., 2010; Ra et al., 2020). In addition, barley phytochemicals that act on the
cyclooxygenase and lipoxygenase pathways have been described to synergistically prevent
inflammatory and cardiovascular diseases (Gul et al., 2014).

Barley plays a critical role in the brewing and food industry. In beer production, barley is
used for malt brewing, where the quality of the malt obtained is closely related to the germination
capacity of the barley seeds (Pérez-Ruiz et al., 2015). In addition, barley malt bagasse, a nutrient-
rich by-product, is used in the food and industrial industry (Barberan & Mufioz, 2022). However,
no reports on the functionality of extracts from sprouted barley have been found so far. Therefore,
the present project is aimed at the evaluation of extracts made from two varieties of barley
germinated for 3, 5, and 7 days to determine the mechanisms of regulation of blood pressure in

vitro and in vivo models.
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2. Materials and methods
2.1. Reagents

L-NAME, ACE, and Hypuril-Histidyl-Leucine were acquired from Sigma-Aldrich, USA.
Captopril was purified to 95-98% purity. All other chemicals used in this study were of analytical
quality obtained from Merck and SPINREACT ®.

2.2. Obtaining barley extracts.

Barley extracts were obtained using the maceration method with modifications (EBC,
2003; Garcia-Castro 2024). Briefly, non-sprouted and sprouted 3, 5- and 7-day grains from two
barley varieties were used (Perla y Esmeralda). Sprouted barley was dried in a stove (Barnstead
Lab-Line, Mod. 3478, USA) at 50-55°C for 24 h or until a humidity of less than 5% was obtained.
After the initial milling process, the flour was sifted to obtain a particle size < 0.2 mm. Next, 50
g of the sifted flour was measured and mixed with 200 mL of water at 45°C. The mixture was
kept at this temperature for 30 minutes and then increased by 1°C every 30 minutes until it reached
70°C. Once it reached 70°C, an additional 100 mL of water was added, and the temperature was
maintained for one hour. The mixture was then allowed to cool for 10 minutes. The weight was
adjusted to 450 g using water and then centrifuged at 5000 rpm for 10 minutes. After
centrifugation, the supernatants were freeze-dried at a temperature of -62°C and 0.040 mBar
pressure, using a Labconco freeze dryer (Model 816-333-8811, USA). The freeze-dried extracts
were then weighed and stored in a freezing and vacuum-sealed container until use. On average,
for every 400 mL of aqueous extract, 20 g of lyophilized extract was obtained, which is a ratio of
0.05g/mL.

2.2. Evaluation of barley extracts on ACE activity

The antihypertensive activity of barley extracts was determined using the modified
method of Cushman & Cheung, (1971) using a Hypuryl-Histidyl-Leucine (HHL) substrate. The
test was conducted by measuring the release of hippuric acid (HA) from the HHL substrate.
Initially, 20 pL of ACE solution (2.5 mU/mL) was mixed with 40 pL of different EBS (sprouted
barley extracts) (10 mg/g) or 0.01 mg/mL of captopril and incubated at 37°C for 5 minutes.
Afterward, 100 pL of HHL (5 mM) was added and incubated at 37°C for 30 minutes. The reaction
was stopped by adding 150 uL of HCI (1 M). Hippuric acid was extracted by adding 1000 pL of
ethyl acetate, which was then mixed using a vortex for 20 seconds and centrifuged at 4000 rpm
for 12 minutes. Afterward, 750 puL of the organic phase was taken and boiled (92°C) to remove
ethyl acetate and concentrate HA. Finally, 800 puL of sterile double-distilled water was added and

mixed using a vortex for 20 seconds.
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The absorbance was measured at 228 nm using a UV-Vis spectrophotometer. The

percentage of ACE inhibition was calculated using the following equation.

ACE inhibition (%) =

(Asample - Ablank )

X 100

Acontrol - Ablank sample

A sample = Absorbance of the analyzed sample of the extract

A blank = HHL absorbance (added buffer instead of ACE and sample)
A control = ACE absorbance (Added buffer instead of sample)

A blank Sample = Sample absorbance without ACE

2.3. Experimental animals

Male Wistar rats weighing 200-220 g and 8-10 weeks old were used. All experimental
animals were provided by the Livery Center of the Autonomous University of the State of
Hidalgo. The animal procedures in the present study were approved by the Institutional Ethics
Committee for the Care and Use of Laboratory Animals of the Autonomous University of the
State of Hidalgo, Mexico (Approval No. CICUAL/004/2022). The animals were kept under
standard conditions (22+2°C with 12:12 h light-dark cycles, with free access to water and feed).
The handling of experimental animals was carried out following the guidelines described in the
NOM-062-Z00-1999 Standard (Oboh et al., 2021; SEMARNAT, 1999).

2.3.1. Experimental design

After one week of acclimatization, 56 Wistar rats were randomly assigned to 7 groups (n
= 8). The first group (G1) was given a standard diet, the second group (G2) was treated with L-
NAME (N(w)-Nitro-L-Arginine Methyl Ester) at a dose of 40 mg/kg/day via intragastric
administration, and the third group (G3) was treated with both L-NAME (40 mg/kg/day) and
Captopril (5 mg/kg/day), an ACE inhibitor. L-NAME was mixed into drinking water to induce
hypertension. Four groups were given barley sprout extracts as follows: G4. L-NAME+
Esmeralda SBE (500 mg/kg/day); G5. L-NAME + SBE Perla (500 mg/kg/day); G6. L-NAME +
a combination of Esmeralda and Perla SBE (250+250 mg/kg/day); and G7. L-NAME + Esmeralda
SBE + Captopril (250 mg/kg/day + 2.5 mg/kg/day). All groups were administered via intragastric

cannula for 35 days.
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2.3.2. Blood pressure measurement

Blood pressure levels (systolic and diastolic) of all animals involved in the study were
measured weekly using the CODA™ blood pressure monitor (Kent Scientific Corp., Torrington,
CT, USA) with a tail-cuff method. The animals were pre-trained to minimize stress that could
interfere with blood pressure measurements. The conscious rats were kept in a temperature-
controlled room (30-32°C) and placed in plastic cylinders to immobilize them, leaving the tail
outside. Then, the pressure reading was taken. The measurements included 5 acclimatization
cycles and 10 measurement cycles, following the recommendations of the CODA™ team. The

results were expressed in mm/Hg.
2.4. Biochemical tests
2.4.1 Sample collection and tissue preparation

After 35 days of treatment, the rats were euthanized by cervical dislocation, and blood
samples were collected via cardiac puncture for further analysis. The blood samples were
centrifuged at 5000 rpm for 10 minutes to separate the plasma for biochemical determinations.
Additionally, 500 mg of kidney tissue was homogenized in TRIS-HCI 0.1 M pH 7.4 and
centrifuged at 10,000 x g for 10 minutes. The supernatants were used for the RCT Il activity trial.
A portion of the kidney, heart, and liver were washed with a 0.9% saline solution and preserved

in 10% formalin for further processing.
2.4.2. NOx quantification

Nitrite/nitrate (stable metabolites of NO) in the plasma samples were measured based on
the Griess reaction (Green et al., 1982). Nitrate was reduced to nitrite by 30-minute incubation
with nitrate reductase in the presence of nicotinamide adenine dinucleotide phosphate oxidase in
its reduced form (NADPH). The colorimetric reaction is obtained by adding 100 uL of Griess
reagent to 50 pL of previously diluted sample (1:10) and completing a final volume of 200 uL.
with deionized water. The nitrite is then detected as an azole dye resulting from the Griess reaction
visible at 540nm. The amount of nitrite/nitrate present in the plasma sample was estimated from

the standard curve obtained from 3-200 uMol/I nitrite/nitrate levels were expressed as pMol/l.
2.4.3. Quantification of markers of renal function

Plasma urea, uric acid and creatinine were estimated according to the manual provided
by commercial diagnostic kits (SPINREACT,® Mexico) based on the Fawcett & J. E. Scott, (
1960), Caraway, (1955) and Jaffe M, (1886), respectively. The plasma glucose level was

determined from an enzymatic reaction using the method described by Trinder, (1969) in which
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glucose oxidase catalyzes the oxidation of glucose to gluconic acid and was measured at 492 nm.
The concentration of total protein in plasma was determined from the Biuret colorimetric method
at an absorbance of 540nm. Commercial diagnostic kits (SPINREACT®, Mexico) were used. All
results were expressed as mg/dL.

2.4.4. Quantification of ACE | and ACE Il

The concentration of ACE | in plasma was determined using a fluorometric assay Kit
(Sigma-Aldrich, St. Lois, MO, USA), based on the cleavage of a synthetic fluorogenic peptide,
where the fluorescence emitted is directly proportional to the activity of the ACE present (Ex/Em=
320/405 nm), the results were expressed in mU/mL. On the other hand, the concentration of ACE
Il in the kidney using a fluorometric assay kit (Sigma-Aldrich, St. Lois, MO, USA), where 500
mg of kidney was homogenized to measure the ability of ACE Il to cleave a synthetic peptide
substrate based on 7-metaxicomarin-4-acetic acid (MCA) for the release of a free fluorophore
(Ex/Em= 320/420 nm), results were expressed in mU/mg tissue.

2.5. Histopathological analysis

Samples fixed in 10% formalin were dehydrated with ethanol, clarified with xylene, and
enclosed with paraffin. 5 pm slices were made and stained with hematoxylin-eosin and examined

with a high-resolution (40x) light microscope.
2.6. Statistical analysis

The results were expressed as the average of six determinations + SD. Data were analyzed
using a unidirectional analysis of variance (ANOVA). A comparison of means was performed
using Tukey's test with a 95% confidence level. The nonparametric Spearman correlation
coefficient was calculated to identify correlations between bioactive compounds and the
percentage of inhibitory activity of ACE. All of these analyses were performed using Minitab

statistical software version 19.2 USA.
3. Results
3.1. Effect of barley extracts on ACE inhibition in vitro

Figure 1 shows the reduction in ACE activity percentages of captopril (positive control)
and various EBS of Esmeralda and Perla varieties. At 0.01 mg/mL, captopril exhibited 95% ACE
inhibition. Meanwhile, the SBEs of Perla and Esmeralda varieties inhibited ACE activity from 56
to 63% and from 59 to 83% (10 mg/g extract), respectively. All samples showed statistically
significant differences compared to captopril activity (p < 0.05). The percentage of ACE
inhibition increased in the 7-day BSE of Perla and Esmeralda. Therefore, the BSE of P7 and E7

were selected for administration in the in vivo model (Section 3.2). Earlier studies have reported
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captopril's 90% ACE inhibition, which was used to compare its activity with another compound
(Gangopadhyay et al., 2016; Jain et al., 2021).
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Fig. 1. Percentage decrease in ECA activity. Each bar represents the mean + SD. The significance levels
are represented by the value of p < 0.05 (* < 0.05 and ** < 0.0001) compared to the control group
(Captopril). Different letters indicate significant differences between varieties and the same day of
germination. And ANOVA followed by a Tukey test was performed.

The germination of grains and seeds is an important factor that involves various metabolic
activities and physicochemical changes to produce different secondary metabolites (Hibner &
Arendt, 2013). Likewise, this process increases the content of proteins, carbohydrates, and
phenolic compounds that promote antioxidant activity and in some cases activity on ACE
(Chinma et al., 2015; Mamilla & Mishra, 2017). This activity could be related to the increase of
bioactive compounds during germination (Cornejo et al., 2015; Mamilla & Mishra, 2017). Foods
rich in polyphenols may reduce elevated blood pressure through inhibition of ACE (Jain et al.,
2021; Santos et al., 2020). Quercetin, orientin, isovitexin, and some isoorientin and isovitexin
glycosides are among the phenolic compounds in barley that exhibit ACE inhibitory activity. (Ra
et al., 2020).

Previously, the total content of phenols and flavonoids, as well as the phenolic and amino
acid profile of the extracts used in the present study (Garcia Castro et al., 2024) and which are
involved in the activity of ACE have been reported. Phenolic acids such as gallic, syringic, and
ferulic acids; Flavonoids such as catechin and amino acids such as valine and leucine showed a
linear correlation (r= 0.388 to 0.925) with the inhibition of ACE (Appendix A. Supplementary
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Material). Ra et al., (2020) were evaluated and obtained a percentage of inhibition of ACE activity
from 32 to 66.5%, attributing this activity to the polyphenols present in barley. Other
antihypertensive mechanisms reported in phenolic compounds are the prevention of NADPH
oxidase expression and the production of reactive oxygen species (ROS) (Yousefian et al., 2019).
Garcia-Castro et al (2024), showed how 7-day germination can increase the content of phenols
and total flavonoids by 285% and 316%, respectively. Therefore, the concentration of phenolic
compounds and flavonoids could influence the activity on ACE.

On the other hand, it has been shown that some peptides and amino acids may interfere
with the active site of ACE or its ability to bind to substrates (Mirzaei et al., 2015). Alu’Datt et
al., (2012) y Gangopadhyay et al., (2016) obtained barley protein hydrolysates that can inhibit
ACE by 60 to 70%. Some naturally occurring amino acids can compete with ACE's natural
substrates for the enzyme's active site. By binding to the active site, they prevent the ACE from

performing its normal function of converting angiotensin | to angiotensin 1l (Wang et al., 2021).

3.2. Effect of BSE on renal function and nitric oxide concentration

Table 1 shows the measurements of glucose, markers of renal function, and plasma NOx
expression in the different groups.

No changes in glucose levels were observed between the standard diet group (G1) and
the L-NAME-induced group (G2) (p >0.05). However, an increase in glucose of 21% and 29%
was observed in the G3 and G6 groups, respectively, compared to the (G1) group (p <0.05).

In terms of renal function, there were no significant differences observed in total protein
content between the treatment groups (p>0.05). However, animals treated with L-NAME (G1)
showed a 50% increase in serum uric acid and a 70% increase in urea levels (p<0.05), while
creatinine levels increased by 20%, although no significant differences were observed (p>0.05).
On the other hand, the results indicated that treatment with the Esmeralda variety (G4)
significantly improved (p<0.05) creatinine levels by up to 55%, while uric acid and urea levels
were reduced by 41% and 47% from treatments G6 and G7, respectively.

The study found that endothelial function (NOx) decreased by 37% (p <0.05) in the G2
group when compared to the G1 group (Table 1). However, the administration of barley extracts
for 5 weeks significantly increased (p<0.05) the level of plasma NOx metabolites, leading to a
66% increase by the G7. The groups administered with captopril and SBE (G3, G4, G5, G6, and
G7) showed improvements in renal function and a significant increase in NOx (p <0.05),
compared to rats induced with L-NAME (G2). Kumar et al., (2011) reported that induction with
L-NAME in rats reduced nitric oxide concentration by up to 60%.

On the other hand, it was observed that the combination of extracts of both barley varieties

(G6) significantly increased (p<0.05) the serum glucose concentration. Barley germination has
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been reported to elevate the content of oligosaccharides such as glucose and maltose in BSE
(Garcia-Castro et al., 2024). This could have caused the increase in glucose with this treatment,
due to changes in the absorption, metabolism, or use of sugars by the body (Qin et al., 2021).
However, captopril decreased the development of L-NAME-induced hypertension, indicating the
involvement of ACE inhibitors in the nitric oxide (NOx) pathway (Bernatova et al., 1999). In
contrast to captopril, all extracts evaluated and even in combination with captopril increased the
concentration of serum NOx. Certain phenolic acids and flavonoids, such as caffeic acid,
chlorogenic acid, and catechin, attenuate the development of hypertension by modulating the
production of NOx (Kim et al., 2013; Zibadi et al., 2007). On the matter, Kumar et al. (2011) and
Anikina et al., (2020), showed that the administration of vanillic acid and catechin improved the
bioavailability of nitric oxide, renal markers, and decreased the activity of ACE in rats. In
addition, quercetin was observed to prevent cardiac and renal hypertrophy and reduce blood
pressure in animal models (Duarte et al., 2001; Jalili et al., 2006). Similarly, it has been suggested
that quercetin may modulate the permeability of the proximal tubular epithelium of the kidney to
maintain the water content in the urinary lumen and promote the solubilization of calcium and
sodium in this segment, relieving renal function (Gamero-Estevez et al., 2019).

According to Pisoschi et al., (2024), the presence of phenolic compounds like chlorogenic
and/or gallic acid, and flavonoids like catechin in barley can help regulate nitric oxide expression
and protect the kidney's functional capacity from the harmful effects of L-NAME. This is due to
the antioxidant and anti-inflammatory properties of these compounds that promote nitric oxide

modulation.
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Table 1

Effect of barley extracts on glucose content, renal function (mg/dL) and NOx production in plasma of rats induced with L-NAME.

Group Glucose Total protein  Creatinine Uric acid Urea NOx pMol/L
G1. Standard diet 108.72+10.85" 6.71+0.912 1.11+0.15% 1.1340.15P 18.73+1.89° 83.88+8.50?
G2. L-NAME (40 mg/kg) 106.69+6.02° 6.20+0.722 1.34+0.192 1.70£0.022 31.25+2.192 52.66+4.03"
G3. L-NAME + Captopril (5 mg/kg) ~ 131.65+4.73? 6.33+0.66° 0.71%0.07° 0.97+0.07° 10.82+1.93°  86.11+7.53
G4. L-NAME + E7 (500 mg/kg) 104.81+4.70° 7.21+0.78° 0.60+0.08¢ 1.09+0.11° 16.35+0.89°  80.00+8.09%
G5. L-NAME + P7 (500 mg/kg) 98.11+10.36" 6.97+0.672 0.94+0.11" 1.05+0.12° 18.26+1.89° 79.16+6.18?
G6. L-NAME + E7+P7 (250+250 140.95+11.01# 6.00+0.672 0.80+0.09Pcd 0.98+0.1° 17.71+1.91° 78.75+7.882
gg{kLg-)NAME + E7+ Captopril 108.78+10.85" 6.02+0.982 0.83+0.10°d 1.00+0.08° 16.30+1.64° 87.91+6.85?

(250mg/kg+2.5 mg/kg)

Each data represents the mean + SD (n=6 rats); E7: BSE Esmeralda variety 7 days of germination; P7: BSE Esmeralda variety 7 days of germination; Different lowercase letters
indicate significant differences (p < 0.05) when compared into groups (ANOVA followed by the Tukey test).
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3.3. Administration of extracts of barley sprouts and measurement of blood pressure in
rats

Table 2 shows changes in systolic and diastolic blood pressure in different experimental
groups over 5 weeks of treatment. G2 showed a significant increase in systolic and diastolic blood
pressure, up to 30%, compared to G1, demonstrating the hypertensive effect of L-NAME. While
the administration of captopril (G3) decreased the effects of L-NAME in the following weeks,
decreasing BP by up to 18%, after 5 weeks. On the other hand, BSE treatments resulted in a 9%
and 12% decrease in BP by G4 and G5, respectively, compared to G2 after 5 weeks of treatment
(Table 2). Similarly, a significant reduction of up to 12% in BP was observed concerning G2
when the extracts (G6) were combined and greater stability in pressure over time was observed.
In the third week of treatment, G7 showed an improvement in BP, due to a significant reduction
of 22% compared to G2 (p<0.05). These results suggest that treatment combined with half a dose
of the drug plus administration with BSE achieves an antihypertensive effect like that of a dose
of captopril (Table 2).

Jan-on etal., (2020) showed that the presence of fatty acids and phytochemical
antioxidants from rice bran are involved in improving BP in rats, reducing it by 21%. Previously,
it has been shown how the use of chronic treatment with L-NAME induces high blood pressure,
providing an experimental model to study this condition (Silva-Herdade, 2011). One of its main
effects is the decrease of plasma nitric oxide synthase that causes arteriolar vasoconstriction in
rats induced with L-NAME (Chia et al., 2021). The continuous application of ACE inhibitors,
such as captopril, is effective in preventing the onset of hypertension caused by L-NAME. This
suggests the involvement of ACE inhibitors in the nitric oxide pathway (Bernatova et al., 1999;
Efosa et al., 2023; Pechanova et al., 1997).

Previous studies have shown that a diet rich in cereals and/or sprouts could prevent the
development of hypertension due to the antihypertensive activity of some peptides, phenolic acids
and flavonoids (Deng et al., 2014; Duarte et al., 2001; Mamilla & Mishra, 2017). Research has
demonstrated the efficacy of specific phenolic compounds, such as catechin, in binding to the
active sites of ACE, and their ability to bind to the zinc ion at the ACE's active site, thereby
promoting antihypertensive effects (Wang et al., 2021). Similarly, the presence of one or more
hydroxyl groups that have a strong antioxidant capacity, inhibits the production of ROS and leads
to increased bioavailability of NO or through the binding of amino acids to the ACE substrate
(Lunow et al., 2015; Ra et al., 2020). Therefore, the decrease in blood pressure in the treatment
groups can be attributed to the presence of phenolics and/or bioactive amino acids, which could

be due to their inhibitory and antioxidant activities of ACE.
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344 Table 2

345  Hemodynamic effects of the administration of germinated barley extracts in rats.

Systolic blood pressure (mm/Hg) Diastolic blood pressure (mm/Hg)

Groups /week 1st 3rd 5th 1st 3rd 5th

GL1. Standard diet 167.15+6.41" 166.58+6.39°  161.36+13.10¢  134.46+2.18%  127.73+11.27¢ 115.82+13.74°
G2. L-NAME (40 mg/kg) 193.32+12.172 214.72+9.69*  218.62+9.46° 154.52+10.962 177.33+14.30* 182.92+17.71°
G3. L-NAME + Captopril (5 mg/kg) 167.03+10.05"  178.11+9.56™  178.28+12.72%  127.81+10.38°¢  145.22+9.96*  148.35+14.37°
G4. L-NAME + E7 (500 mg/kg) 165.86+10.14*  192.17+6.44°  198.97+9.97° 125.72412.72%  151.18+10.19° 159.94+13.07°
G5. L-NAME + P7 (500 mg/kg) 161.41+14.44  189.30+10.29° 190.02+15.97°¢  120.98+18.60¢ 152.52+11.14°>  157.85+11.56"
G6. L-NAME + E7+P7 (250+250 mg/kg) 187.08+9.112 189.93+11.80° 190.92+11.68>  149.39+15.29%  158.12+12.86° 156.12+11.31°
G7. L-NAME + E7+ Captopril (250mg/kg+2.5  176.56+9.52" 167.37+12.81°¢  179.92+11.56™  142.32+17.12%% 132.27+10.97% 142.4+12.37"

mg/kg)

346  All experiments represent the average of the measurements, followed by the standard deviation (n=6-8); E7: BSE Esmeralda variety 7 days of germination; P7:
347  BSE Esmeralda variety 7 days of germination; Different lowercase letters indicate significant differences (p<0.05) between groups in each time period.

348
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3.4. Effects of BSE on ACE | and ACE II activity in L-NAME-induced rats

Figure 2a shows changes in the activity levels of ACE | in plasma (Figure 2a) and ACE
Il in kidney homogenate (Figure 2b).

The basal activity of ACE I in plasma was 54.4 mU/mL (G1), which increased to 233%
due to the administration of L-NAME (G2) (Figure 2a). The administration of captopril G3
significantly reduced the activity of ACE I by 80.8% compared to G2 (p<0.0005). Groups G4 and
G5 also showed decreased ACE | activity by 63.3% and 29.3%, respectively. However,
Esmeralda (G4) was selected for combined administration with captopril (G7) as it showed the
most significant reduction in enzyme activity. All other treatment groups showed a significant
reduction (p < 0.05) in the enzymatic activity of ACE I, except for the combination of both BSE
(G6), where no significant difference was observed (p > 0.05). The G7 group exhibited an 81.6%
reduction in ACE | activity, similar to G3 (p > 0.05).

1

b)

-]
g

EZE Negative Control

E3 L-NAME

E3 L-NAME+Captopril

@0 L-NAME+Esmeralda
L-NAME+Perla
L-NAME+Esmeralda+Perla

B3 L-NAME+Esmeralda+Captopril 20

Plasma ACE activity (mU/mL)

Kidney ACE Il activity (mU/mg)
H
(=] (=]

Fig. 2. A) Effects of barley extracts and captopril supplementation on serum ACE | activity. B) Effects of
barley extracts and captopril supplementation on kidney ACE |1 activity. Each bar represents the mean +
SD Significance levels are indicated by p < 0.05 (* < 0.05 and ** < 0.0001) when compared with the L-
NAME group (ANOVA followed by the Tukey test).

In the study, Figure 2b illustrates the changes in ACE Il activity in the kidney. All groups
were compared to the G2 group, and it was observed that there was a significant decrease
(p<0.0005) in the activity of ACE Il in the kidney for all the groups. The results depicted that the
baseline activity of ACE I in the kidney was 14.8 mU/mg in G1, while the G2 group showed an
increase of 353%. The groups administered with BSE (G4-G6) and its combination with captopril
(G7) showed a decrease in ACE Il activity between 76.5 and 80% compared to the group induced
with L-NAME. This reduction in ACE Il activity was achieved while maintaining an activity level
similar to the standard diet group (G1) (p<0.05). The BSEs, particularly the Esmeralda variety,
significantly reduced the activity of ACE | and Il in the plasma and kidney of rats hypertensive
with L-NAME, as shown in Figures 2a and 2b. Maneesai et al., (2017) reported that the increase
of ACE in hypertensive rats is one of the main signs of activation of the RAAS system, with

inhibition being the main target for the treatment of hypertension. Treatment for ACE inhibition
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may be associated with relieving oxidative stress and increasing nitric oxide formation, conferring
endothelial protection in hypertensive rats with L-NAME (Jan-on et al., 2020). The data indicate
important antioxidant properties in barley extracts and the differences between the Perla and
Esmeralda varieties (Garcia-Castro et al., 2024).

3.5. Target organs histopathology

Figures 3 and 4 show the histopathologic changes of the heart and kidney in normotensive
and hypertensive rats induced by L-NAME (G2). Figure 3A shows normal heart tissue, with no
inflammation. On the other hand, the heart of hypertensive rats showed myocardial fibrosis,
infiltration of mononuclear inflammatory cells indicating chronic inflammation (Figure 3B). On
the other hand, the treatment groups (G4, G5, G6 and G7) caused a reduction in muscle fibrosis
and moderate myocardial degeneration (Figure 3C-3G).

Figure 4A shows normal histological features of the kidney and the renal glomerulus with
spaces and Bowman's capsules. Administration of L-NAME caused necrosis of the renal
glomerulus, protein leakage into space, and dilation of Bowman's spaces, which decreases fluid
leakage (Figure 4B). Similarly, after the use of L-NAME, liver tissue showed an increase in the
number of Kupffer cells caused by oxidative stress and inflammatory response (Appendix B.
Supplementary Material).

Blood pressure is commonly linked to liver and kidney damage. When microcirculation
is repeatedly exposed to high blood pressure, it can cause damage at the cellular level in the liver
and kidneys (lbarrola et al., 2022; Santos Neto et al., 2020). For example, hypertension can lead
to damage to the blood vessels of the liver and kidneys, resulting in a decrease in blood supply
and therefore oxygen and nutrients. This effect is increased due to oxidative stress and alteration
of cellular redox balance, which are closely related to various types of liver and kidney injuries,
both acute and chronic (Chen et al., 2022). In L-NAME induction models, there is an association
between high blood pressure and oxido-inflammatory processes (Gonzalez et al., 2000).
Therefore, it is important to investigate the anti-inflammatory and antioxidant properties of

natural antihypertensive therapies.
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Fig. 3. Histopathological changes in the cardiac muscle (H-E stain). A) Normotensive group, normal
cardiac muscles; B) L-NAME Group, chronic inflammation; C) L-NAME + Captopril Group, inflammatory
cells decreased inflammation; D) L-NAME + Esmeralda Group, inflammatory cells are observed, moderate
inflammation; E) L-NAME + Perla Group, reduction of inflammation; F) L-NAME + Perla + Esmeralda
Group, without histopathological changes; G) Group L-NAME Esmeralda + Captopril, inflammation relief.
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Fig. 4. Histopathological changes in the renal glomerulus. A) Normotensive group, without observable
changes; B) L-NAME Group, degeneration and necrosis of renal glomerulus; C) L-NAME + Captopril
Group, partial adhesion of the glomerulus to Bowman's capsules; D) L-NAME + Esmeralda Group, slight
glomerular necrosis; E) Group L-NAME + Perla, Bowman space dilation; F) L-NAME + Perla + Esmeralda
Group, decreased inflammation of the renal glomerulus; G) L-NAME Esmeralda + Captopril Group,
without observable histological changes.

4. Conclusions

The research findings indicate that the use of Perla and Esmeralda SBE can reduce ACE
activity in vitro by 83%. When BSE is administered along with captopril, it can lead to a reduction
in systolic blood pressure by 22%. Additionally, the treatment is effective in decreasing the
activity of ACE | and ACE Il by 81% and 76.5%, respectively. BSEs may also have a positive
impact on renal function and increase plasma NOX levels in L-NAME-induced hypertensive rats.
The histopathological study revealed that BSE has a protective effect against damage to heart,
kidney, and liver tissue. Overall, the combination of BSE with captopril can decrease the activity
of ACE, which provides a promising alternative for obtaining bioactive compounds. However,
further mechanistic and clinical studies are needed to better understand the potential benefits of
this treatment.
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CAPITULO VI. CONCLUSIONES

Este estudio ha demostrado que la germinacion de la cebada Esmeralda y Perla,
en particular durante 5y 7 dias, influye significativamente en el contenido de compuestos

fenolicos, macronutrientes y en la actividad antioxidante.

La variedad con cascarilla (Esmeralda), mostr6 un incremento notable en el
contenido de flavonoides y fenoles totales. Se identificaron la catequinay el acido ferulico
como los compuestos mas abundantes, teniendo una correlacién positiva entre la
actividad antioxidante y el contenido de compuestos fendlicos en los extractos de cebada

germinada.

Los extractos de cebada, especialmente de la variedad Esmeralda, presentaron una
fuerte inhibicion de la ACE, lo que podria ser beneficioso para reducir la presion arterial.
Ademas, se observé que la administracion de extractos de cebada resultd en mejoras para
la funcion renal y cardiovascular, incluida una reduccion en la inflamacion, hipertrofia

cardiaca, necrosis del glomérulo renal y presencia de células Kupffer en el higado.

Estos resultados sugieren que los extractos de cebada germinada tienen el
potencial para disminuir los efectos adversos en diversos sistemas del organismo, lo que
podria ser un preambulo en el tratamiento coadyuvante al tratamiento farmacol6gico de
enfermedades relacionadas con la oxidacion, inflamacion y funcion cardiovascular. Sin
embargo, se necesitan mas estudios clinicos para confirmar estos hallazgos y comprender
mejor los mecanismos involucrados para el disefio de nuevas terapias que disminuyan el

consumo de farmacos.
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Resumen

Los alimentos de origen natural presentan compuestos bioactivos que pueden disminuir la incidencia de enfermedades
cronicas, como la hipertension. La presion arterial alta es una de las enfermedades cardiovasculares con mayor prevalencia, la
cual esta regulada por el Sistema Renina Angiotensina Aldosterona. La enzima convertidora de angiotensina 2 participa en la
modulacion de la presion arterial, la homeostasis de la presion arterial y es el principal receptor del virus SARS-CoV-2. Entre
estos compuestos se encuentran los péptidos bioactivos y los compuestos fendlicos que han sido unos de los més estudiados. Los
péptidos inferiores de 1 kDa y la presencia de aminoacidos hidrofébicos son los mejores candidatos para inhibir la enzima
convertidora de angiotensina (ECA). Por su parte, los compuestos fenolicos como los &cidos fenolicos y flavonoides son capaces
de inhibir la ECA al reducir el estrés oxidativo implicado en la patogenia de la hipertension. Este trabajo presenta una sintesis
critica sobre el efecto de los compuestos bioactivos sobre la ECA, la hipertension y su relaciéon con el COVID-19.

Palabras Clave: Péptidos, Fenoélicos, Hipertension, COVID-19, Enzima Convertidora de Angiotensina.
Abstract

Foods of natural origin have bioactive compounds that can decrease the incidence of chronic diseases, such as hypertension.
High blood pressure is one of the most prevalent cardiovascular diseases, which is regulated by the Renin Angiotensin
Aldosterone System. Angiotensin-converting enzyme 2 participates in the modulation of blood pressure, blood pressure
homeostasis, and is the main receptor for the SARS-CoV-2 virus. Among these compounds are bioactive peptides and phenolic
compounds that have been some of the most studied. Lower 1 kDa peptides and the presence of hydrophobic amino acids are
the best candidates for inhibiting angiotensin converting enzyme (ACE). For their part, phenolic compounds such as phenolic
acids and flavonoids are capable of inhibiting ACE by reducing oxidative stress implicated in the pathogenesis of hypertension.
This work presents a critical synthesis on the effect of bioactive compounds on ACE, hypertension and its relationship with
COVID-19.

Keywords: Peptides, Phenolics, Hypertension, COVID-19, Angiotensin Converting Enzyme.

participacion en la modulacion de funciones enzimaticas como
procesos de inhibicion, inducciéon o recepcion (Shrinet et al.,

1. Introduccion

Los compuestos bioactivos son sustancias que presentan
actividades bioldgicas. Se encuentran en diversas plantas y
alimentos como verduras, frutas, cereales, frutos secos y
aceites, estos ofrecen propiedades antiinflamatorias,
antioxidantes, antidiabéticas y anticancerigenas, debido a su
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2021), mismos que pueden ser utilizados como coadyuvantes
para el tratamiento de distintas enfermedades, como la
hipertension (Kris-Etherton et al., 2002).

La hipertension ha sido una de las comorbilidades mas
importantes que contribuyen al desarrollo de enfermedades
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cardiovasculares. Recientemente, durante la pandemia causada
por el coronavirus SARS-CoV-2, se han informado las
comorbilidades mas comunes en pacientes con COVID-19, de
las cuales destacan la hipertension (30%), diabetes (19%) y
enfermedad coronaria (8%) (Huang et al., 2020). Hallazgos
recientes mostraron un papel importante del Sistema Renina-
Angiotensina-Aldosterona (RAAS) en pacientes hipertensos
diagnosticados con COVID-19, debido a que SARS-CoV-2
utiliza la enzima convertidora de angiotensina 2 (ECA2) para
unirse a la superficie de células epiteliales. Por lo que,
controlar la produccion de ECA2 podria mediar la entrada de
SARS-CoV-2 en las células (Walls et al., 2020).

Entre los compuestos con actividad inhibitoria de la ECA
mas estudiados, se encuentran los péptidos bioactivos y los
compuestos fendlicos aislados de diversas fuentes de
alimentos, los cuales son producidos por acciones enzimaticas
especificas (Ganguly et al., 2019). Los péptidos derivados de
los alimentos presentan un alto potencial para el desarrollo de
nutracéuticos y alimentos funcionales, debido a su
especificidad y su peso molecular (Chai et al., 2017). Se ha
descubierto que las proteinas hidrolizadas y péptidos
bioactivos promueven la regulacion del estrés oxidativo y
disminuyen la aparicion de enfermedades cronicas asociadas
(Esfandi et al., 2019).

De igual manera, los compuestos fendlicos se han
relacionado con actividades antioxidantes, anticancerigenas,
antimicrobianas, antiinflamatorias y antivirales (Brglez
Mojzer et al., 2016; Van Hung, 2016). Los esteroles y tocoles
previenen enfermedades neuroldgicas y disminuyen los
niveles de colesterol (Bartlomiej et al., 2012); los flavonoides
son responsables de la moderacion del cancer y enfermedades
coronarias del corazéon (Gani et al., 2012); los lignanos
presentan actividad antioxidante, antitumorales, antivirales y
antibacterianos (Idehen et al., 2016); los folatos son capaces de
realizar la misma actividad biologica que el acido folico,
participando en muchas vias metabdlicas (Romano et
al.,1995).

El consumo de estos compuestos impacta positivamente en
la funcioén del organismo. En este trabajo se demuestra la
importancia del consumo de compuestos bioactivos como
péptidos y compuestos fenolicos, los cuales al presentar
actividades antihipertensivas podrian impactar positivamente
sobre pacientes con COVID-19.

2. Péptidos bioactivos

Los péptidos se definen como pequefios fragmentos
aislados de proteinas, los cuales estan conformados de 2 a 20
aminoacidos unidos por enlaces peptidicos, los cuales pueden
proporcionar los nutrientes necesarios para el crecimiento y
desarrollo humano, y también tienen -caracteristicas de
actividad fisiologica Unicas en relacion con las proteinas.
(Yang et al, 2021). Entre los péptidos bioactivos mas
estudiados se encuentran los aislados a partir de fermentacion
microbiana e hidrolisis enzimatica. Se ha descrito una amplia
variedad de funciones peptidicas como actividades
antioxidantes, inmunomoduladoras y antihipertensivas,
capaces de controlar diversas enfermedades asociadas. Los
péptidos antioxidantes ejercen efectos citoprotectores a traveés
de la eliminacion de radicales libres, incluidas las especies
reactivas de oxigeno (ROS) (Chen et al., 2019). Por otro lado,

los péptidos inmunomoduladores pueden regular la funcion
inmunologica del cuerpo evitando la aparicion de
enfermedades (Chalamaiah et al., 2014). Con respecto a los
péptidos antihipertensivos, estos se destacan por la inhibicion
de la ECA, causada principalmente por la presencia de
aminoacidos hidrofobicos en la cadena C-terminal, los cuales
se unen a los sitios activos de la ECA (Gangopadhayay et al.,
2016).

Algunos estudios han demostrado la efectividad que
presentan dipéptidos conformados por isoleucina y triptéfano
para  disminuir la ECA, mostrando actividades
antiinflamatorias y antioxidantes (Gu et al., 2019; Kaiser et al.,
2016; Kopaliani 2016). Lunow et al., (2015) reportaron
dipéptidos conformados por triptéfano como IW (Ile-Trp) y
VW  (Val-Trp,), liberados selectivamente de alfa-
lactoalbumina bovina o lisozima de clara de huevo de gallina,
actiian como inhibidores competitivos y selectivos para el C-
terminal de ECA en plasma. Por otro lado, Lunow et al.,
(2013), mencionaron que IW es un dipéptido estable y con
rapida absorcion, lo que podria facilitar su unién con la ECA.

Guo et al., (2020) y Wu et al., (2014) reportaron péptidos
<3 kDa extraidos de harina de germen de maiz con efecto en
la regulacion del equilibrio entre factores vasoconstrictores,
resistencia vascular y reduccion en los niveles de renina y
angiotensina II controlando la presion arterial. Huang et al.,
(2011) evaluaron el efecto antihipertensivo de los péptidos
menores a 1 kDa extraidos de maiz, en ratas espontaneamente
hipertensas, reportaron que existen dos tipos de mecanismo de
accion de los péptidos inhibidores de la ECA, los que compiten
con la disponibilidad del sustrato de ECA y los que combinan
la bioactividad de ECA para inhibir su actividad enzimatica,
normalmente conformados por mas de cuatro aminoacidos y
de dos a tres aminoacidos respectivamente. Los competidores
de sustrato de ECA regularmente estin compuestos por mas de
cuatro aminoacidos, mientras que los inhibidores del sitio
activo de la ECA estan conformados de dos a tres (Huang et
al., 2011). Por lo tanto, el tamafio molecular del péptido
inhibidor de la ECA juega un papel importante en su actividad
inhibitoria ya que los péptidos menores a 3 kDa presentan una
inhibicion cuatro veces mayor a los de 5 kDa, sin embargo, hay
otros factores como la secuenciacion del péptido que influyen
en la eficiencia del mismo.

Los efectos antihipertensivos producidos por péptidos estan
relacionados con una mejoria en la funciéon endotelial que se
logra inhibiendo los efectos de los vasoconstrictores como Ang
II, induciendo vasodilataciéon a través de oxido nitrico y
afectando vias de vasorrelajacion involucradas, por lo tanto, el
consumo de alimentos ricos en péptidos bioactivos puede
participar en la modulaciéon de funciones inmunes lo que
coadyuva el padecimiento de COVID-19 (Baksi et al., 2009).

Los péptidos de origen alimentario pueden tener diversas
bioactividades, incluida la actividad antiviral (Agarwal &
Gabrani, 2020). Al respecto, los péptidos inhibidores que se
utilizan en el tratamiento de diversas enfermedades, también
podrian ser agentes potenciales contra COVID-19. En este
sentido, los péptidos bioactivos con secuencias unicas de
aminoacidos pueden mitigar la inhibicion de serina y proteasas
transmembrana de tipo II (TMPRSS2), un gen regulado por
androgenos, para el cebado de la proteina pico viral, la escision
de furina y miembros del sistema renina-angiotensina-
aldosterona (RAAS). Segun el analisis de estructura-funcion,
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algunos péptidos bioactivos podrian presentar potencial para
neutralizar el virus (Bhullar, Drews, & Wu, 2021).

Por lo tanto, los péptidos derivados de alimentos al
presentar un efecto inhibitorio de la ECA asi como actividades
inhibidoras de multiples objetivos contra la entrada de la célula
huésped y la replicacion viral del SARS-CoV-2, podrian ser
utilizados para el disefio de un tratamiento coadyuvante
alternativo para la mejora de pacientes hipertensos y en
algunos casos pacientes con COVID-19. Los péptidos no son
los unicos compuestos que poseen beneficios potenciales en la
salud, compuestos bioactivos como los fenolicos, también
presentan efectos importantes en la salud del consumidor.

3. Compuestos fenélicos

Los compuestos fendlicos son moléculas que presentan uno
0 mas grupos hidroxilo unido a un anillo aromatico (fenil),
estos se pueden encontrar en diferentes 6rganos vegetales
como, frutas, verduras, frutos secos, semillas, flores y cortezas
(Penarrieta et al., 2014). Estos se clasifican de acuerdo al
numero de anillos fendlicos y los elementos que los unen, por
lo tanto, se clasifican en fenoles simples, acidos fendlicos,
flavonoides, xantonas, estilbenos y lignanos (Vuolo et al.,
2019).

Los compuestos fendlicos se han convertido en una fuente
de interés debido a sus propiedades antioxidantes y su
capacidad de neutralizar radicales libres (Tsao, 2010).
Diversos estudios epidemiologicos han demostrado los
beneficios del consumo de compuestos fendlicos, que incluyen
actividades inmonumoduladoras antiinflamatorias,
antihipertensivas, antivirales y antioxidantes (Dykes et al.,
2006; Talhaoui et al., 2016; Rho et al., 2020; Khan et al., 2018;
Zhang et al., 2014)

La capacidad antioxidante de los compuestos fenolicos esta
regulada por eliminacion de radicales libres, reduciendo la tasa
de oxidacion inhibiendo la formacién o desactivando las
especies activas y precursores de radicales libres (Tsao, 2010).
Ademas de la captacion de radicales, algunos polifenoles
participan en la quelacion de metales, evitando asi la oxidacion
causada por radicales hidroxilos altamente reactivos (Kim et
al., 2021). Este proceso antioxidante es la clave para la
prevencion de varias enfermedades, incluidos los trastornos
asociados con la inflamacion cronica. Los flavonoides y
compuestos fendlicos pueden tener un efecto antiinflamatorio
al regular la actividad celular en las células inflamatorias y al
modular las actividades de las enzimas implicadas en el
metabolismo de 4cido  araquidonico, lipoxigenasa,
metabolismo de arginina y modulando otras moléculas
proinflamatorias (Hussain et al., 2016), las cuales pueden
disminuir el riesgo de padecer enfermedades cronicas como la
hipertension.

Los alimentos ricos en polifenoles, como es el caso de
algunas herbaceas y frutos, pueden reducir la presion arterial
elevada a través de la inhibicion de la ECA (Santos et al.,
2020). Algunos mecanismos utilizados por distintos
compuestos fendlicos para la disminucion de la presion arterial
pueden estar relacionados con la inhibicién competitiva de la
ECA vy efectos diuréticos, como las antocianinas de Jamaica
(delfinidin-3-O-sambubiosido y cianidin-3-O-sambubidsido),
las cuales ejercen estos mecanismos a través de procesos
antagonistas de la aldosterona (Ojeda et al., 2010). Por otro
lado, la quercetina un flavonoide presente en frutas y verduras,

ha demostrado la capacidad de reducir la presion arterial en
modelos animales con enfermedades cardiovasculares, atenua
la hipertrofia cardiaca y disminuye el engrosamiento medial
aortico, a través de la regulacion de la expresion del canal de
Na+ epitelial del rifion (Duarte et al., 2001; Jalili et al., 2006).

Se ha comprobado que los compuestos fenolicos presentan
actividad antihipertensiva previniendo la expresion de
nicotinamida adenina dinucleo6tido fosfato oxidasa (NADPH
oxidasa) y produccion de especies reactivas de oxigeno (ROS)
(Yousefian et al., 2019), mientras que los flavonoides de
maracuya, atentian el desarrollo de la hipertension modulando
la produccion de 6xido nitrico (NO) y estan relacionados con
la capacidad de unirse al ion zinc en el sitio activo de la ECA
promoviendo efectos antihipertensivos (Zibadi et al., 2007).
Algunos estudios han demostrado la eficacia de extractos de
cereales ricos en fenoles que funcionan como inhibidores de
enzimas implicadas en enfermedades metabdlicas, asi como su
uso potencial en un tratamiento coadyuvante en pacientes con
COVID-19 (Costamagna et al., 2016; Paraiso et al., 2020).

Los polifenoles tienen una amplia actividad antiviral contra
diversos grupos de virus como el de la influenza A (HIN1), los
de la hepatitis B y C (VHB/VHC), el del herpes simple 1
(VHS-1), el de la inmunodeficiencia humana (VIH), entre
otros (Utomo et al., 2020) y recientemente en el virus que
causa la enfermedad del COVID-19 (SARS-CoV-2) (Paraiso
et al., 2020).)

El galato de epigalocatequina (EGCG) es una de las
catequinas polifendlicas mas abundantes que se encuentran en
Camellia sinensis (planta del té), principalmente en el t¢ verde.
El EGCG ha sido probado para determinar su actividad
antiviral contra varios virus y se encontr6 que es una opcion de
tratamiento potencial de origen natural frente a farmacos
utilizados para el tratamiento de infecciones virales (Chacko et
al., 2010). EGCG, presenta diversos mecanismos de accion en
una gran variedad de virus como el de la influenza A, HINI,
H3N2 y B, VIH (virus de la inmunodeficiencia humana),
calcivirus, VHC (virus de la hepatitis C) y dengue, entre otros
(Liu et al., 2005; Song, Lee, & Seong, 2005)

Por otro lado, las teaflavinas (TF) del té negro, son otra
clase de polifenoles conocidos por sus propiedades
antitumorales, antivirales, antiinflamatorias, antioxidantes y
antibacterianas. Se ha demostrado que los TF muestran
actividad directa sobre particulas virales en infecciones como
el VHC, ayudando a inhibir la unién con la superficie del
receptor (Chowdhury et al., 2018). De igual manera, la
luteolina y quercetina presentan mecanismos que promueven
la inhibicién de la entrada del virus SARS-CoV en células
Vero E6 (Yi et al., 2004).

Ya que los compuestos fendlicos son de origen natural y la
mayoria de la poblacion los consume en diversos alimentos, el
indagar en las propiedades que ofrecen a la salud, asi como sus
mecanismos, podria ser un avance en la busqueda de un
tratamiento que coadyuve al padecimiento de enfermedades
prevalentes como la hipertension y recientemente de COVID-
19.

4. Hipertension y COVID-19

La infeccion de COVID-19 causada por el virus del SARS-
CoV-2 es una enfermedad infecciosa que ha provocado una
crisis sanitaria en todo el mundo. La patogenia del SARS-
CoV-2 se inicia mediante la union de la proteina de pico viral
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con el receptor diana de la ACE2, lo que facilita la
internalizacion del virus dentro de las células huésped.
Recientemente, se reportd que el SARS-Cov-2 es un virus
cuyo tropismo se basa en el uso de la ACE2 para unirse a las
células epiteliales del organismo (Wang & Cheng, 2020; Zhao
et al., 2020). La ACE equilibra la presion arterial y convierte
la angiotensina I en angiotensina II con funcion
vasoconstrictora y al mismo tiempo facilita la degradacion del
vasodilatador, bradicinina. El control sobre estos procesos
hormonales equilibra la salud de pacientes hipertensos, sin
embargo, la combinacion con otros padecimientos dificulta su
control y en muchos casos puede empeorar la evolucion de
cada enfermedad. Por lo tanto, los informes iniciales sugieren
que la hipertension, la diabetes y las enfermedades
cardiovasculares son las comorbilidades mas frecuentes en la
enfermedad COVID-19 (Bavishi et al., 2020).

La ACE2 puede cambiar el equilibrio del RAAS
mediante la conversion de Ang II en Ang (1-7). Por lo tanto, la
hipertension y el COVID-19 se han convertido en una
preocupacion reciente sobre la susceptibilidad de los pacientes
con hipertension a contraer COVID-19, ya que aumenta la
gravedad de la enfermedad y el consumo de farmacos como
ACEiy ARBs (Devaux et al., 2020). Los inhibidores utilizados
en el tratamiento contra la hipertensiéon aumentan la expresion
de ACE2 en la superficie celular y pueden aumentar la
expresion de ARN mensajero (ARNm) de ACE2 intestinal.
Aunque faltan datos sobre los efectos de estos farmacos sobre
la expresion del ARNm de ACE2 en las células epiteliales
pulmonares, existe la preocupacion de que los pacientes que
toman estos tratamientos puedan favorecer la captura del virus
(Furuhashi et al., 2015).

Una respuesta inmune oOptima es la clave para
mantener un control sobre enfermedades infecciosas y no
infecciosas, un aumento de la ingesta de cereales integrales
ricos en fibra se asocia a la disminucion del marcador utilizado
para predecir eventos cardiovasculares en pacientes con
ateroesclerosis (PCR-hs); disminucion de interleucina-6 (IL-
6), producida en respuesta a infecciones y lesiones tisulares; y
el factor de necrosis tumoral alfa (TNF-a), citoquina
inflamatoria producida por macréfagos/monocitos durante la
inflamacion aguda, por lo tanto, los alimentos con fuente de
ciertos péptidos y compuestos fenolicos pueden reducir el
riesgo de padecer enfermedades mediadas por inflamacion
como enfermedades cardiovasculares, diabetes tipo II y
obesidad (Herder et al., 2009; Gaskins et al., 2010; Gogebakan
etal., 2011; Goletzke et al., 2014 ).

5. Conclusiones

Los compuestos bioactivos como los péptidos y los
compuestos fendlicos se han destacado por su papel
inmunomodulador, antioxidante, antiviral y antihipertensivo,
contribuyendo en la prevencion y el tratamiento de
enfermedades  cronicas  incluyendo  hipertension y
recientemente la enfermedad de COVID-19. No existe un
modelo especifico a seguir para mejorar el sistema
inmunologico contra COVID-19. Sin embargo, un mayor
consumo de alimentos variados y ricos en compuestos
bioactivos podria mejorar el padecimiento de las infecciones
virales y enfermedades inflamatorias. Por todo esto, es
necesario estudiar puntualmente los mecanismos que
intervienen y asi relacionar con mayor certeza la capacidad de

los inhibidores de la ECA en el control de la expresion de
enzimas que podrian disminuir la uniéon de SARS-Cov-2 en los
receptores diana del organismo.

Referencias

Agarwal, G., & Gabrani, R. (2020). Antiviral Peptides: Identification and
Validation. International Journal of Peptide Research and Therapeutics, 1—
20. https://doi.org/10.1007/s10989-020-10072-0

Baksi, A. J., Treibel, T. A., Davies, J. E., Hadjiloizou, N., Foale, R. A., Parker,
K. H., Francis, D. P., Mayet, J., & Hughes, A. D. (2009). A meta-analysis
of the mechanism of blood pressure change with aging. Journal of the
American College of  Cardiology, 54(22), 2087-2092.
https://doi.org/10.1016/j.jacc.2009.06.049

Barttomiej, S., Justyna, R.-K., & Ewa, N. (2012). Bioactive compounds in
cereal grains — occurrence, structure, technological significance and
nutritional benefits — a review. Food Science and Technology
International, 18(6), 559-568. https://doi.org/10.1177/1082013211433079

Bavishi, C., Maddox, T. M., & Messerli, F. H. (2020). Coronavirus Disease
2019 (COVID-19) Infection and Renin Angiotensin System Blockers.
JAMA Cardiology, 5(7), 745-747.
https://doi.org/10.1001/jamacardio.2020.1282

Bhullar, K. S., Drews, S. J., & Wu, J. (2021). Translating bioactive peptides
for COVID-19 therapy. European Journal of Pharmacology, 890, 173661.
https://doi.org/https://doi.org/10.1016/.ejphar.2020.173661

Brglez Mojzer, E., Knez Hmci¢, M., §kerget, M., Knez, Z., & Bren, U. (2016).
Polyphenols: Extraction Methods, Antioxidative Action, Bioavailability
and Anticarcinogenic Effects. In Molecules (Vol. 21, Issue 7).
https://doi.org/10.3390/molecules21070901

Chacko, S. M., Thambi, P. T., Kuttan, R., &amp; Nishigaki, 1. (2010).
Beneficial effects of green tea: a literature review. Chinese Medicine, 5,
13. https://doi.org/10.1186/1749-8546-5-13

Chai, T.-T., Law, Y.-C., Wong, F.-C., & Kim, S.-K. (2017). Enzyme-Assisted
Discovery of Antioxidant Peptides from Edible Marine Invertebrates: A
Review. Marine Drugs, 15(2). https://doi.org/10.3390/md15020042

Chalamaiah M, Hemalatha R, Jyothirmayi T, Diwan P V, Kumar P U,
Nimgulkar C, Kumar B D. (2014). Immunomodulatory effects of protein
hydrolysates from rohu (Labeo rohita) egg (roe) in BALB/c mice. Food
Research International, 62, 1054—1061.

Chen, M.-F., Gong, F., Zhang, Y. Y., Li, C., Zhou, C., Hong, P., Sun, S., &
Qian, Z.-J. (2019). Preventive Effect of YGDEY from Tilapia Fish Skin
Gelatin Hydrolysates against Alcohol-Induced Damage in HepG2 Cells
through ROS-Mediated Signaling Pathways. In Nutrients (Vol. 11, Issue
2). https://doi.org/10.3390/nu11020392

Chowdhury, P., Sahuc, M.-E., Rouillé, Y., Riviére, C., Bonneau, N.,
Vandeputte, A., ... Séron, K. (2018). Theaflavins, polyphenols of black
tea, inhibit entry of hepatitis C virus in cell culture. PloS One, 13(11),
¢0198226. https://doi.org/10.1371/journal.pone.0198226

Costamagna, M. S., Zampini, L. C., Alberto, M. R., Cuello, S., Torres, S.,
Pérez, J., Quispe, C., Schmeda-Hirschmann, G., & Isla, M. 1. (2016).
Polyphenols rich fraction from Geoffroea decorticans fruits flour affects
key enzymes involved in metabolic syndrome, oxidative stress and
inflammatory  process. Food  Chemistry, 190, 392-402.
https://doi.org/https://doi.org/10.1016/j.foodchem.2015.05.068

Devaux, C. A., Rolain, J.-M., & Raoult, D. (2020). ACE2 receptor
polymorphism: Susceptibility to SARS-CoV-2, hypertension, multi-organ
failure, and COVID-19 disease outcome. Journal of Microbiology,
Immunology and Infection, 53(3), 425-435.
https://doi.org/https://doi.org/10.1016/j.jmii.2020.04.015

Duarte, J., Pérez-Palencia, R., Vargas, F., Ocete, M. A., Pérez-Vizcaino, F.,
Zarzuelo, A., & Tamargo, J. (2001). Antihypertensive effects of the
flavonoid quercetin in spontaneously hypertensive rats. British Journal of
Pharmacology, 133(1), 117—124. https://doi.org/10.1038/sj.bjp.0704064

Dykes, L., & Rooney, L. W. (2006). Sorghum and millet phenols and
antioxidants.  Journal of Cereal Science, 44(3), 236-25I.
https://doi.org/https://doi.org/10.1016/].jcs.2006.06.007

Esfandi, R., Walters, M. E., & Tsopmo, A. (2019). Antioxidant properties and
potential mechanisms of hydrolyzed proteins and peptides from cereals.
Heliyon, 5(4), e01538.
https://doi.org/https://doi.org/10.1016/j.heliyon.2019.¢01538

Furuhashi, M., Moniwa, N., Mita, T., Fuseya, T., Ishimura, S., Ohno, K., ...
Miura, T. (2015). Urinary Angiotensin-Converting Enzyme 2 in
Hypertensive Patients May Be Increased by Olmesartan, an Angiotensin II

95


https://doi.org/10.1186/1749-8546-5-13
https://doi.org/10.3390/nu11020392
https://doi.org/10.1371/journal.pone.0198226

A. Garcia-Castro et al. / Publicacion Semestral Pddi Vol. 9 No. 18 (2022) 1-6 5

Receptor Blocker. American Journal of Hypertension, 28(1), 15-21.
https://doi.org/10.1093/ajh/hpu086

Gangopadhyay, N., Wynne, K., Connor, P. O., Gallagher, E., Brunton, N. P.,
Rai, D. K., & Hayes, M. (2016). In silico and in vitro analyses of the
angiotensin-I converting enzyme inhibitory activity of hydrolysates
generated from crude barley ( Hordeum vulgare ) protein concentrates.
Food Chemistry, 203, 367-374.
https://doi.org/10.1016/j.foodchem.2016.02.097

Ganguly, A., Sharma, K., & Majumder, K. (2019). Chapter Four - Food-
derived bioactive peptides and their role in ameliorating hypertension and
associated cardiovascular diseases (F. B. T.-A. in F. and N. R. Toldra (ed.);
Vol. 89, . 165-207). Academic Press.
https://doi.org/https://doi.org/10.1016/bs.afnr.2019.04.001

Gani, A., SM, W., & FA, M. (2012). Whole-Grain Cereal Bioactive
Compounds and Their Health Benefits: A Review. Journal of Food
Processing &  Technology, 03(03). https://doi.org/10.4172/2157-
7110.1000146

Gaskins A.J., Mumford S.L., Rovner A.J., Zhang C., Chen L., Wactawski-
Wende J., Perkins N.J., Schisterman E.F., BioCycle Study G. (2010).
Whole grains are associated with serum concentrations of high sensitivity
C-reactive protein among premenopausal women. Journal Nutrition, 140,
1669—-1676. doi: 10.3945/jn.110.124164

Gogebakan O., Kohl A., Osterhoff M.A., van Baak M.A., Jebb S.A., Papadaki
A., Martinez J.A., Handjieva-Darlenska T., Hlavaty P., Weickert M.O., et
al. (2011). Effects of weight loss and long-term weight maintenance with
diets varying in protein and glycemic index on cardiovascular risk factors:
The diet, obesity, and genes (DiOGenes) study: A randomized, controlled
trial. Circulation, 124:2829-2838. doi:
10.1161/CIRCULATIONAHA.111.033274

Goletzke J., Buyken A.E., Joslowski G., Bolzenius K., Remer T., Carstensen
M., Egert S., Nothlings U., Rathmann W., Roden M., et al. (2014).
Increased intake of carbohydrates from sources with a higher glycemic
index and lower consumption of whole grains during puberty are
prospectively associated with higher IL-6 concentrations in younger
adulthood among healthy individuals. Journal Nutrition, 144, 1586—1593.
doi: 10.3945/jn.114.193391

Gu, Y., Liang, Y., Bai, J., Wu, W., Lin, Q., & Wu, J. (2019). Spent hen-derived
ACE inhibitory peptide IWHHT shows antioxidative and anti-
inflammatory activities in endothelial cells. Journal of Functional Foods,
53, 85-92. https://doi.org/https://doi.org/10.1016/j.jf£.2018.12.006

Guo, Y., Wang, K., Wu, B., Wu, P., Duan, Y., & Ma, H. (2020). Production
of ACE inhibitory peptides from corn germ meal by an enzymatic
membrane reactor with a novel gradient diafiltration feeding working-
mode and in vivo evaluation of antihypertensive effect. Journal of
Functional Foods, 64(May), 103584.
https://doi.org/10.1016/).j£.2019.103584

Herder, C., Peltonen, M., Koenig, W. et al. (2009). Anti-inflammatory effect
of lifestyle changes in the Finnish Diabetes Prevention Study. Diabetologia
52,433-442. https://doi.org/10.1007/s00125-008-1243-1

Huang, C., Wang, Y., Li, X, Ren, L., Zhao, J., Hu, Y., Zhang, L., Fan, G., Xu,
J., Gu, X., Cheng, Z., Yu, T., Xia, J., Wei, Y., Wu, W, Xie, X., Yin, W.,
Li, H., Liu, M., Cao, B. (2020). Clinical features of patients infected with
2019 novel coronavirus in Wuhan, China. Lancet (London, England),
395(10223), 497-506. https://doi.org/10.1016/S0140-6736(20)30183-5

Huang, W. H., Sun, J., He, H., Dong, H. W., & Li, J. T. (2011).
Antihypertensive effect of corn peptides, produced by a continuous
production in enzymatic membrane reactor, in spontaneously hypertensive
rats. Food Chemistry, 128(4), 968-973.
https://doi.org/10.1016/j.foodchem.2011.03.127

Hussain, T., Tan, B., Yin, Y., Blachier, F., Tossou, M. C. B., & Rahu, N.
(2016). Oxidative Stress and Inflammation: What Polyphenols Can Do for
Us? Oxidative Medicine and Cellular Longevity, 2016, 7432797.
https://doi.org/10.1155/2016/7432797

Idehen, E., Tang, Y., & Sang, S. (2016). Bioactive phytochemicals in barley.
Journal of Food and Drug Analysis, 1-14.
https://doi.org/10.1016/j.jfda.2016.08.002

Jalili, T., Carlstrom, J., Kim, S., Freeman, D., Jin, H., Wu, T.-C., Litwin, S. E.,
& David Symons, J. (2006). Quercetin-supplemented diets lower blood
pressure and attenuate cardiac hypertrophy in rats with aortic constriction.
Joumal of Cardiovascular  Pharmacology, 47(4), 531-541.
https://doi.org/10.1097/01.fjc.0000211746.78454.50

Kaiser, S., Martin, M., Lunow, D., Rudolph, S., Mertten, S., Mockel, U.,
Deuflen, A., & Henle, T. (2016). Tryptophan-containing dipeptides are
bioavailable and inhibit plasma human angiotensin-converting enzyme
in vivo. International Dairy Journal, 52, 107-114.
https://doi.org/https://doi.org/10.1016/j.idairyj.2015.09.004

Khan, S., Khan, T., & Shah, A. J. (2018). Total phenolic and flavonoid
contents and antihypertensive effect of the crude extract and fractions of
Calamintha vulgaris. Phytomedicine, 47, 174-183.
https://doi.org/10.1016/j.phymed.2018.04.046

Kim, H. J., Herath, K. H. I. N. M., Dinh, D. T. T., Kim, H.-S., Jeon, Y.-J.,
Kim, H.J., & Jee, Y. (2021). Sargassum horneri ethanol extract containing
polyphenols attenuates PM-induced oxidative stress via ROS scavenging
and transition metal chelation. Journal of Functional Foods, 79, 104401.
https://doi.org/https://doi.org/10.1016/j.jf£.2021.104401

Kopaliani, 1., Martin, M., Zatschler, B., Miiller, B., & Deussen, A. (2016).
Whey peptide Isoleucine-Tryptophan inhibits expression and activity of
matrix metalloproteinase-2 in rat aorta. Peptides, 82, 52-59.
https://doi.org/https://doi.org/10.1016/j.peptides.2016.05.009

Kris-Etherton, P. M., Hecker, K. D., Bonanome, A., Coval, S. M., Binkoski,
A. E., Hilpert, K. F., Griel, A. E., & Etherton, T. D. (2002). Bioactive
compounds in foods: their role in the prevention of cardiovascular disease
and cancer. The American Journal of Medicine, 113 Suppl, 71S-88S.
https://doi.org/10.1016/s0002-9343(01)00995-0

Liu, S., Lu, H., Zhao, Q., He, Y., Niu, J., Debnath, A. K., Jiang, S. (2005).
Theaflavin derivatives in black tea and catechin derivatives in green tea
inhibit HIV-1 entry by targeting gp41. Biochimica et Biophysica Acta,
1723(1-3), 270-281. https://doi.org/10.1016/j.bbagen.2005.02.012

Lunow Diana A4 - Kaiser, Susanne A4 - Briickner, Stephan A4 - Gotsch,
Astrid A4 - Henle, Thomas, D. A.-L. (2013). Selective release of ACE-
inhibiting tryptophan-containing dipeptides from food proteins by
enzymatic hydrolysis. European Food Research & Technology, v. 237(1),
27-37-2013 v.237 no.1. https://doi.org/10.1007/s00217-013-2014-x

Lunow, D., Kaiser, S., Riickriemen, J., Pohl, C., & Henle, T. (2015).
Tryptophan-containing dipeptides are C-domain selective inhibitors of
angiotensin converting enzyme. Food Chemistry, 166, 596-602.
https://doi.org/https://doi.org/10.1016/j.foodchem.2014.06.059

Ojeda, D., Jiménez-Ferrer, E., Zamilpa, A., Herrera-Arellano, A., Tortoriello,
J., & Alvarez, L. (2010). Inhibition of angiotensin convertin enzyme (ACE)
activity by the anthocyanins delphinidin- and cyanidin-3-O-sambubiosides
from Hibiscus sabdariffa. Journal of Ethnopharmacology, 127(1), 7-10.
https://doi.org/https://doi.org/10.1016/j.jep.2009.09.059

Paraiso, I. L., Revel, J. S., & Stevens, J. F. (2020). Potential use of polyphenols
in the battle against COVID-19. Current Opinion in Food Science, 32, 149—
155. https://doi.org/https://doi.org/10.1016/j.cofs.2020.08.004

Penarrieta, J. M., Tejeda, L., Mollinedo, P., Vila, J. L., & Bravo, J. A. (2014).
Compuestos fendlicos y su presencia en alimentos. Revista Boliviana de
Quimica, 31(2), 68-81.

Rho, T., Jeong, H. W., Hong, Y. D., Yoon, K., Cho, J. Y., & Yoon, K. D.
(2020). Identification of a novel triterpene saponin from Panax ginseng
seeds, pseudoginsenoside RTS8, and its antiinflammatory activity. Journal
of Ginseng Research, 44(1), 145-153.
https://doi.org/https://doi.org/10.1016/j.jgr.2018.11.001

Romano, P. S., Waitzman, N. J., Scheffler, R. M., & Pi, R. D. (1995). Folic
acid fortification of grain: an economic analysis. American Journal of
Public Health, 85(5), 667-676. https://doi.org/10.2105/ajph.85.5.667

Santos, M. C., Toson, N. S. B., Pimentel, M. C. B., Bordignon, S. A. L.,
Mendez, A. S. L., & Henriques, A. T. (2020). Polyphenols composition
from leaves of Cuphea spp. and inhibitor potential, in vitro, of angiotensin
I-converting enzyme (ACE). Journal of Ethnopharmacology, 255, 112781.
https://doi.org/https://doi.org/10.1016/j.jep.2020.112781

Shrinet, K., Singh, R. K., Chaurasia, A. K., Tripathi, A., & Kumar, A. (2021).
Chapter 17 - Bioactive compounds and their future therapeutic applications
(R. p. Sinha & D.-P. B. T.-N. B. C. Héder (eds.); pp. 337-362). Academic
Press. https://doi.org/https://doi.org/10.1016/B978-0-12-820655-3.00017-
3

Song, J.-M., Lee, K.-H., &amp; Seong, B.-L. (2005). Antiviral effect of
catechins in green tea on influenza virus. Antiviral Research, 68(2), 66—74.
https://doi.org/10.1016/j.antiviral.2005.06.010

Talhaoui, N., Vezza, T., Gomez-Caravaca, A. M., Fernandez-Gutiérrez, A.,
Galvez, J., & Segura-Carretero, A. (2016). Phenolic compounds and in
vitro immunomodulatory properties of three Andalusian olive leaf extracts.
Journal of Functional Foods, 22, 270-277.
https://doi.org/https://doi.org/10.1016/j.jf£.2016.01.037

Tsao, R. (2010). Chemistry and biochemistry of dietary polyphenols.
Nutrients, 2(12), 1231-1246. https://doi.org/10.3390/nu2121231

Utomo, R. Y., Ikawati, M., & Meiyanto, E. (2020). Revealing the Potency of
Citrus and Galangal Constituents to Halt SARS-CoV-2 Infection.
https://doi.org/10.20944/PREPRINTS202003.0214.V1

Van Hung, P. (2016). Phenolic Compounds of Cereals and Their Antioxidant
Capacity. Critical Reviews in Food Science and Nutrition, 56(1), 25-35.
https://doi.org/10.1080/10408398.2012.708909

96


https://doi.org/10.1016/j.foodchem.2011.03.127
https://doi.org/10.1016/j.phymed.2018.04.046
https://doi.org/10.1016/j.bbagen.2005.02.012
https://doi.org/10.1007/s00217-013-2014-x
https://doi.org/https:/doi.org/10.1016/j.jgr.2018.11.001
https://doi.org/10.1016/j.antiviral.2005.06.010
https://doi.org/https:/doi.org/10.1016/j.jff.2016.01.037

A. Garcia-Castro et al. / Publicacion Semestral Pddi Vol. 9 No. 18 (2022) 1-6 6

Vuolo, M. M., Lima, V. S., & Maroéstica Junior, M. R. (2019). Chapter 2 -
Phenolic Compounds: Structure, Classification, and Antioxidant Power
(M. R. S. B. T.-B. C. Campos (ed.); pp. 33—50). Woodhead Publishing.
https://doi.org/https://doi.org/10.1016/B978-0-12-814774-0.00002-5

Walls, A. C., Park, Y.-J., Tortorici, M. A., Wall, A., McGuire, A. T., &
Veesler, D. (2020). Structure, Function, and Antigenicity of the SARS-
CoV-2 Spike Glycoprotein. Cell, 181(2), 281-292.¢6.
https://doi.org/https://doi.org/10.1016/j.cell.2020.02.058

Wang, P.-H., & Cheng, Y. (2020). Increasing Host Cellular Receptor—
Angiotensin-Converting Enzyme 2 (ACE2) Expression by Coronavirus
may Facilitate 2019-nCoV Infection. BioRxiv, 2020.02.24.963348.
https://doi.org/10.1101/2020.02.24.963348

Wu, D., Ren, J., & Song, C. (2014). Optimization of Enzymatic Hydrolysis of
Corn Germ Meal to Prepare ACE Inhibitory Peptides. Science &
Technology of Cereals Oils & Foods., 22(01), 51-53.

Yang, F., Chen, X., Huang, M., Yang, Q., Cai, X., Chen, X., Du, M., Huang,
J., & Wang, S. (2021). Molecular characteristics and structure—activity
relationships of food-derived bioactive peptides. Journal of Integrative
Agriculture, 20(9), 2313-2332.
https://doi.org/https://doi.org/10.1016/S2095-3119(20)63463-3

Yi, L., Li, Z., Yuan, K., Qu, X., Chen, J., Wang, G, ... Xu, X. (2004). Small
molecules blocking the entry of severe acute respiratory syndrome
coronavirus into host cells. Journal of Virology, 78(20), 11334-11339.
https://doi.org/10.1128/JV1.78.20.11334-11339.2004

Yousefian, M., Shakour, N., Hosseinzadeh, H., Hayes, A. W., Hadizadeh, F.,
& Karimi, G. (2019). The natural phenolic compounds as modulators of
NADPH oxidases in hypertension. Phytomedicine, 55, 200-213.
https://doi.org/10.1016/j.phymed.2018.08.002

Zhang, X.-L., Guo, Y.-S., Wang, C.-H., Li, G.-Q., Xu, J.-J., Chung, H. Y., Ye,
W.-C., Li, Y.-L.,, & Wang, G.-C. (2014). Phenolic compounds from
Origanum vulgare and their antioxidant and antiviral activities. Food
Chemistry, 152, 300-306.
https://doi.org/https://doi.org/10.1016/j.foodchem.2013.11.153

Zhao, Y., Zhao, Z., Wang, Y., Zhou, Y., Ma, Y., & Zuo, W. (2020). Single-
cell RNA expression profiling of ACE2, the receptor of SARS-CoV-2.
BioRxiv, 2020.01.26.919985. https://doi.org/10.1101/2020.01.26.919985

Zibadi, S., Farid, R., Moriguchi, S., Lu, Y., Foo, L. Y., Tehrani, P. M., Ulreich,
J. B., & Watson, R. R. (2007). Oral administration of purple passion fruit
peel extract attenuates blood pressure in female spontaneously
hypertensive rats and humans. Nutrition Research, 27(7), 408-416.
https://doi.org/https://doi.org/10.1016/j.nutres.2007.05.004

97


https://doi.org/https:/doi.org/10.1016/B978-0-12-814774-0.00002-5
https://doi.org/10.1128/JVI.78.20.11334-11339.2004
https://doi.org/https:/doi.org/10.1016/j.foodchem.2013.11.153
https://www.researchgate.net/publication/357616635

Congreso 1

SEMINARIO
REGIONAL °=

MATERIALES
AVANZADOS

8 OCTUBRE 2

TEMATICA:

b f

LAH aicel G2

Otorgan el presente

RECONOCIMIENTO

Abigail Garcia Castro

Por la presentacion del trabajo “Compuestos bioactivos presentes en cereales con
actividad antihipertensiva y su efecto en COVID-19", cuya autoria se comparte con: A. D
Romén Gutiérrez, A. Castafieda Ovando, F. A. Guzman Ortiz y R. Carifio Cortés, misma que
se efectud de manera virtual, durante el V Seminario Regional de Materiales Avanzados,

organizado por el Cuerpo Académico de Materiales Avanzados perteneciente al Area

Académica de Ciencias de la Tierra y Materiales del 6 al 8 de octubre de 2021

Mineral de la Reforma, Hgo., 7 de octubre de 2021.

Atentamente

“Amor, Orden y Progreso”

=

Dr. Otilio Arturo Acevedo Sandoval Dr. Ventura Rodriguez Lugo Dr. Félix Sanchez De Jesus
Director del ICBI Lider del Cuerpo Académico de Jefe de AACTyM
Materiales Avanzados
RICBI

98



ANEXO 2
Productos obtenidos Objetivo 2
Estancia de investigacion 1

Secretaria de m—f
Educacién Publica

ll I,FI M Hidabgo crecn ~ontln o "”“_:.__

UNIVERSIDAD POLITECNICA DE FRANCISCO I. MADERO

Dr. Javier Afiorve Morga

Dra. Deyanira Ojeda Ramirez

Dra. Teresita de Jesls Saucedo Molina
Coordinadores del DCASH

La que suscribe, Dra. Patricia Lopez Perea Profesor Investigador de tiempo
completo de la Universidad Palitécnica de Francisco | Madero.

HACE CONSTAR

Que la Mtra. Abigail Garcia Castro del Doctorado en Ciencias de los Alimentos y
Salud Humana concluyd satisfactoriamente sus actividades de la estancia de
investigacion establecidas a partir del 1 de marzo hasta el 1 de agosto del afic en
curso en el Laboratorio que se encuentra a mi cargo, bajo el objetivo de Identificar
y cuantificar los compuestos fendlicos a través de la técnica de Cromatografia
Liguida de Alta Resolucién (HPLC), en mostos de dos variedades de cebada
germinada para conocer su perfil fendlico. Asi mismo manifiesto y hago constar sus

actividades.
Actividades Fecha
Capacitacién para el suso del equipo HPLC 1 al 31 de marzo
Preparacion y estandarizacion de muestras 1 al 30 de abril
Analisis de muestras 2 al 31 de mayo
Analisis e interpretacion de resultados 1 al 15 de junio
Redaccion de 3er articulo (Incluyendo resultados 16 de junio al 31 de julio
obtenidos) _
Presentacion de informe 143 N

A peticidn de la interesada y para los usos legales qde a la onvenda, se

ﬁo diaég de
'.

RTRSOA PLADICA O FLANCE) LMD

INGENIERIA

extiendela presente en Tepatepec, Francisco 1.
agosto del dos mil veintidos.

Profesor investigador de tiempo ¢
UPFIM




ANEXO 3
Productos Objetivo 3
Congreso Internacional 1

& CONAHCYT | [ ceueo e masos B & .0
B &~ en Alimentacion y Desarrollo . voced CINTEY

La Red de Alimentos Funcionales y Nutracéuticos
otorga el presente

- Congreso Internacional de
= Alimentos Funcionales
al

\ _. * @ Nutracéuticos
..A

Garcia-Castro, A.,, Roman-Gutiérrez, A.D., e E e O
Guzman-Ortiz, F.A., Pardo-Santos O. PR SlH oo s lisiitos

funcionales y nutracéuticos

Por su valiosa participacion en la presentacion oral del trabajo titulado
“Caracterizacion de extractos de germinados de dos variedades de cebada”

Nuevo Vallarta, Nayarit; 12 al 14 de noviembre de 2023

7K
Gustavo A. Aarén F. Janet Sonia Adridn Hernandez

Gonzalez Aguilar Gonzalez Cérdova Gutiérrez Uribe Sayago Ayerdi Mendoza
Lider de la Red Coordinador Comiteé técnico Comité organizador Comiteé cientifico
Alfanutra de la Red Alfanutra academico de del &” Congreso del 6° Congreso

la Red Alfanutra

- e >'A 1 ¥ s G
e PReie (), B @isies, @) F== e @

100



Congreso Internacional 11

@ CONAHCYT | [‘Jfﬁﬁ?&:&?foﬁ;om @“‘mﬁm c|/\'|'8

La Red de Alimentos Funcionales y Nutracéuticos
otorga el presente

Congreso Internacional de

"
RECONOCIMIENTO b e
\ ; # Nutracéuticos
a: "

Sostenibilidad como eje estratégico

Garcia-Castro, A., Roman-Gutiérrez, A.D.,
Guzman-Ortiz, F.A., Pardo-Santos O. RS e R AR
funcionales y nutracéuticos

Por su valiosa participacion en la presentacién oral del trabajo titulado
“Evaluaciéon de compuestos fendlicos y su actividad antioxidante
en extractos de cebada germinada”

Nuevo Vallarta, Nayarit; 12 al 14 de noviembre de 2023

@2 Chap

A
Gustavo A. Aarén F. Janet Alejandra Sonia Guadalupe Adridn Herndndez
Gonzalez Aguilar Gonzalez Cérdova Gutiérrez Uribe Sayago Ayerdi Mendoza
Lider de la Red Coordinador Comité técnico Comité arganizador Comité cientifico
Alfanutra de la Red Alfanutra académico de del 6° Congreso del 6° Congreso
la Red Alfanutra
& = (\ 5 2 .
Tecnoldgico () Untrerndad
CYTED 2, A @i, @UAC). T s

101



ANEXO 4
Productos Objetivo 4y 5
Estancia de investigacion 2

3% DIF

HIDALGO

W

HNDIF-D.-CEIL. OF. NO. 2154/V1/2023
Pachuca de Soto, Hgo., a 07 de junio de 2023.

DR. JAVIER ANORVE MORGA
COORDINADOR DEL DCASH
ICBI-ICAP-ICSA UAEH

Sirva la presente para enviarle un afectuoso saludo y en respuesta a su similar de fecha 2 de junio de
2023, y derivado del proceso de la Revision del Protocolo para el desarrollo de técnicas
Histolégicas como herramientas en la Investigacion, que realizard la estudiante Abigail
Garcia Castro, quien cursa en el programa de Doctorado en Ciencias de los Alimentos y Salud
Humana de la Universidad Auténoma del Estado de Hidalgo, hago de su conocimiento que es
te Hospital, autoriza a la C. Garcia Castro, realizar una estancia de Investigacion en el Servicio de
Patologia bajo la Supervisién del Biélogo Alvaro Rubén Hernandez Cruz, cuya duracién es de 2
meses a partir de 5 de junio al 4 de agosto de 2023.

Sin mas por el momento, reciba un saludo afectuoso.

TENTAMENTE

-

DR. RUBEN GENARO HURTADO/DELO ANGEL
DIRECTOR DEL HOSPITAL DEL NINO DIF HIDALGO

C.c.p. Expediente

RGHDA/%/M%/J%AQD

Bvd. Felipe Angeles Km 84.5, Venta Priets, 42083
Pachuca de Soto, Hgo. Tel. 01 (771) 717 9580, ext. 301y 311

102



103



	Introduction 
	Physiopathology of Hypertension 
	Hypertension: Main Comorbidity in Patients with COVID-19 
	Anti-Hypertensive Drugs and Their Use in the Treatment of COVID-19 
	Cereals as a Source of Compounds with Anti-Hypertensive Activity 
	Rice 
	Barley 
	Corn 
	Wheat 
	Oats 
	Millet 
	Rye 
	Sorghum 

	Conclusions 
	References
	﻿Analysis of bioactive compounds in lyophilized aqueous extracts of barley sprouts
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sample preparation
	﻿Germination
	﻿Preparation of barley sprout extracts
	﻿Extract characterization
	﻿Oligosaccharide profile
	﻿Reducing sugars
	﻿Total sugars
	﻿Protein
	﻿Determination of free amino acids (AA)


	﻿Analysis of polyphenols
	﻿Total phenolic compounds
	﻿Total flavonoids
	﻿Identification and quantification of phenolic compounds

	﻿Antioxidant activity
	﻿DPPH assay
	﻿ABTS assay
	﻿FRAP assay

	﻿Statistical analysis
	﻿Results and discussion
	﻿Carbohydrate content
	﻿Protein and free amino acids content
	﻿Total phenolic and flavonoid content in germinated barley extracts
	﻿Phenolic profile


	A. García-Castroa, A. D. Román-Gutiérrezb⁎, F. A. Guzmán-Ortiz b, A. Castañeda-Ovandoa,                    R. Cariño-Cortésc
	Resumen
	Abstract
	1. Introducción
	2. Péptidos bioactivos
	3. Compuestos fenólicos
	4. Hipertensión y COVID-19
	5. Conclusiones

