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Abstract

Natural products have been used as a source for drug discovery and development in
several areas and for cardiovascular diseases. The main objective of this work was to
explore natural products as sources of bioactive compounds with therapeutic potential
for vascular disease. To this purpose, we primarily focused on studying plant extracts,
specifically extracts from Agrimonia eupatoria L., Fragaria vesca L. and Urtica dioica L. First,
a screening of the vasoactive properties (contractile effect, modulatory effect on
adrenergic contraction and vasorelaxant effect) was performed to identify the best
candidates, whilst the phytochemical characterization of the extracts by HPLC-PDA was
carried out. The extracts were constituted mainly by phenolic compounds such as
phenolic acids, flavonoids and tannins. Vascular activity was studied using distal segments
of human internal thoracic arteries harvested from patients undergoing coronary
revascularization. Fragaria vesca L. leaves extracts did not elicit vasorelaxant effects of
human arteries. Also, aerial parts extract of Urtica dioica L. did not elicit vasorelaxant
effects, but modulated the adrenergic vascular contraction. In contrast, the infusion of
aerial parts of Agrimonia eupatoria L. exhibited a marked vasoactivity, which lead to
multiple assays with the objective to elucidate the mechanisms responsible for its
vasoactivity. Our study demonstrated that the infusion of A. eupatoria may exhibit a
mixed vascular activity, in which some compounds may promote mild vasoconstriction
while others elicit pronounced vasorelaxation. The ethyl acetate fraction (EtOAc)
elicited a decrease in the contraction to noradrenaline, while maintaining a marked
vasorelaxant effect. Moreover, we also showed that this remarkable vasorelaxation
involves both the cyclooxygenase (COX) and the nitric oxide endothelial pathways,
while the COX pathway exhibits a central role in the vasorelaxant effect of the EtOAc
fraction. Isoquercitrin, a major compound found in the infusion and EtOAc fraction,
showed a marked COX-mediated vasorelaxation, and this result corroborates the
activity observed for the EtOAc fraction. Overall, these findings suggest that the infusion
of A. eupatoria exhibits vasoprotective properties and warrant further research to clarify
the mechanistic basis for this vascular activity (i.e., identify the specific targets and

mediators) and to validate the therapeutic potential in several conditions.

Keywords: Agrimonia eupatoria L.; Fragaria vesca L.; Urtica dioica L.; HPLC-PDA;

vasoactivity; isoquercitrin.
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Resumo
Produtos naturais vem sido utilizados como fonte para a descoberta de novas moléculas

e desenvolvimento em diversas areas, inclusive para doengas cardiovasculares. O
objetivo principal deste trabalho foi investigar produtos naturais como fontes de
componentes bioativos com potencial terapéutico para doengas vasculares. Para essa
finalidade, primariamente o foco foi investigar extratos de plantas, especificamente
Agrimonia eupatoria L., Fragaria vesca L. e Urtica dioica L. Em principio, foi realizado um
screening das propriedades vasoativas (efeito contratil, efeito modulador na contragao
adrenérgica e efeito vasorelaxante) com o objetivo de identificar os melhores
candidatos, enquanto a caracterizagao fitoquimica foi realizada através de HPLC-PDA. A
composicao dos extratos foi majoritariamente por compostos fendlicos, como acidos
fendlicos, flavonoides e taninos. Os estudos de atividade vascular foram realizados
utilizando artérias toracicas internas colhidas de pacientes que foram submetidos a
revascularizagao coronaria. Os extratos de folhas da Fragaria vesca L. e Urtica dioica L.
nao promoveram vasorelaxamento em artérias humanas. No entanto, o extratro de
partes aéreas da Urtica dioica L. modulou a contragao adrenérgica vascular. Em contraste,
a infusao das partes aéreas da Agrimonia eupatoria L. demonstrou uma vasoatividade
acentuada, o que levou a diversos ensaios que tiveram como finalidade esclarecer os
mecanismos responsaveis pela atividade previamente demonstrada. Neste projeto, foi
descrito que a infusao da A. eupatoria pode promover uma atividade vascular mista, na
qual alguns compostos podem promover uma leve vasconstricdio enquanto outros
promovem uma vasodilatagao pronunciada. A fragao acetato de etilo provocou um
decréscimo na contragao a noradrenalina, ao mesmo tempo que manteve um
vasorelaxamento acentuado. Além disso, demonstrou-se que esse vasorelaxamento
envolve dois mecanismos endoteliais: o da ciclooxigenase (COX) e do oxido nitrico. De
acordo com os resultados, a via da COX, representa o papel central no efeito
vasorelaxante da fragao acetato de etilo. A isoquercitrina, um dos compostos em maior
concentragao na infusao e na fragao acetato de etilo, demonstrou um vasorelaxamento
acentuado mediado pela COX, o que corroborou a atividade observada para a fragao
acetato de etilo. De maneira geral, os resultados sugerem que a infusao da A. eupatoria
exibiu propriedades de vasoprotegao e, portanto, sao necessarias novas pesquisas para
clarificar o mecanismo para sua atividade vascular (isto &, identificar os alvos e
mediadores especificos) e validar o seu potencial terapéutico em diversas condigoes.

Palavras-chave: Agrimonia eupatoria L.; Fragaria vesca L.; Urtica dioica L.; HPLC-PDA;

vasoatividade; isoquercitrina.
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|.I Plants as sources of new compounds with therapeutic
potential

Multiple reports describe the application of natural products in the treatment of
diseases due to the absence of patient response to currently available therapeutic
options, the cost of medication, side effects, accessibility and availability of drugs (Al Disi
et al. 2016).

Herbal remedies and natural substances were the first medicines to be used by
humans due to the many pharmacologically active secondary metabolites produced by
plants (Buyel, 2018). Hence, natural products have always played a significant role in drug
discovery and can also provide lead structures which are starting points for chemical
modification and optimization of drugs (Sen and Samanta 2014; Barnes et al. 2016).

The majority of pharmaceutical drugs are developed from medicinal plants based
on the knowledge of local communities and subsequent isolation of the main active
ingredients (Altemimi et al. 2017; Nyakudya et al. 2020). Also, the plant material used
for the preparation of medicinal remedies could provide potential templates for the
production of pharmaceutical drugs (Nyakudya et al. 2020).

Drug discovery from natural sources involve multiple phases and a
multidisciplinary approach combining several techniques, namely botanical,
phytochemical, biological, and molecular. This area still remains important, however
sometimes unexplored, where a systematic search may definitely provide important
leads against various pharmacological targets (Sen and Samanta 2014).

According to Newman & Cragg, (2012, 2016) and Veeresham (2012) nearly half
of all active principles released between 1981 and 2010 were of natural origin or inspired
by natural compounds, in addition to 80% of |12 plant-derived drugs were related to
their original ethnopharmacological indication.

Sen and Samanta (2014) discussed that among 56% of the currently prescribed
synthetic drugs, 24% were derivative of plant species, 9% were synthetic products

modeled from natural products and 6% were extracted directly from plant species.

.2 Phytotherapy and cardiovascular diseases

In the last decades, cardiovascular diseases (CVDs) have been considered to be

one of the major causes or morbidity and mortality predominantly in middle-aged people



(Nyakudya et al. 2020), taking an estimated 17.9 million lives each year. According to
data available from the World Health Organization, more than four out five deaths of
CVD are due to heart attacks and strokes, and one third of these deaths occur
prematurely in people under 70 years of age.

This condition can be aggravated by a range of risk factors, such as high levels of
low-density lipoprotein (LDL), stress, smoking, hypertension, renal disorders, diabetes,
endocrine disfunctions, obesity, alcoholism, and a sedentary lifestyle (Sen and Samantha,
2014).

The World Health Organization describes CVDs as disorders of the heart and
blood vessels and includes heart, cerebrovascular, rheumatic heart, peripheral arterial
and congenital heart diseases besides deep vein thrombosis and pulmonary embolism,
among other conditions.

Among the risk factors, arterial hypertension is the major one, affecting more
than 25% of the adult population (Landmesser and Drexler 2007). Hypertension can be
defined as high or persistently raised blood pressure and is a serious medical condition,
increasing the risk of heart, brain, kidney and other disorders. Of note, it is a major
cause of premature death worldwide, with up to | in 4 men and | in 5 women, over a
billion people having the condition (World Health Organization 2022).

Hypertension is often associated with abnormal endothelial function in the
peripheral, coronary and renal circulations which is suggested to represent an important
pathway whereby this condition promotes the development and progression of vascular
disease (Landmesser and Drexler 2007). Moreover, hypertension predisposes
myocardial infarction, stroke, renal failure, angina pectoris, atherosclerosis, peripheral
artery disease and transient ischemic attack (Sen and Samanta 2014; Nyakudya et al.
2020).

The utilization of natural products as a possible alternative for the treatment of
hypertension with minimal side effects and low cost has been extensively researched in
the last few decades (Andrade et al.,, 2016). Moreover, according to the World Health
Organization, treatments with herbal medicine are practiced by approximately 80% of
world population (Soares-Bezerra et al. 2013; Sen and Samanta 2014).

Multiple plants have compounds that have a direct effect on the heart and blood
vessel, the most recognized of these compounds are the cardiac glycosides, i.e digoxin
that can be found in Digitallis spp. is the best known (Sen and Samanta 2014).

Moreover, some plants have been described for its compounds that can possess
cardiovascular properties such as Crataegus oxycantha L., Terminalia arjuna (Roxb. ex DC)

Wight & Arn. and combination of Inula racemosa Hook.f. and Commiphora mukul (Hook.



ex Stocks) Engl., that can be used to treat congestive heart failure and also acts as
cardiotonic, antianginal, antihypertensive, lipid-lowering and hypolipidemic (Sen and
Samanta 2014).

In South Africa, where CVD has been an emerging situation, traditional healers
for instance, have used decoctions of Helichrysum ceres S. Moore to treat hypertension.
This bioactivity was tentatively associated to the presence of natriuretic and diuretic
bioactive compounds. In addition, an ethanolic extract of the same species has been
reported for a vasodilatory effect in the vascular smooth muscle, reducing the total
peripheral resistance (Nyakudya et al. 2020).

Other plants have been used in traditional medicine in the management of CVD,
such as: Ekebergia capensis Sparrm, Opuntia megacantha Salm-Dyck, Sclerocarya birreaand
Allium sativum L. that are used as hypotensive (Al Disi et al. 2016). Ficus thonningii Blume
decreases arterial pressure, Olea europea var. oleaster acts as diuretic, anti-
atherosclerotic and anti-hypertensive and finally, Tulbaghia violacea Harv. inhibits the
angiotensin- converting enzyme (Nyakudya et al. 2020). All species mentioned above
were assayed in scientific models in vivo and/or in vitro of cardiovascular diseases,
corroborating the utilization in the traditional medicine (Nyakudya et al. 2020).

In fact, Sen and Samanta (2014) published a review report that highlights the
importance of therapeutical application of different plant products against various
pharmacological targets. Regarding the field of CVDs, the authors reported about 23
species of plants that have activity on the cardiovascular system, as well as the plant parts
that were used, the active constituents and its mechanism of action.

Furthermore, in reviews published by Al Disi et al. (2016); Kamyab et al. (2021);
Verma et al. (2021), a group of plants were described and associated with an
antihypertensive potential. These plants were evaluated through in vivo, ex vivo or in vitro
experiments, were associated with the following activities: First, antihypertensive: Cocus
nucifera L., Hisian- Tsao, Phyllanthus urinaria L., Carum copticum L., Tropaeolum majus L.,
Fritillaria Ussuriensis f. lutosa C.F, Fang, Laelia anceps Lindl., Guazuma ulmifolia Lam.
Clerodendron trichotomum, Astragalus complanatus Bunge, Achillea millefolium L.,
Erythroxylum gonocladum, Cudrania tricuspidata, Antrodia camphorata, Solanum torvum SW,
Jatropha gossypiifolia L., Lepidium Sativum L. and Melothria maderaspatana(L.) Cogn, Allium
sativum L., Andrographis paniculata (Burm.f.) Ness, Apium graveolens L., Camellia sinensis
(L.) Kuntze, Coptis chinensis Franch., Coriandrum sativum L., Crataegus spp., Crocus sativus
L., Panax ginseng C.A.Mey, Salviae miltiorrhizae, Zingiber officinale Roscoe, Zingiber officinale

var. Rubra and Hibiscus sabdariffa L. Indeed, the consumption of an aqueous extract of



Hibiscus sabdariffa L. with healthy subjects aiming to evaluate the impact on systemic
antioxidant potential was carried out by Frank et al. (2012). As results, the group
described the enhancement of the systemic antioxidant potential and reduced the
oxidative stress in humans. In addition, Hibiscus sabdariffa L. was the highest reported
plant in a systematic review with meta-analysis on the antihypertensive efficacy of
Nigerian medicinal plants that comprehended 16 preclinical and 3 clinical studies
(Abdulazeez et al. 2021).

The second activity associated with these plants was vasorelaxation, that was
evaluated either in rats or ex-vivo, consisted in: Allium sativum L., Andrographis paniculate
(Burm.f.), Apium graveolens L., Bidens Pilosa L., Camelia sinensis (L.) Kuntze, Coptis chinensis
Franch, Crataegus spp., Crocus sativus L., Cymbopogon citratus (DC.) Stapf, Hibiscus
sabdariffa L., Nigella sativa L., Panax ginseng C.A.Mey, Salviae miltiorrhizae, Agastache
Mexicana (Kunth) Lint &Epling, Cocus nucifera L., Mammea Africana Sabine, Laelia
autumnalis (Lex) Lindl, Eucommia ulmoides Oliv., Lepechinia caulescens (Ortega) Epling,
Laelia anceps Lindl., Tanacetum vulgare L., Cirsium japonicum (Thunb.) Fisch. Ex DC,,
Echinodorus grandiflorus (Cham. & Schltdl.) Michel, Peganum harmala L., Rauwolfia
serpentina, Pueraria lobata subsp. lobata, Alpinia zerumbet (Pers.) B.L. Burtt & R.M.Sm.,
Rhus coriaria L. and Ocimum basilicum L. (Al Disi et al. 2016; Kamyab et al. 2021; Verma
et al. 2021).

Third, the effect of lowering blood pressure (BP), (hypotensive) were associated
with the following species: Elettaria cardamomum (L.) Maton, Aronia mitchurinii, Citrus
limetta Risso, Polyalthia longifolia (Sonn.) Thwaites, Valeriana wallichii DC, Salviacinna barina
M. Martens&Galeotti, Vitex doniana Sweet, Echinodorus grandiflorus (Cham. & Schltdl.)
Michel, Daucus carota L., Uncaria rhynchophyllai (Miq.) Miq. Ex. Havil,, Cassia absusi L.,
Cinnamomum zeylanicum Blume, Theobroma cagdo L., Cassia occidentalis L., Cynanchum
wilfordii (Maxim.) Hemsl., Stephania tetrandra S. Moore, Cuscuta reflexa Roxb., Fuchsia
magellanica Lam., Plantago ovata Forssk., Ulmus macrocarpa Hance. Coleus forskohli
(Willd.) Briq., Pinus pinaster Aiton, Agelanthus dodoneifolius (DC) Polhill & Wiens, Melothria
madesraspatana (L.) Cogn., Moringa oleifera Lam., Allium cepa L., Gynura procumbens
(Lour.) Merr., Chunghyul-dan, Raphanus sativus L., Carthamus tinctorius L., Sesamum indicum
L., Phyllanthus niruri L., Ocimum basilicum L., Gastro diaelata Blume, Lycopersicon esculentum
Mill., Marrubium vulgare L., Acorus Calamus L., Viola odorata Linn., Musanga crecopioides R.

Apud Tedlie, Tribulus terrestris L., Momordica charantia L., Eugenia uniflorai L., Geum



japonicum auct, Averrhoa carambola L., Bursera simaruba (L.) Sarg and Embelia ribes Burm.f.
(Al Disi et al. 2016; Kamyab et al. 2021; Verma et al. 2021).

Species such as Articum lappa L., Ocimum basilicum L. were also related with ROS
scavenging; Theobroma cacao L., Apocynum venetum L., Cynanchum wilfordii (Maxim.),
Bursera simaruba (L.) Sarg. and Raphanus sativus L. were described that increased NO
production; Echinodorus grandifloras (Cham. & Schitdl.) Michel, Fuchsia magellanica Lam.,
and Viscum articulatum Burm.f., were associated with a diuretic effect. (Al Disi et al. 2016;
Kamyab et al. 2021; Verma et al. 2021).

Other activities were described and associated with the following species:
cardiotonic: Cecropia pachystachya Trécul; antioxidant: Raphanus sativus L. and Coriandrum
sativum L., Rhus coriaria L.; antinflammatory: Coriandrum sativum L.; decreases activity of
ACE: Punica granatum L.; Reduced pheriperal resistance: Annona muricata L. and Dacus
carota L. was described to improve the endothelial function; and Curcuma longa L.
decreased AT R. (Al Disi et al. 2016; Kamyab et al. 2021; Verma et al. 2021).

Groups of secondary metabolites that exhibited cardioprotective properties,
include: polyphenols such as flavonoids and proanthocyanidins, saponins, xanthones and
their glycosylated derivatives. The molecular targets and pathways described included
nitric oxide (NO) generation, cGMP pathway; prostacyclin or prostaglandin I, (PGL,),
cAMP pathway; potassium channel activators; inhibitors of voltage-gated calcium
channels; phosphodiesterase inhibitors (PDES5); activation of endothelial transient
receptor potential (TRP) channels; inhibitors of protein kinase C (PKC); and free radical
scavenging (Stoclet et al. 2004; Sajja and Mannam 2015).

In terms of vascular activity, reports suggest the activity of wine polyphenols that
induced an endothelium-dependent vasorelaxation in rat aorta (Andriambeloson et al.
1997). Moreover, Andrade et al. (2016) reported an endothelium independent
vasodilating effect on rat isolated arteries induced by Myrciaria cauliflora (Mart.) O. Berg
also known as jabuticaba. Moreover, Chaves et al. (2009) demonstrated the
vasoprotective endothelial effect, namely endothelial shear-stress induced
vasorelaxation responses of a standardized grape product in humans.

Interestingly, Schini-Kerth et al. (2010) published a review article that summarizes
about I8 plant species extracts and their endothelium dependent relaxation ex vivo
mostly in rat aortae, rabbit aortae, rat mesenteric arteries and porcine coronary arteries.

Most pathways of relaxation seemed to be related with nitric oxide.



|.3 Internal thoracic artery

Among cardiovascular diseases, coronary artery disease (CAD) has been
associated with a major morbidity and mortality rate. The basis of CAD is the
development of atherosclerotic lesions in the innermost layer of the artery, the intima.
The atheroma plaque contains inflammatory, immune, vascular endothelial and smooth
muscle cells. When the atheromatous process limits blood flow through the coronary
arteries, an ischemic event may be precipitated with subsequent infarction (Hansson
2005).

Coronary revascularization through coronary artery bypass grafting (CABG) is a
strategy that has been accepted for many years and it is performed in cases of ischemic
heart disease. Although this surgical procedure still presents some complications
(myocardial infarction, heart failure and atrial fibrillation), this procedure is the gold
standard (Fonseca et al. 2014).

The internal thoracic artery (ITA) has been long considered the best graft for
CABG (Fig. I.I) mainly because according to the literature, is described that this vessel
presents some resistance to develop atherosclerosis, better graft patency and lower
incidence of vasospasm (Fonseca et al. 2014; Sajja and Mannam 2015).

Patients that undergo coronary revascularization often present multiple risk
factors (Fonseca et al. 2014), which may interfere with the regulation of the endothelium

function, that will be discussed in the next section of this thesis (vascular endothelium).

Figure l.1: Distal segment of ITA (discarded from surgery) from a patient undergoing coronary
revascularization.



The internal thoracic artery is derived from the subclavian artery, located on the
internal face of the anterior chest wall and it is accompanied by a pair of internal thoracic
veins (Sajja and Mannam 2015).

It is the only peripheral artery that presents the features of elasticity. The
composition includes an intima that consists of a layer of endothelial cells, the media that
contains predominantly smooth muscle cells and elastic fibers and adventitia composed
of fibroblasts, collagen fibers and perivascular nerves (Fig. I.1) (Sajja and Mannam 2015;
Oak et al. 2018).

According to Sajja and Mannam (2015), the elastic layer separates the arterial
intima from the media and can act as a two-way barrier protecting the media from the
effect of any noxious luminal stimuli and also protects the intima preventing the inward

migration of smooth muscle cells.

Intima

Media

Adventitia

Figure 1.2: Anatomy of the internal thoracic artery.

In the literature, the elastic layer within the media was suggested to provide some
protection against atherosclerosis, preventing the migration of smooth muscle cells into
the intima. Further, it was described that the function of medial elastic tunica is to
decrease the forceful mechanical stretching of both the internal elastic lamina and medial
smooth muscle during systole, and therefore may minimize the penetration of blood
components into the vessel wall (Sajja and Mannam 2015).

In pharmacological terms, the vasoconstriction mechanisms are mediated
through receptors present in the smooth muscle, predominantly adrenergic o;-
receptors (Nakatsu et al. 1991; Giessler et al. 2002; Fonseca et al. 2014), endothelin
receptors (ETa and ET;), angiotensin, 5-hydroxytryptamine and thromboxane-

prostanoid receptor also seem to be present (Fonseca et al. 2014).



The stimulation of the adrenergic ai-receptors promotes the activation of
multiple intracellular pathways involved in the vasoconstriction, specially by changes in
the balance of intracellular calcium. Moreover, this vessel has been described by the
significantly higher basal production of NO (Sajja and Mannam 2015).

The influence of several risk factors such as: aging, sex, obesity and adipose tissue,
hypertension, diabetes mellitus, hypercholesterolemia and smoking, individually or
combined seems to interfere with multiple pathways of regulation of vascular function,
especially endothelial function (Fonseca et al. 2014).

The utilization of this vessel graft for research purposes includes reports
regarding its biological characteristics (Nakatsu et al. 1991; Sajja and Mannam 2015),
vasoactivity (Fonseca et al. 2014), vasomotion, that is rhythmic oscillation of the ITA
(Fonseca et al. 2018) and also includes the vascular effects of extracts from different
plant species such as Crataegus Almaatensis Pojark (Soares et al. 2019), Cymbopogon
citratus (DC) Stapf. (Simoes et al. 2020) and Oxalis pes-caprae L. (Gaspar et al. 2018;
Fonseca et al. 2020).

Besides there are reports that evaluate the vascular effects of natural derived

compounds and mechanisms underlying their activity by Novakovic et al. (2015, 2017).

|.4 Vascular endothelium

The endothelium is a fundamental cellular layer, responsible for cardiovascular
homeostasis and exercise the major regulation of vessel function, influencing the control
of blood flow, regulation of vascular resistance and modulation of immune and
inflammatory response (Rajendran et al. 2013). Moreover, it produces a wide scale of
hormonal substances with vasoconstrictor and vasodilator functions and works as a
semi-permeable membrane, regulating the transport of molecules (Rajendran et al.
2013).

Endothelial cells, localized in the tunica intima, lining the luminal surface of all
blood vessels, under physiological conditions, have a major role in the control of vascular
structure, function mostly via the generation of potent vasoprotective factors including
NO, endothelium-derived hyperpolarizing factor (EDHF), and prostacyclin (Rajendran
et al. 2013). In addition, the endothelial cells, through different anticoagulant and
antiplatelet mechanisms, prevent thrombosis and regulate immune response (Rajendran
et al. 2013).
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For instance, the biochemical activity of the endothelium can refer to the
intervention of the metabolism of vasoactive substances such as angiotensin | and
angiotensin I, the inactivation of bradykinin, serotonin and noradrenaline, the synthesis
of prostaglandins, production of antigens and the intervention at different levels in the
coagulation process of thrombomodulin and can also produce several molecules that
stimulate angiogenesis and the repair of damaged blood vessels (Stoclet et al. 2004;
Schini-Kerth et al. 2010; Rajendran et al. 2013).

The several functions that could be assigned to the endothelium include:
formation of a smooth surface that facilitates laminar blood flow and prevents blood
cells from adhering; formation of a permeability barrier for the exchange of nutrients
between the plasma and the cellular interstitium, at the same time regulating the
transport of substances between them; regulation of angiogenesis; contribution to the
formation and maintenance of the extracellular matrix; production of growth factors in
response to vascular damage, especially influencing vascular smooth muscle cell (VSMC)
proliferation; production of substances that regulate platelet aggregation, coagulation,
and fibrinolysis; participation in the immune response and release of agents that act in a
paracrine manner on adjacent smooth muscle cells, regulating their contraction.

The regulatory function of the endothelium includes the synthesis of potent
vasoprotective factors, that will be explored below.

First, regarding the factors derived from the endothelium, EDHF (endothelium -
derived hyperpolarizing factor) promotes the activation of the Na/K* pump or K* ATP-
sensitive channels in the membrane of smooth muscle cells, leading to a
hyperpolarization of the cells. This vasodilation cannot be blocked by inhibitors of NO
production. Even though a minor role is attributed to EDHF in several types of large
arteries, this factor contributes to regulating the vascular tone in the coronary
circulation, also in arterioles by hyperpolarizing the vascular smooth muscle (Schini-
Kerth et al. 2010).

The NO is known to induce the relaxation of vascular smooth muscle cells,
through the activation of guanylyl cyclase. The formed NO diffuses to smooth muscle
fibers where it combines with iron from the active position of guanylyl cyclase, activating
it to produce cyclic guanosine monophosphate (cGMP), which stimulates smooth muscle
fiber relaxation.

The precursor of NO is L-arginine, and is catalyzed by the endothelial nitric oxide
synthase (eNOS) (Schini-Kerth et al. 2010). Concerning specifically to eNOS, this
enzyme is present in the endothelium and is responsible for the synthesis of NO, that is

formed from L-arginine. This phenomenon requires Ca*, flavin adenine dinucleotide
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(FAD), flavin mononucleotide (FMN) and tetrahydrobiopterin (BH,) as co-factors
(Rajendran et al. 2013).

Considered the most important vasoprotective factor and its diffusion towards
the underlying vascular smooth muscle results in the reduction of the vascular tone and
prevention of the smooth muscle cell proliferation and migration, thus maintaining the
arterial wall in a quiescent stage (Schini-Kerth et al. 2010; Oak et al. 2018).

Moreover, NO has also been shown to prevent the expression of
proinfammatory and  pro-atherothrombotic =~ mediators namely = monocyte
chemoattractant protein-1, adhesion molecules, tissue factor and helps in the
maintenance of blood flow, preventing the adhesion and aggregation of platelets and the
adhesion of monocytes (Schini-Kerth et al. 2010). Futhermore, NO could be able to
prevent the the adherence of monocytes to the endothelial surface and inhibit the
expression of adhesion molecules, namely vascular cell adhesion molecule-1 (VCAM-I)
and intercellular adhesion molecule-1 (ICAM-I) in addition to prevent the proliferation
of vascular smooth muscle cells and the expression of extracellular matrix molecules
resulting in the limitation of vascular remodeling and formation of vascular lesions (Oak
et al. 2018).

In fact, nitric oxide-mediated vasodilation appears to be the main pathway of
relaxation of the internal thoracic artery (Fonseca et al. 2014; Kraler et al. 2021).
Sufficient NO bioavailability is positively associated with normal vasodilation and
consequently, normal blood pressure. Failure in the generation or enhanced
consumption of this factor leads to impairment of endothelial function, specifically of
endothelium-dependent vasodilation, and could also cause a shift of the phenotype of
the endothelium to a pro-inflammatory, prothrombotic and procoagulant (Landmesser
and Drexler 2007) and, as consequence, could result in hypertension. Of note, reactive
species of oxygen (ROS), particularly superoxide (O;"), are effective NO scavengers
(Galleano et al. 2010). Moreover, the loss of NO may promote vascular structural
changes, such as smooth muscle cell hypertrophy (Landmesser and Drexler 2007).

Bishop-Bailey et al. (1998) described that two isoforms of cyclooxygenase (COX)
have been identified in internal thoracic arteries, a constitutive isoform (COX-1) that
can be found in platelets and in the vascular endothelium and COX-2, that possesses
inflammatory features. The activation of endothelial COX results in the transformation
of arachidonic acid into prostaglandin H, (PGH,), metabolized by several enzymes and
leads to different prostaglandins. In vascular endothelial cells, under physiological

conditions, the major metabolite is PGI, (Perez-Vizcaino et al. 2006).
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Prostacyclin is synthesized by endothelial cells and acts primarily on IP receptors
(Bishop-Bailey et al. 1998). It possesses a marked vasodilatory activity, inhibits vascular
smooth cell proliferation and is a natural inhibitor of platelet adhesion and aggregation.
It can also act in synergy with NO to perform the actions previously described (Stoclet
et al. 2004; Landmesser and Drexler 2007) and in response to specific stimuli such as
bradykinin, adenosine phosphate, hypoxia and increased shear forces (Schini-Kerth et al.
2010).

Summarizing all this information, the healthy endothelium displays a vasodilatory
phenotype consisting of high levels of vasodilators such as NO and prostacyclin and low
levels of ROS. Moreover, it displays an anticoagulant phenotype consisting of low levels
of plasminogen activator inhibitor | (PAI-1), von Willebrand factor (vVWF) and P-selectin
combined with very little inflammation, as indicated by low levels of soluble vascular cell
adhesion molecule (sVCAM), E-selectin, C-reactive protein (CRP), tumor necrosis factor
alpha (TNF-a), and interleukin-6 (IL-6). Finally, the population of endothelial progenitor
cells (EPCs, indicative of vascular repair capacity) is high; whereas levels of endothelial
microparticles (EMPs) and circulating endothelial cells (CECs), indicative of endothelial
stress/damage, are low (Landmesser and Drexler 2007).

In a scenario of CVD, the endothelial function is impaired, i.e. endothelial
dysfunction, which is characterized by a shift in the actions of the endothelium.
Consequently, a reduction of vasodilatory capacity, a proinflammatory and
prothrombotic state, due to increased expression of leukocyte adhesion molecules and
cytokines such as monocyte chemoattractant protein-I, can be observed (Landmesser
and Drexler 2007; Rajendran et al. 2013). Of note, endothelial dysfunction can also be
triggered by other conditions such as diabetes or metabolic syndrome, smoking and
sedentarism (Rajendran et al. 2013).

The alteration of the endothelium performance frequently involves a reduced
bioavailability of NO (that can be caused by free radicals) and EDHF, associated to an
increase of NADPH oxidase-dependent oxidative stress and formation of
vasoconstrictor factors namely endothelin-l and thromboxane A, in the arterial wall.
This phenomenon has been suggested to be a key event in the initiation and development
of CVD (Schini-Kerth et al. 2010; Rajendran et al. 2013).

It is important to highlight that endothelial function impairment can be also
associated with the development of other conditions such as angiogenesis in cancer,
infectious diseases, and stroke (Rajendran et al. 201 3).

In the case of a dysfunctional endothelium, the phenotypic characteristics include

impaired vasodilation, increased oxidative stress/uric acid, lipid peroxide radical,
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nitrotyrosine and a procoagulant and pro-inflammatory phenotype with decreased
vascular repair capacity and increased numbers of EMPs and CECs (Landmesser and
Drexler 2007; Rajendran et al. 2013). In addition, the activity of COX-| and the release
of PGl are reduced, thereby leaving the vessels susceptible to vasospasm, thrombosis

and atherosclerosis (Bishop-Bailey et al. 1998).

|.5 Polyphenols: estructure, classification and biological
activities

Polyphenols can be characterized as a large group of bioactive phytochemicals,
including a wide variety of molecules which have been associated with a full range of
health benefits. This type of compounds can be easily found in fruits and vegetables that
are present in human diets (Galleano et al. 2010; Tsao 2010; Oak et al. 2018; Fraga et
al. 2019).

In general, polyphenols share chemical structures characterized by at least a
simple phenol core bearing at least one hydroxyl group that allows them to act as
antioxidants, free radical scavengers and/or redox metal chelators (Galleano et al. 2010;
Kasote et al. 2015; Oak et al. 2018). The phenolic structures are classified according to
the arrangement of the carbon and their substituents in two main classes: flavonoids and
non-flavonoids (Oak et al. 2018).

Polyphenols include multiple classes of compounds, including phenolic acids,
flavonoids, stilbenes, coumarins and tannins, among others (Fraga et al. 2019).

Phenolic acids can be divided into two main types that are more reported in the
literature: benzoic acid (Fig 1.3) and cinnamic acid (Fig |.4) derivatives, based on C|-Cé
and C3-Cé6 backbones (Tsao 2010).

R4 O

OH

R4

Figure 1.3: Basic structure of hydroxybenzoic acid. For example: Gallic acid, where: Ri:H;
Ry, R3 and R4: OH. Vanillic acid, where: R and Ry: H, R3: OH, and R4: OCHjs_ Protocatechuic acid,
where R| and R4: H and R; and R3: OH.
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The bioactivity related to the phenolic acids follows their structural diversity.
According to a review report by Araujo et al. (2021), several compounds belonging to
the both classes of phenolic acids could act as antidepressant, antihypertensive, anti-

inflammatory, neuroprotective, antihyperglycemic, anticancer and anti-diarrheal.

R, o)

R, RN

OH

R4

Figure 1.4: Basic structure of hydroxycinnamic acid. For example: p-coumaric acid,
where: Rj, Ry, R4: H and R3: OH. Ferulic acid, where: R; and R4: H, R2: OCHj3 and R3: OH. Caffeic
acid, where R| and R4 H and R; and R3: OH.

Flavonoids are the most common polyphenols found in plants (Simoes et al.
2020). They are characterized by the presence of two aromatic rings separated by a
three-carbon brigde that in most cases is cyclized, with an exception of the chalcones.
(Kumar and Pandey 2013) (Fig. 1.5).

A B

Figure 1.5: Basic structures of flavonoids. (A) Flavonoid. (B) Chalcone.

Since this class of compounds have a structural diversity due to hydroxylation
pattern and chemical complexity, they are further classified in subclasses, namely:
flavonols, flavones, flavanols, flavanones, chalcones, aurones, anthocyanidins and
isoflavones (Tsao 2010). Almost all these classes have in common the same basic
structure and the difference in groups of flavonoids its due to the structural differences

related with the level of oxidation and the pattern of substitution of the heterocyclic
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ring in addition to the derivatives of these large groups differentiating among themselves
by substitution pattern of the aromatic ring (Fig 1.5).

Several flavonoids were often associated with antibacterial, antiviral, anti-
inflammatory, antiplatelet, antioxidant, antithrombotic, free radical scavenger and
vasorelaxant effects (Woodman et al. 2005; Kumar and Pandey 201 3).

The class of compounds with a basic skeleton containing 14 carbons (C6-C2-C6)
in which a double-bonded ethylene bridge links the two phenyl rings are denominated
stilbenes (Figl.6). One of the two rings carry two hydroxyl groups, while the other ring
carries substituted hydroxyl or methoxy groups in a different position (Teka et al. 2022).
Moreover, Teka et al. (2022) reported that the bioactivities often associated with

stilbenes include anticancer, antimicrobial, anti-inflammatory and antidegenerative.

A B

Figure 1.6: Basic structures of stilbenes. (A) trans (E)-stilbene and (B) cis (Z)-stilbene.

According to Penumathsa and Maulik (2009), trans-resveratrol has been reported
to have beneficial effects on the cardiovascular system, namely stimulation of eNOS
protein expression in cultured endothelial cells (Wallerath et al. 2005; Nicholson et al.
2008) and elicit endothelium-dependent and -independent relaxation in rat aortic rings
(Leblais et al. 2008; Schini-Kerth et al. 2010).

Coumarins can be characterized of cis-O-hydroxycinnamic acid lactones, which
contain a a-benzopyrone ring system as a basic parent scaffold (Fig .7) (Pan et al. 2022).
This class of compounds are described in the literature as versatile, since they exhibit a
wide variety of biological activities, as follows: antimicrobial, antiviral, anticancer,
antioxidant, anti-inflammatory, anti-tuberculosis, anti-influenza, anti-Alzheimer and anti-

hyperlipidemia (Pan et al. 2022).
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Figure 1.7: Basic structure of coumarins.

Tannins are polyphenolic compounds of variable molecular size and complexity,
often present in plant extracts. These compounds are divided in subclasses based on
their resistance, to hydrolysis in the presence of hot water or in the enzymes tannases
(Pietta et al. 2003). Hence, tannins can be classified as hydrolysable (Pietta et al. 2003)
(Fig 1.8) and non-hydrolysable or condensed (Fig 1.8).

Hydrolysable tannins contain central glucose molecule linked to gallic acid
molecules (gallotannins) or hexahydroxydiphenic acid (ellagitannins) and are readily

decomposed in the presence of mineral acids (Pietta et al. 2003).

A OH
OH B
o
HO
o
o
OH
O
0
o}
OH
OH OH
OH

Figure 1.8: Examples of hydrolysable tannins structures. (A) Gallotannin and (B)

Elagitannin.

In contrast, non-hydrolysable/condensed tannins, also denominated
proanthocyanidins, are composed by successive condensation of catechins with a wide

range of polymerization (Figure 1.9).

17

OH

OH



OH

OH

OH

OH

OH OH

Figure 1.9: Example of a common structure of a condensed tannin.

According to the literature, tannins can exhibit cardioprotective, antidiabetic,
anti-obesity, anti-inflammatory, antioxidant, antimicrobial, antiviral and antimutagenic
and anticarcinogenic effects (Pietta et al. 2003).

Anthocyanidins such as cyanidin and cyanidine-3-glucoside, have been shown to
induce eNOS protein expression and activation in culture endothelial cells (Xu et al.
2004a; Xu et al. 2004b; Wallerath et al. 2005; Schini-Kerth et al. 2010). In addition,
delphinidin induced endothelium-dependent relaxation through NO pathway in isolated

arteries (Andriambeloson et al. 1998; Leblais et al. 2008; Schini-Kerth et al. 2010).

|.6 Cardiovascular effects of dietary polyphenols

The properties and bioactivity of the polyphenols might be involved in protection
against cardiovascular risk, as described by Cheng et al. (2017); Rasines-Perea &
Teissedre, (2017), who hypothesized that the antioxidant activity of this group of
compounds could protect blood vessels against the consequences of oxidative stress,

mechanism highly associated with cardiovascular risk factors.

18



Ghosh and Scheepens (2009); Schini-Kerth et al. (2010) and Oak et al. (2018)
reported that several epidemiological studies suggested that the regular intake of foods
such as fruits and vegetables and beverages like red wine and tea, rich in polyphenols i.e
flavonoids, was associated with a decrease of the risk of several pathological conditions
ranging from hypertension to ischemic heart disease and improvement od the vascular
heath, thus reducing the risk of hypertension and CVDs (Cheng et al., 2017; Rasines-
Perea and Teissedre, 2017).

Nowadays, the evidence points that the protection against CVD associated with
polyphenol-enriched diets may result of a variety of effects on blood vessels, particularly
on endothelial cells, and could be produced by multiple mechanisms, and in some cases,
different compounds.

Indeed, polyphenols from multiple sources such as tea (green and black), Vitis
vinifera - grape (purple grape juice, grape marc extract, grape procyanidin extract, grape
skin extract and redwines), berries (Ribes nigrum L., Aronia melanocarpa (Michx.) Elliot
and Vaccinium myrtillus L. antocyanidin extracts, cranberry juice, Rubus idaeus L. extract
and fractions and strawberry extracts) and plants (Crataegus spp. Gardenia ternifolia
Schumach & Thonn.), Hibiscus Sabdariffa L., Lysimachia clethroides Duby, Parkia biglobosa
(Jacq.) G. Don., Croton celtidifolius Baill., Eucommia ulmoids Oliv. Bark and Spondias mombin
L. have been shown to activate endothelial cells to increase the formation of potent
vasoprotective factors including NO and EDHF (Schini-Kerth et al. 2010; Oak et al.
2018). Also, almonds (Prunus dulcis (Mill.) D.A. Webb) and pistachions (Pistacia vera L.)
rich in hydroxicinnamic acids and soy products rich in isoflavones, were able to improve
blood pressure leves (Grosso et al. 2022).

According to a review by Oak et al. (2018), some authors reported
antihypertensive effects after the chronic intake of isolated polyphenols, i.e.: chlorogenic
acid acid (Suzuki et al. 2006), epigallocatechin gallate (EGCG) (Potenza et al. 2007),
genistein (Vera et al. 2007), quercetin (Duarte et al. 2001; Galisteo et al. 2004; Garcia-
Saura et al. 2005; Sanchez et al. 2006; Popiolek-Kalisz and Fornal 2022) and trans-
resveratrol (DiNatale and Crowe-White, 2022; Rivera et al., 2009) in several models
of hypertension.

These antihypertensive effects were associated with an improvement of
endothelium dysfunction in response to (-)-epicatechin (Gomez-Guzman et al. 2012;
Galleano et al. 2013; Bernatova 2018) EGCG (Potenza et al. 2007; Sabri et al. 2022),
genistein (Vera et al. 2007; Sigowska et al. 2022) and quercetin (Machha and Rais Mustafa

2005; Marunaka et al. 2017). The chronic intake of catechin by normotensive rats (Benito
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et al. 2002), and baicalein by hypertensive rats (Machha and Rais Mustafa, 2005) were
also associated with an improved endothelial function withoutreduction of blood
pressure (Oak et al. 2018).

In addition, the antioxidant effects lead to a decrease of the circulating LDL and
membrane lipids oxidation and their consequences in endothelial cells, supporting the
evidences that suggest that polyphenols independently from their antioxidant properties,
improve the endothelial function (increased NO, EDHF and prostacyclin and decreased
endothelin-l formation) and inhibit angiogenesis and migration and proliferation of
vascular cells (Stoclet et al. 2004; Torres-Fuentes et al. 2022).

Considering the antioxidant properties of stilbenes, Frombaum, Le Clanche, et
al. (2012) discussed that resveratrol was able to decrease the production of intracellular
ROS, through direct scavenging and/or activation cellular-enzymatic antioxidant
defenses. The direct antioxidant effects of resveratrol could be explained due to
presence of the hydroxyl groups that are able to trap ROS in the stilbenic skeleton
(Parsamanesh et al. 2021).

Moreover, an analysis of the structure-activity (release of endothelial NO and
vasorelaxation of isolated vessels) relationships for polyphenols of different classes has
been evaluated (Stoclet et al. 2004). Specifically, in red wines the fractions that showed
high activity contained flavanol-3-ols condensed tannins and the anthocyanidin
delphinidin were the most active monomer (Andriambeloson et al. 1998; Stoclet et al.
2004).

Also, experimental and clinical studies have been indicating that the chronic
intake of several polyphenol-rich natural products is able to ameliorate endothelial
dysfunction. Altogether, these observations suggest that natural products, as sources of
polyphenols, have the potential to improve vascular functions, hence protect the vascular
system (Schini-Kerth et al. 2010).

In fact, a review paper suggested a link between the consumption of polyphenol-
rich foods and beverages consumption and reduction in blood pressure, supported by
experimental data in animals. The hypothesis that was discussed suggested that by the
regulation of NO bioavailability, polyphenols such as quercetin could affect the
endothelial function and therefore, blood pressure (Galleano et al. 2010).

Interestingly, Stoclet et al. (2004) suggested that epidemiological studies
demonstrate a significant inverse correlation between polyphenol consumption and
cardiovascular risk. The improvement of the endothelial function and inhibition of the
angiogenesis and cell migration and proliferation in blood vessels have been recently

described. According to Stoclet et al. (2004), reports have shown that independently

20



from their antioxidant effects, extracts enriched in polyphenols, could enhance the
production of vasodilating factors such as NO, EDHF and prostacyclin and, in addition,
inhibit the synthesis of the vasoconstrictor endothelin-I; inhibit the expression to two
pro-angiogenic factors: vascular endothelial growth factor and matrix metalloproteinase-
2 (MMP-2) in smooth muscle cells. The mechanistic pathways of these actions involve:
in endothelial cells, increased Ca** levels and of the phosphoinositide 3 (PI3)-kinase/Akt
pathway (leading simultaneously to a rapid and sustained activation of eNOS and
formation of EDHF) and enhanced expression of eNOS; in smooth muscle cells, both
redox-sensitive inhibition of the p38 mitogen activated protein kinase pathway activation
(leading to inhibition of platelet-derived growth factor (PDGF)-induced VEGF gene
expression) and redox-insensitive mechanisms (leading to inhibition of thrombin-induced
MMP-2 formation).

Polyphenols, i.e. procyanidins from grape seeds can induce NO-mediated
endothelium-dependent relaxations in isolated arteries (Aldini et al. 2003; Stoclet et al.
2004). The eNOS can be activated by two distinct mechanisms: first, an increase of Ca**
and second the phosphorylation of eNOS by the PI3-kinase/Akt pathway. Polyphenols,
can cause EDHF-mediated relaxation of isolated arteries consecutively to a localized and
controlled formation of superoxide anions leading to the activation of the PI3-
kinase/Aktpathway. Moreover, the participation of EDHF to relaxation induced by
polyphenols has also been reported in the rat mesenteric artery by an extract of
Eucommia bark. Also, resveratrol activated IK, channels in endothelial cells trough and
increase in their open probability (Li et al. 2000).

The increase of the endothelial prostacyclin can also be attributed the
polyphenols. Procyanidins from Vitis vinifera L. seeds induced a concentration-dependent
endothelium-dependent relaxation in the isolated human internal mammary artery. This
effect was significantly reduced following the pre-incubation of arterial rings with
indomethacin, a COX inhibitor, thus indicating the involvement of prostanoids (Aldini
et al. 2003; Stoclet et al. 2004).

The release of this factor inhibits the synthesis and effects of endothelin-I. All
these mechanisms might contribute to explain the vasodilatory, vasoprotective and anti-
hypertensive effects of polyphenols in vivo (Stoclet et al. 2004).

In fact, vasoprotective effects, though multiple pathways, of polyphenols have
been discussed. These protective effects could also be due to the ability of polyphenols

to decrease the ischemic obstruction event rate and retard the progression of early
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atherosclerotic lesions to advanced plaques by catechin, for example (Arts et al. 2001;
Stoclet et al. 2004).

The advantageous effects of the dietary polyphenols, in the rate of ischemic
obstructions events could be associated with the polyphenol catechin, for example that
also may be related with prevention of thrombosis possibly from the inhibition of platelet
activation or result from decreased expression of pro-thrombotic and pro-
atherosclerotic molecules such as tissue factor and monocyte chemotactic protein-|
(Stoclet et al. 2004).

According to Stoclet et al. (2004), the effects of the dietary polyphenols, such as
delphinidin, cyanidin and EGCG on vascular endothelial and smooth muscle cells can be
attributed to increased formation of vasodilating, anti-proliferative and antithrombotic
factors and decreased formation of vasoconstrictor and proliferative factors produced
by endothelial cells, together with inhibition of pro-angiogenic factor namely VEGF and
MMP-2 could contribute to the anti-atherogenic and vascular protective mechanisms of

polyphenols.
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Chapter 2:
Aims







The main objective of this work was to explore natural products as sources of
bioactive compounds with therapeutic potential for vascular disease. To this purpose,
we primarily focused on studying plant extracts, specifically extracts from Agrimonia
eupatoria L. (infusion of aerial parts), Fragaria vesca L. (infusion and hydroalcoholic extract
of leaves) and Urtica dioica L. (hydroalcoholic extract of aerial parts), and sought to define
the mechanisms underlying their vasoactive properties.

First, a screening of the vasoactive properties was performed to identify the best
candidates, whilst the phytochemical characterization of the extracts was carried out
(Chapter 3). The assessment of the vasoactive properties included three main
properties: (a) contractile effect, (b) modulatory effect on adrenergic contraction and
(c) vasorelaxant effect.

Thereafter, we planned on carrying out further research with the extract that
displayed a marked vascular potential, i.e. absent/minimal contractile effect, evident
vasorelaxant effect and/or inhibitory effect on adrenergic contraction.

In our research, the infusion of A. eupatoria displayed the best results. As a
consequence, an extensive review of the literature on this species, was performed and
published (Malheiros, Simoes, Figueirinha, et al. 2022). describing the ethnomedicinal use,
phenolic profile and bioactivity. This content was included in this thesis as Chapter 4.

In the next step of our work, the objective was to fully understand the
mechanisms underlying the vasoactive properties of A. eupatoria. For this, a polyphenol-
enriched fraction was prepared, characterized and then, we aimed to tentatively identify
the vasoactive compounds, through determing the vasoactive properties previously
described. The results with A. eupatoria have also been published (Malheiros, Simoes,
Antunes, et al. 2022a) and were included in Chapters 3 and 5.

The results obtained with F. vesca have been recently published (Malheiros,
Simoes, Antunes, et al. 2022b) and were included in Chapter 3. The results with U. dioica
were included in Chapter 3 of this thesis and are in preparation for submission.

Overall, our study involved 109 experiments with segments of ITA (7 women
with a mean age of 72.4 years and 102 men with a mean age of 64.6 years). These grafts
were collected at Centro Hospitalar da Universidade de Coimbra, from patients
undergoing coronary revascularization, under the approval by the Ethics Committee of
Faculty of Medicine of University of Coimbra (CE-118/2018) and of Coimbra University

Hospitals (reference PC-388/08), following informed consent.
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Chapter 3:
Vascular effects from

Agrimonia eupatoria L.,
Fragaria vesca L. and
Urtica dioica L.

Content in part adapted from the following papers:

e Malheiros J, et al. Vascular Effects of Polyphenols from Agrimonia eupatoria L.
and Role of Isoquercitrin in Its Vasorelaxant Potential in Human Arteries.
Pharmaceuticals (Basel) 2022, 15(5):638. doi: 10.3390/ph 15050638

e Malheiros J, et al. Vascular effects of Fragaria vesca L. in human arteries. Nat
Prod Res. 2022. doi: 10.1080/14786419.2022.2152448

e Malheiros |, et al. Vascular effects of Urtica dioica L. in human arteries (in

preparation for submission).
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3.1 Agrimonia eupatoria L.

3.1.1 Overview

A. eupatoria is a plant that belongs to the Rosaceae family and is native to
temperate regions of the Northern Hemisphere. In traditional medicine, this plant has
been primarily used for the treatment of inflammatory diseases, due to the high content
of polyphenols (Kiselova 201 I; Santos et al. 2017). Moreover, the antidiabetic potential
of A. eupatoria has been shown, involving several mechanisms from glucose formation
and absorption to insulin secretion (Gray and Flatt 1998; Kuczmannova et al. 2016). A
comprehensive overview of the classification, morphology, distribution, ethnomedicinal
use and phytochemistry of A. eupatoria (Fig lll.1) is available in chapter 4 of this thesis.

Regarding its vascular effects, Kuczmannova et al. (2016) showed improved
acetylcholine-induced vasorelaxation in isolated aortic rings from diabetic animals
treated with the aqueous extract of A. eupatoria from aerial parts, compared to untreated
diabetic animals but not to healthy controls. As the high content of polyphenols was
suggested to play a role in this vascular protection activity, it remains to be clarified
whether the improved endothelium-dependent vasorelaxation was related to the
antidiabetic effects of this extract or to a direct effect on the vasculature. To our
knowledge, no other studies have reported the direct effects of this extract on the
vasculature.

In this context, we aimed to assess the direct vascular effects of the infusion of

aerial parts of A. eupatoria.

Figure Ill.1: Agrimonia eupatoria L. Aerial parts containing flowers and leaves. Available from
URL: https://flora-on.pt/?q=Agrimonia+eupatoria
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3.1.2 Material and Methods

Plant material

Aerial parts of A. eupatoria were provided by Segredo da Planta, Portugal (batch
number 5870 and quality control data identifying no defects), and a voucher specimen
(T. Batista 02009) has been deposited at the Herbarium of Medicinal and Aromatic
Plants, Faculty of Pharmacy, University of Coimbra. The method used for obtaining the
infusion of A. eupatoria from the aerial parts has been previously published (Santos et al.
2017). Briefly, 20 g of pulverized plant were infused into 600 mL of water for 15 min.
After this procedure, the infusion was vacuum-filtered and washed with n-hexane (1:1)

to eliminate fat-soluble compounds.

HPLC-PDA

Phytochemical characterization of the infusion was carried out using HPLC
coupled with a photodiode array (PDA) detector (Gilson Electronics SA, Villiers le Bel,
France). Data were treated with Unipoint® 2.10 (Gilson, Middleton, WI, USA). The
sample and standards solutions (100uL) were injected in a Waters® Spherisorb S5 ODS-
2 column (250 %X 4.6 mm i.d., 5 pm), protected with a guard cartridge C18 (30 x 4 mm
i.d., 5 um) (Nucleosil, Macherey-Nagel, Diiren, Germany), and eluted at a flow rate of |
mL/min and 35 °C. The mobile phase consisted of 5% formic acid (v/v) (eluent A) and
methanol (eluent B). The following gradient was utilized: 0—60 min (5-50% B), 60—70
min (50—100% B) and 70—75 min (100—-100% B). The concentration for injection was |
mg/mL. The chromatographic profile was recorded at 280 nm.

The identification of infusion compounds was performed by comparing retention
times and their UV spectra with p-coumaric acid, isovitexin, isoquercitrin (quercetin-3-
O-glucoside), ellagic acid and tiliroside. The concentrations of all solutions of commercial

standards used for identification were | mg/mL.

Vascular activity studies

Experiments were performed on distal segments of ITA harvested from patients
undergoing coronary revascularization, as previously mentioned in chapter 2 (Aims).

Vascular tissue preparation was carried out as described in Simoes et al. (2020).
Briefly, vascular segments were dissected free of fat and connective tissue and cut into
3-mm rings, which were mounted in 10-mL organ bath chambers with Krebs-Henseleit
bicarbonate buffer (in mM: NaCl 118.7, KClI 5.4, CaCl,.2H,O0 1.9, KH,PO, 0.9,
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MgSO..7H,0 0.6, NaHCO; 25 and glucose 1 I.1), previously adjusted to pH=7.4, aerated
with 95 %0O,/5 %CO, and maintained at 37 °C. After a 2-h stabilization period at a basal
tension of 19.6 mN, the isometric tension of vascular rings was recorded using the
Powerlab® data acquisition package.

The effect on basal vascular tone was assessed by cumulative concentration-
response curves (CCRCs) to the infusion (0.002—0.2 mg/mL) or vehicle, and the results
were expressed as absolute contraction (in millinewton, mN).The vasorelaxant effect
was tested with CCRCs (0.02-0.2 mg/mL) to the infusion, or vehicle, after sustained
pre-contraction with noradrenaline (20 uM), as results were expressed as a percentage
of the maximum contraction to noradrenaline (%).The modulatory effect on the
noradrenaline-induced contraction was assessed with CCRCs to noradrenaline (0.1—48
puM) before and after 30-min pre-incubations with the infusion (0.02, 0.2 and 2 mg/mL)
or vehicle, as the results were expressed as the percentage of the maximal contraction
in the control curve, i.e., absence of infusion (%E ).

Tissue viability was tested with potassium chloride (KCl, 60 mM) at the beginning
and at the end of each experiment.

Data were generally expressed as mean + standard error of mean (SEM) unless
specified otherwise, and n indicates the number of experiments. In assays in which the
modulatory effect on the noradrenaline-induced contraction was tested, potency was
expressed as the negative logarithm of the effective concentration (in mol/L or M) of
noradrenaline able to induce half of the maximum contraction (pECs, -log [M]). In
vasorelaxation assays, potency was expressed as the negative logarithm of the effective
concentration (mg/mL) of the infusion able to reduce noradrenaline precontraction to
half of its maximum, i.e., relaxation of 50% (pICs,, -log[mg/mL]). Efficacy was expressed
either as %E..., (maximal contraction, %) or %R.... (maximal relaxation, %), respectively,
for those assays.

Statistical analysis was performed using GraphPad Prism 7® (GraphPad Inc., La
Jolla, CA, USA). First, the normality of data was checked through a Shapiro—Wilk test.
Data from CCRCs were analyzed by two-way ANOVA with Tukey’s multiple
comparisons test to identify differences in specific concentrations throughout the curves.
Parameters of potency from CCRCs and data on vascular effects of compounds were
analyzed by unpaired one-way ANOVA with Tukey’s multiple comparisons. p< 0.05 was

considered to indicate a statistically significant difference.
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Reagents
Chemicals used for Krebs—Henseleit buffer preparation and arterial ring viability

testing in the pharmacological studies were purchased from Sigma-Aldrich® (St. Louis,
MO, USA).

Chemicals used for phytochemical characterization were purchased from Merck®
(Darmstadt, Germany) and correspond to the highest grade commercially available. The
following reference compounds were used: ellagic acid (Sigma, E2250-5G), p-coumaric
acid (Sigma, C-9008, Lot: 22H0312), quercetin (G Buchs SG., Buchs, Switzerland, K148-
149/2), quercetin-3-O-glucoside (Sigma, 17793-10MG-F), tiliroside (Extrasynthese,
Genay, France, 1001 S, Lot: 12080209), vitexin (Extrasynthese, 1232 S) and isovitexin
(Extrasynthese, 1235 S).

3.1.3 Results and Discussion

Phenolic profile

The phenolic profile of the infusion of A. eupatoria was determined through
HPLC-PDA (Fig 111.2).
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Figure I11.2: HPLC-PDA chromatogram of A. eupatoria infusion. Chromatogram

recorded at 280 nm.
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In the UV spectrum of, the charactheristic of peak | suggested the presence of a
benzoic acid derivative (wavelength maximum near 313 nm) (Campos and Markhan
2007). Peak 2 with wavelength maxima at 310 nm was identified as p-coumaric acid, using
the commercial standard compound. Peaks 3, 4 and 5 were 3-O-glycosylated quercetin
derivatives, as suggested by their UV spectra profile, with band | near 350 nm with
absorptivity lower than band Il with wavelength maxima near 250 and shoulder
approximately at 265 and 295 nm (Mabry 1970). Peak 4 was identified as isoquercitrin
(quercetin 3-O-glucoside) by comparison of retention time with a commercial standard.
Peaks 3 and 5 were previously identified by using HPLC-PDA-ESI/MS’, respectively as
quercetin O-galloyl-hexoside and quercetin O-malonyl-hexoside (Santos et al. 2017). In
peak 6, UV spectra, retention time, and the wavelength maxima near 265 and 346 nm
with a shoulder near 314 nm, suggested the presence of kaempferol O-p-coumaroyl-
glucoside (tiliroside) as confirmed with a commercial standard. Peak 7 exhibited a UV
spectra profile with wavelength maxima of 248 and 371 nm with a shoulder 322 nm
which is characteristic of ellagic acid, also confirmed with the standard compound.
Proanthocyanidins were detected due to their characteristic spectral profiles and UV
maxima (near 246 and 278 nm) (Couto et al. 2020). The complete characterization of

mixture components was previously carried out and published in Santos et al (2017).

Vascular effects

The infusion of A. eupatoria induced a mild increase in basal vascular tone (E..x =
1.10+£0.67 mN; pECs, = 2.72+0.51, p<0.05 vs. vehicle). Furthermore, the lower
concentration of infusion (0.02 mg/mL) elicited a significant potentiation of the
noradrenaline-induced contraction (Fig. Ill.3 and Table Ill.I), with an E,, increase of
49.18% vs. control (p<0.001, Fig. 111.3).

This response was also significantly higher compared to the other infusion
concentrations (0.2 and 2 mg/mL), which only lead to a significant decrease in potency
in comparison with control: 0.2 mg/mL (p<0.05) and 2 mg/mL (p<0.001).

The ethnomedicinal use of A. eupatoria has been reported to derive from several
bioactive properties of this plant species, particularly antioxidant, anti-inflammatory and
diuretic, among others (Ilvanova et al. 2013; Granica et al. 2013; Muruzovic¢ et al. 2016;
Santos et al. 2017). As the use as anti-diabetic has also been reported, very little

information is available on the vascular activity of this plant species.
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Table Ill.1. Pharmacological parameters from vascular activity studies with A. eupatoria

infusion.

Studies Concentration Maximal effect! Potency? n
Influence on Control 100.00+0.00 6.21+0.07 I5

adrenergic
contraction 0.02 mg/mL 149.18+27.76*+* 5.83+0.18 5
0.2 mg/mL 84.08+8.55## 5.69+0.14* 5
2mg/mL 97.65+10.15+ 5.4410. 4%*+* 4
Relaxation Control 82.931£9.96 2.51+0.13 30

' Maximal effect expressed as maximal contraction (%Em.x to noradrenaline) for adrenergic contraction
studies or maximal relaxation (%Rum).2 Potency expressed as pECs, for incubation studies or as plCso
for vasorelaxation studies.*p<0.5 vs control, **p< 0.001 vs control, ™ p<0.01 vs. 0.02 mg/mL, “p< 0.05

vs 0.02 mg/mL.
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Figure 111.3: Vascular activity of A. eupatoria infusion. A, Effect on the noradrenaline-
induced contraction; *p<0.05 vs. control, ¥**p<0.01 vs. control, ***p< 0.001 vs. control, #p< 0.01
vs. 0.2 mg/mL, ##p<0.001 vs. 2 mg/mL, *p<0.05 vs. 2 mg/mL, **p<0.0l vs. 2 mg/mL.B-C,
Pharmacological parameters from concentration-response curves in A, specifically maximal
contraction (Ema, B) and potency (pECso, C).*p<0.05 vs. control, **p<0.001 vs. control.
##p<0.001 vs. 0.2, *P<0.05 vs. 0.02 mg/mL. D, vasorelaxation elicited by A. eupatoria infusion.

34



To our knowledge, only one report (Kuczmannova et al. 2016) has focused on
the vascular activity of A. eupatoria showing that the treatment with the aqueous extract
improved acetylcholine-induced vasorelaxation in aortic rings isolated from diabetic
animals. Importantly, this improvement was observed only in comparison with untreated
diabetic animals but not with healthy controls. Whether such effect was a result from
the anti-diabetic properties of this extract or from a direct vascular activity remained to
be clarified.

Here, we tested the direct vascular activity of A. eupatoria and showed that its
infusion exhibits potent vasorelaxant activity in human arteries (Fig. I1l.3D). As a low
concentration (0.02 mg/mL) elicited a potentiation of the maximal response to
noradrenaline, the infusion displayed a mixed vascular effect thus suggesting some
compounds may elicit an increase in vascular tone and others a decrease.

Of note, the magnitude of vasorelaxation could also suggest a direct
(endothelium-independent) vascular smooth muscle relaxation effect. In sum, our
findings demonstrate the direct vasorelaxation potential and the need for further
research to clarify whether this vasorelaxant effect involves a direct vasodilation and also

the compounds responsible for such activity.

3.2 Fragaria vesca L.

3.2.1 Overview

F. vesca is commonly known as wild strawberry which belongs to the genus
Fragaria and Rosaceae family (Fig Ill.4). This species is usually found in Europe, Asia West
of the Urals and North America (Liberal et al. 2014) and temperate areas in Chile
(Kanodia and Das 2009; European Medicines Agency 2018).

The genus Fragaria consists of at least 20 recognized wild species according to
the plant list (http://www.theplantlist.org/) and European Medicine Agency. The common
F. vesca is a light-demanding perennial plant, about 5-20 cm height, which grows in
meadows, wood, forest glades, slopes and alongside roads (Dias et al. 2016; European
Medicines Agency 2018).

Regarding its botanical features, leaves have the following characteristics: three
lobed, feathery, serrated edges and hairy petioles. Moreover, F. vesca produces stolons

and is flourishing and bearings fruits for a short time, usually in the late spring and
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summer. The wild strawberry leaves with petioles or without them, can be collected

throughout the growing season (European Medicines Agency 2018).

Figure 11.4: Fragaria vesca L. Available from URL:
https://upload.wikimedia.org/wikipedia/commons/0/05/Fragaria_vesca_L.jpg

Concerning the ethnomedicinal uses, studies reported a wide spread use of the
vegetative parts from wild growing F. vesca. Particularly, the leaves are collected during
the flowering season in the wild and are commonly prepared as infusion or decoction,
being both administrated internally and externally. Preparations of F. vesca leaves have
been used externally as antiseptic, emollient and dermatologic protector, as well as to
treat inflammation of cutaneous and mucosal surfaces (Liberal et al. 2014). The roots
are used for diarrhea and the stalks for wounds and the leaves are astringent (Kanodia
and Das 2009).

Specifically, fruits of F. vesca are reported to contain, for example salicylic acid,
responsible for the benefical activity in the treatment of liver and kidney complaints, as
well as in the treatment of rheumatism and gout (Kanodia et al. 201 1).

F. vesca has also been used for respiratory system complaints, such as cough,
catarrh and shore throats, cardiovascular diseases including lowering of blood pressure
and heart rate of a leaves decoction (Camejo-Rodrigues et al. 2003; Liberal et al. 2014).
Also, urinary ailments for the renal stones and a complementary treatment for diabetes
were also described (Liberal et al. 2014).

Moreover, F. vesca has been used for the treatment of gastrointestinal disorders,
especially due to the astringent, antidiarrheic and antidysenteric properties (Kiselova et
al. 2006; Kirsch et al. 2020). In addition, the utilization of the leaves of F. vesca to treat

leukemia, kidney and breast cancers were also reported (Liberal et al. 2014).
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Additionally, the employment of F. vesca as a diuretic and for the treatment of skin
diseases was also described by Kiselova et al. (2006).

In terms of bioactivity, an aqueous extract from leaves, exhibited a potential anti-
diabetic, antioxidant, and anti-apoptotic activity in diabetic rats (Ibrahim and Abd El-
Maksoud 2015). Furthermore, the anti-Helicobacter pylori activity in vitro of the leaf
extract (Cardoso et al. 2018) and the potential use of the ethanolic extract in the
treatment of gastrointestinal inflammatory diseases, such as Crohn’s disease, have also
been suggested by results obtained in animal models (Kanodia et al. 201 1).

According to the European Medicines Agency assessment report concerning F.
vesca, is described that leaves are collected during the flowering period for use in
European traditional medicine and are mainly prepared as an herbal tea for oral use as
diuretic and to treat diarrhea. Regarding the posology, for diuretic purposes, 4-8g in
200mL of water as decoction, divided in 2-4 single doses and to treat diarrhea, Ig in
200mL of boiling water 2-3 times daily (European Medicines Agency 2018).

Reports in the literature disclose that F. vesca species contain flavonoids, tannins,
volatile oils, methyl salicylate, ellagic acid, borneol and also traces of alkaloids (Kanodia
and Das 2009; Couto et al. 2020). Moreover, according to the assessment report of F.
vesca, published by European Medicines Agency, leaves could contain about 5-11% of
condensed tannins, flavonoids such as quercetin, rutin, organic acids and glycosides.

Given all the information regarding the composition described of F. vesca, the
classes of secondary metabolites to the most mentioned to the less mentioned are:
tannins (condensed and hydrolysable), flavonoids, phenolic acids, stilbens and furans
derivatives. The first three classes of secondary metabolites were found in all parts
assayed of F. vesca: flowers, leaves, flowers and fruits, whole plant, vegetative parts and
roots (Vennat et al. 1988; Mudnic et al. 2009; del Bubba et al. 2012; Bagdonaite et al.
2013; Liberal et al. 2014; Sun et al. 2014; Gasperotti et al. 2015; Dias et al. 2015; Dias et
al. 2016; Dias et al. 2017; Couto et al. 2020) and Liberal et al. (2019) reported the

composition of an ellagitannin-enriched fraction.

3.2.2 Cardiovascular properties

Regarding cardiovascular disorders, F. vesca leaves decoction has been reported

for lowering blood pressure and heart rate (Camejo-Rodrigues et al. 2003; Manolova
2003; Liberal et al. 2014).
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To the best of our knowledge, the only report that assays the vasodilator
properties of extracts of F. vesca used the rat aorta and showed that the leaves infusion
had an endothelium-dependent vasodilator effect, which was mediated by nitric oxide
and cyclooxygenase products (Mudnic et al. 2009).

Considering the previously published data and the ethnomedicinal use in
cardiovascular disorders, our aim was to assess the vascular effects of leaves extracts of
F. vesca (an infusion and a hydroalcoholic extract, for purposes of comparison of
composition and vasoactivity) in ITA, in order to investigate the clinical application of

extracts of this plant species in patients with underlying cardiovascular disease.

3.2.3 Material and Methods

Plant material

Wild plants of F. vesca were collected from Granja de Figueira do Lorvao,
Penacova, Portugal. The plant material was identified by Dr. Célia Cabral, plant
taxonomist. A voucher specimen (T. Batista 0101 |) was deposited at the Herbarium of
Medicinal Plants, Faculty of Pharmacy, University of Coimbra.

The leaves were selected and dried in the dark, using an oven at 30°C, with air
circulation. The hydroalcoholic extract was prepared by extraction with absolute
ethanol (2 times) and 50% aqueous ethanol (3 times) (1:10, w/v) at room temperature
using Ultra — Turrax homogenizer for 5 min at 8000-9500 rpm. After each extraction,
the extracts were filtered under vacuum. Ethanol was removed using a rotary evaporator
and the extract was lyophilized and stored at -20°C. A yield of 30% was obtained,
expressed in dry plant.

The infusion was prepared according to the recommendations of Physicians’
Desk Reference for Herbal Medicines (Fleming, 2000), using 4 g of dried leaves to 150
mL of boiling water in a porcelain laboratory cup for 15 min without additional heating.
Then, the infusion was filtered, lyophilized and stored at -20°C. A yield of 23%

(expressed in plant) was obtained(Liberal et al. 2014).

HPLC-PDA
Phytochemical characterization was performed using HPLC coupled with
photodiode array (PDA) detector (Gilson Electronics SA, Villiers le Bel, France). Data

were treated with Unipoint® 2.10 (Gilson, Middleton, WI, USA). The samples (infusion
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and hydroalcoholic extract) (100 uL) were injected in a Waters® Spherisorb S5 ODS-2
column (250 x 4.6 mm i.d.,, 5 um), protected with a guard cartridge C18 (30 X 4 mm
i.d,, 5 pm) (Nucleosil, Macherey-Nagel, Diren, Germany) and eluted at a flow rate of
ImL/min and 24 °C for hydroalcoholic extract and 35°C for the infusion. The mobile
phase consisted of 5% formic acid (v/v) (eluent A) and methanol (eluent B). The gradients
that were utilized were: for infusion: 0-10 min (0%-5 %B), 10-45 min (5%-80 %B), 45-50
min (80%-100% B) and for hydroalcoholic extract: 0—10 min (5%—15 %B), 10—15 min
(15%-25% B), 15-50 min (2%— 50% B), 50—-60 min (50%—80% B), 60—70 min (8%—100%
B).The concentration of the injected extracts of F. vesca was 1.8 mg/mL (Couto et al,,

2020).The chromatographic profiles was recorded at 280 nm.

Vascular activity studies

Experiments were carried out as described in section 3.1.2. The effect on basal
vascular tone was assessed by CCRCs to the infusion and the hydroalcoholic extract
(0.002-0.2 mg/mL) and the results were expressed as absolute contraction (in
miliNewton or mN). The vasorelaxant effect was tested with CCRCs after sustained
pre-contraction with noradrenaline (20 pM), as results were expressed as percentage of
the maximum contraction to noradrenaline (Ry.» %). The modulatory effect on the
noradrenaline-induced contraction was assessed with CCRCs to noradrenaline (0.1 - 48
pM) before and after 30-min pre-incubations with the infusion (0.02, 0.2 and 2 mg/mL),
as the results were expressed as the percentage of the maximal contraction in the
control curve, i.e. absence of infusion (%E.).

Data were generally expressed as mean * SEM unless specified otherwise, as n
indicates the number of patients (2-4 arterial rings were obtained per segment). In assays
with extract incubation, potency was expressed as the negative logarithm of the effective
concentration (in mol/L or M) of noradrenaline able to induce half of the maximum
contraction (pECsy, -log [M]), both in the presence and in the absence of extract. Efficacy
was expressed either as %E.... (maximal contraction, %) or %R.... (maximal relaxation,
%), in incubation and vasorelaxation assays, respectively.

Statistical analysis was performed using GraphPad Prism 7® (GraphPad Inc., La
Jolla, CA, USA). First, the normality of data was accessed with Shapiro-Wilk test. The

analysis of CCRCs was performed generally by two-way ANOVA with Tukey’s multiple
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comparisons test to identify differences in specific concentrations, including maximal

effects.

Reagents
All chemicals used for the in vitro pharmacological studies were purchased from

Sigma-Aldrich® (St. Louis, Missouri, USA) and for phytochemical characterization were
purchased from Merck® (Germany) and correspond to the highest grade commercially

available.

3.2.4 Results and Discussion

Phenolic profile

The phenolic profile of the infusion and hydroalcoholic of F. vesca was carried
out by HPLC coupled with PDA detector (Fig. lll.5A and IIl.5B, respectively).

Regarding the infusion (Fig. lll.5A), peak | is an hydroxicinammic acid derivative
due to a wavelength maximum near 313 nm and its spectral profile. Peak 2 presented a
UV spectra profile with wavelength maxima near 250 nm and 324 nm and a shoulder at
298 nm which is characteristic of caffeic or ferulic acid derivatives (Liberal et al. 2014).
Peak 3 and 4 exhibited the same UV spectra profile with wavelength maxima of 310 nm,
suggesting the presence of p-coumaric acid derivatives (Liberal et al. 2014). Quercetin
derivatives could be identified in peaks 5, 7 and 8, since their UV spectra profile and
wavelength maxima were near 250 nm and 350 nm and shoulders approximately of 270
nm and 290 nm, which are characteristic of this type of compounds. Using HPLC-ESI/MS"
data, Liberal et al. (2014) suggested that these compounds could be identified as
quercetin hexosyl-glucuronide, quercetin glucuronyl-rhamnoside and quercetin
glucuronide, respectively.

Peak 6 was identified a kaempferol derivative due to its UV profile and
wavelength maxima at 264 nm, 346 nm and a shoulder of 296 nm. Liberal et al. (2014)
identified it as a kaempferol glucuronide based on the results of HPLC-ESI/MS" analysis.
Peak 9 exhibited wavelength maxima of 248 nm, 37| nm and a shoulder 322 nm and

these characteristics suggest the presence of an ellagic acid derivative.
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Figure I11.5: HPLC-PDA chromatogram of F. vesca leaves extracts: (A) infusion and
(B) hydroalcoholic extract. Both chromatograms were recorded at 280 nm.

Concerning the chromatogram of the hydroalcoholic extract (Fig. 111.5B), the UV
spectra of peaks 10 and || were identified as proanthocyanidins due to its UV maxima

(near 246 and 278 nm) and spectral profile, characteristic of flavan-3-ols, probably
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proanthocyanidins. In fact, this assumption was verified by Liberal et al. (2014), that
confirmed the presence of proanthocyanidins by HPLC-PDA-ESI/MS".

The UV spectra profile of peak 12, with wavelength maxima near 250 nm and
324 nm and a shoulder at 298 nm, was chacteristic of a caffeic acid derivative (Campos
and Markhan 2007). This assumption was corroborated by Couto et al. (2020) with
HPLC-ESI/MS" which identified 4-O-caffeoylquinic acid, at the same retention time, using
the same chromatographic conditions. Peak |3 presented wavelength near 240 and 250
and was identified as an ellagitannin (agrimoniin or sanguiin H-6) by Couto et al. (2020)
using data obtained from HPLC-ESI/MS" analysis.

Peaks 14 and |7 presented UV maxima of absorption near 260 nm and 350 nm
and spectra profiles suggesting the presence of quercetin derivatives. Our findings
confirm the result obtained by Couto et al. (2020), using HPLC-ESI/MS’", who concluded
that peak 14 was a quercetin glucoronyl-rhamnoside and peak 17 was a quercetin
glucuronide (these peaks correspond to the peaks 7 and 8 from the infusion,
respectively).

Peaks 15, 18 and 20 were identified based on their UV spectra, which presented
wavelength maxima 254 nm and 360-380 nm that suggests an ellagic acid derivative. This
assumption was corroborated by Couto et al. (2020), that reported the presence of
ellagic acid and used a commercial compound to confirm their result.

Finally, peaks 16 and |9 showed the same spectra profiles with a maximum at
346 nm, characteristic of kaempferol derivatives. These results were corroborated after
HPLC-ESI/MS" analysis performed by Couto et al. (2020), which suggested the structures
of kaempferol glucuronyl-rhamnoside and kaempferol glucuronide, at the same retention
time of peaks 16 and 19 respectively. Moreover, kaempferol glucuronide was also
identified in the infusion (peak 6).

In summary, the two extracts used in this study are rich in phenolic acids,
quercetin and kaempferol derivatives. In contrast, the infusion assayed by Mudnic et al.
(2009) contained catechin, epicatechin, epigallocatechin, procyanidin Bl and B2,
epicatechin-3-gallate, piceid, astringin and trans-resveratrol, in addition to the presence

of quercetin derivatives (quercetin-4’-glucoside).

Vascular effects

The infusion of F. vesca did not induce a significant effect on basal vessel tone
(Enax=0.19£0.1 ImN).
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Figure I11.6: Vascular activity of F. vesca leaves infusion. A, Effect on the noradrenaline-
induced contraction. *p<0.05 vs control. *p<0.01 vs control. B-C, Pharmacological parameters
from concentration-response curves in A, specifically maximal contraction (Emax, B) and potency
(PECso, C). **p<0.01 vs. control. D, vasorelaxation elicited by F. vesca infusion.

As seen in Fig lll.L6A, a significant potentiation of the maximal effect of the
noradrenaline-induced contraction (about 78.64%, p<0.01 vs control) was observed for
the lowest concentration of extract, i.e. 0.02 mg/mL. In higher concentrations, no
significant effect on noradrenaline-induced contraction was detected. After
precontraction with 20 pM noradrenaline, the infusion did not elicit vasorelaxation
(Rmax=-6.62116.52%, Fig lll.6D). Overall, the infusion displayed a mixed effect on
noradrenaline-induced contraction, by eliciting a potentiation of the maximal effect only
in the lower dose, with no changes in intermediate and higher doses. This may result
from the fact that plant extracts are mixtures of compounds, some of which may
evidence their properties more clearly in lower extract concentrations. Furthermore,
no effects on basal vessel tone and vasorelaxation were observed, thus suggesting an
absence of clinically-relevant effect in our arterial model.

Similarly, the hydroalcoholic extract of F. vesca did not elicit significant changes
in basal vessel tone (E,,,,=0.62+0.48mN).
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Figure l11.7: Vascular activity of F. vesca leaves hydroalcoholic extract. A, Effect on the
noradrenaline-induced contraction. B-C, Pharmacological parameters from concentration-
response curves in A, specifically maximal contraction (Emax, B) and potency (pECso, C). **p<0.01
vs. control. D, vasorelaxation elicited by F. vesca hydroalcoholic extract.

Table I11.2. Influence of the infusion and hydroalcoholic extract of F. vesca on the
parameters of efficacy (%E..) and potency (pECs,) of the noradrenaline-induced
contractile response.

Extract Concentration 9% E max PECso (-log[M]) n
Infusion Control 100.00+0.00 5.47+0.08 21
0.02 mg/mL 178.64+74.42°* 5.07+0.46 6

0.2 mg/mL 115.24+33.50 5.29+0.29 7

2 mg/mL 111.00£39.39 5.26+0.38 8

Hydroalcoholic Control 100.00£0.00 5.42+0.07 6
0.02 mg/mL 89.12+28.93 5.23+0.41 6

0.2 mg/mL 129.09+33.18 5.37+0.27 5

2 mg/mL 122.08+50.39 5.34+0.41 5

Values presented in mean * SEM and n correspond to the number of experiments (n) performed in each
experimental setting. **p<0.01 vs. control
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As can be seen in Fig lll.7A, no significant differences were observed between
the control curve to noradrenaline and in the presence of different concentrations of
the hydroalcoholic extract of F. vesca. Furthermore, no significant changes were
observed in the potency of the response (Table 1l.2). Concerning the vasorelaxant

properties, the hydroalcoholic extract of F. vesca did not show a vasorelaxant effect
(Rrax=0.01£17.87%, Fig 111.7D).

Our findings differ from the previous study by Mudnic et al. (2009) who showed
an endothelium-dependent vasorelaxation mediated by nitric oxide and cyclooxygenase
products in the rat aorta with a leaves infusion. A methodological difference should be
highlighted compared to our study, i.e. a markedly lower amount of plant material was
used in the preparation of our extract (4g/150 mL) compared with the study by Mudnic
et al. (2009), who used 15g/150 mL. This difference can directly affect the concentration
of bioactive compounds. Moreover, Mudnic et al. (2009) assayed two higher
concentrations in their study (6 and 60 mg/mL), also these two concentrations were
responsible for the statistically significant effect observed by Mudnic et al. (2009).

In regard to the F. vesca extracts assayed in this study, a phytochemical analysis
of the hydroalcoholic and the infusion evidenced the presence of phenolic acids, flavonols
and ellagic acid and its derivatives (Couto et al., 2020; Liberal et al.,, 2014). Interestingly,
Mudnic et al. (2009) reports the presence of other constituents that could be responsible
for the vasodilation that was observed by this author, such as epicatechin and
procyanidin B2. In fact, previous studies by A. Novakovic with the ITA have shown the
involvement of the vascular smooth muscle in the vasorelaxation elicited by both (-)-
epicatechin (Novakovic et al. 2015) and the involvement of the vascular endothelium in
the vasorelaxation to procyanidin B2 (Novakovic et al. 2017).

Overall, the differences between our findings and the results from previous
studies could also be attributed to the vascular bed that was used. In fact, patients who
undergo coronary revascularization commonly present several risk factors that could
interfere with several pathways of regulation of vascular function, e.g. endothelial
function, particularly the nitric oxide pathway. Therefore, a higher variability in results
inherent to the use of human vascular tissue could mask the vascular effects that may be
obtained with these extracts (Fonseca et al. 2014; Simoes et al. 2020). However, this
may also be an advantage from a translational point of view, as it gives a better
perspective of the human vascular system, compared to animal-derived tissue.

Furthermore, the ITA is a vascular bed with special characteristics as previously
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reviewed, namely atherosclerosis resistance (Fonseca et al. 2014; Fonseca et al. 2017).
In terms of histomorphology, it has been recognized as a transitional-type artery due to
its varying content in elastic and muscular elements, with a muscular pattern being more
predominant in the distal end (Borovi¢ et al. 2010). Further, its distal portion exhibits a
higher pharmacological reactivity (He 2015), which was used in our study, thus making
it an interesting model for the investigation of the effects of natural extracts and
compounds on blood pressure regulation.

In a clinical scenario, the administration of the F. vesca leaves infusion to patients
with vascular disorders, who typically exhibit reduced endothelial nitric oxide
production, could be debatable, as the main mechanism of action would be
compromised, thus limiting the potential benefit of its consumption. However, the
available evidence on this topic is scarse. Therefore, we would suggest pursuing further
experimental studies with animal models of cardiovascular disease, specifically of
atherosclerosis (e.g. ApoE-deficient mice) and hypertension (e.g. spontaneously
hypertensive rats). Such studies would allow a clarification of the true cardiovascular

benefit of extracts from leaves of F. vesca.

3.3 Urtica dioica L.

3.3.1 Overview

U. dioica (Fig 111.8), also known as nettle, belongs to the Urticaceae family. In
previous ethnomedicinal reports, the aerial parts of this plant have been recognized as a
natural product for hypertension (Ziyyat et al. 1997; Legssyer et al. 2002; Testai et al.
2002; Roschek et al. 2009). This species is one of the most studied medicinal plants
worldwide (Esposito et al. 2019).

U. dioica is a perennial ubiquitous plant with a wide global distribution and with
large agricultural significance (Carvalho et al. 2017) that can be found in different areas
of Pakistan like Hazara Division, Gilgit Baltistan, Naran, Kaghan and Balochistan.
Moreover, it is widely distributed throughout the USA, Europe and Himalaya (Upton
2013; Qayyum et al. 2016).
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U. dioica is a temperate herbaceous species that is a common and aggressive weed
found in moist soils throughout the USA and Europe, and grows in sails rich in nitrogen
between 0 and 1800 m in desert field (Testai et al. 2002; Upton 201 3).

This species also has an industrial significance since it is a low-requirement plant
and all its parts (the herb, root, and seeds) can be industrially exploited (Vajic et al.
2018).

Regarding the botanical features, U. dioica is an annual growing to 0.6 m tall shrub
which bears opposite, cordate, deeply serrate, pointed leaves which are downy
underneath. Flowering and fruiting time is from May/June to September/October. The
stem and leaves of the plant are covered with stinging trichomes (Testai et al. 2002;
Upton 2013; Qayyum et al. 2016).

The flowers of this plant are dioecious, thus generally contains either female or
male flowers, in separated inflorescences, that occurs as racemes in the axils of the upper
leaves (Testai et al. 2002; Roschek et al. 2009). The leaves have characteristics of being
oval, long petiolate, elongated with toothed margins (Fig 1l.8). The fruit is a small oval
and greenish-yellow achene. The plant has stinging hairs with a tuft of hair at the apex.
The leaves and stems contain abundant non-stinging hairs, with touch sensitive tips. Also,
the glandular hairs on the leaves that contain formic acid and histamine, agents known

to cause skin irritation after contact (Roschek et al. 2009).

Figurelll.8: Urtica dioica L. Available from URL:
https://www flickr.com/photos/brewbooks/2544110170
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U. dioica has been used for centuries in traditional medicine, primarily in the
treatment of arthritis, rheumatism, muscular paralysis but also gastrointestinal, hepatic
disorders and diabetes (Ziyyat et al. |997; Tahri et al. 2000; Legssyer et al. 2002; Qayyum
et al. 2016; Vajic et al. 2018).

Properties such as anti-inflammatory, anti-asthmatic, astringent, nutritive and
stimulating have been attributed to U. dioica (Esposito et al. 2019). Also, according to
Esposito et al. (2019), the leaves extract has been used as anti-hemorrhagic to reduce
excessive menstrual flow and nose bleedings.

Also, U. dioica has been traditionally used in the management of cardiovascular
disorders especially hypertension therapy in northeastern Morocco (Ziyyat et al. 1997;
Tahri et al. 2000; Qayyum et al. 2016).

According to Esposito et al. (2019), the roots and herbs from U.dioica are used
in distinct ways: the roots for benign prostate hyperplasia, the herbs for urinary tract
disorders and rheumatic conditions, while fresh freeze-dried leaves are used to treat
allergies. Moreover, studies have also reported its analgesic potential and its role as anti-
aggregating factor, as well as describing its favorable effects on cardiovascular and
smooth-muscle activity as a hypotensive agent (Esposito et al. 2019).

Regarding the phytochemical composition, according to a review published by
Esposito et al. (2019), U. dioica has been described as a species enriched in phenolic
compounds (including flavonoids, coumarins, tannins and lignans). Moreover, the
presence of sterols, fatty acids, polysaccharides and isolectins was also reported
(Esposito et al. 2019). This report was corroborated by Orcic et al. (2014) that also
described the presence of flavonoids, phenolic acids, coumarins and lignans.

Polyphenols such as phenolic acid and flavonoids were also reported by Carvalho
et al. (2017), Dhouibi et al. (2018) and Devkota et al. (2022). Moreover, other classes of
compounds were also described such as triterpenes (Dhouibi et al. 2018), amino acids,

carotenoids, organic acids and fatty acids (Devkota et al. 2022).

3.3.2 Cardiovascular properties

In the literature, the bioactivity described for different types of extracts from
several parts of U. dioica includes anti-hypertensive, antidiabetic activity, among others

(Vajic et al. 2018; Samaha et al. 2019). In particular, Vajic et al. (2018) showed that
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chronic dietary supplementation with U. dioica leaves extract promoted beneficial effects
in spontaneously hypertensive rats, namely: reduction of systolic and diastolic blood
pressure, without changes in total peripheral vascular resistance, as well as decreased
peroxidation and increased antioxidant capacity in the plasma, which could be beneficial
from a vascular point of view when considering the ROS-related endothelial dysfunction.

In fact, the anti-hypertensive properties of U. dioica were first explored by Tahri
et al. (2000). In an in vivo study with Wistar rats, the authors showed that the aqueous
extract of the aerial parts of U. dioica elicits acute diuretic, natriuretic and hypotensive
effects. This acute hypotensive effect was attributed to a direct effect on the
cardiovascular system, even though a chronic hypotensive effect could be more related
to the activation of natriuresis-diuresis mechanism, as discussed by the authors.

Since then, studies have emerged focusing on the potential direct effects on the
vasculature. Testai et al. (2002) showed vasorelaxation of rat aortic rings to aqueous
and methanolic extracts of the roots. Qayyum et al. (2016) showed vasorelaxation of
rat and rabbit aortas to the methanolic extract of rhizomes. In both studies, the
vasorelaxant effect was shown to be partly mediated by endothelial release of nitric
oxide. Interestingly, Legssyer et al. (2002) showed al-adrenergic receptor-mediated
vasoconstriction of rat aortic rings to an aqueous extract of the aerial parts, thus
suggesting differential vascular bioactivity between different parts of the plant.

Here, we aimed to assess the direct vascular effects of an hydroalcoholic extract
from aerial parts of U. dioica (Carvalho et al. 2017) in ITAs in order to validate previous

findings on its vascular bioactivity.

3.3.3 Material and Methods

Plant material

The aerial parts were provided by “Confraria da Urtiga, Portugal”. The plant
material was collected in Serra da Estrela during the flowering season.

The hydroalcoholic extract of U. dioica was prepared from |10 g of powdered
aerial parts which were macerated in 50% aqueous ethanol (v/v) (200 mL) for 24 h, under
magnetic stirring. Ethanol was removed using a rotatory evaporator, and the extract was
lyophilized and stored at -20°C, as described in (Carvalho et al. 2017). A voucher
specimen (M. Paraiso 02012) has been deposited at the Herbarium of Medicinal and

Aromatic Plants, Faculty of Pharmacy, University of Coimbra.
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HPLC-PDA

The phytochemical characterization of the extract was performed using HPLC
coupled with photodiode array (PDA) detector (Gilson Electronics SA, Villiers le Bel,
France). Data were treated with Unipoint® 2.10 (Gilson, Middleton, WI, USA). The
samples (100 uL) were injected in a Waters® Spherisorb S5 ODS-2 column (250 x 4.6
mm i.d., 5 um), protected with a guard cartridge C18 (30 x 4 mm i.d., 5 pm) (Nucleosil,
Macherey-Nagel, Diiren, Germany) and eluted at a flow rate of ImL/min and 35°C. The
mobile phase consisted of 5% formic acid (v/v) (eluent A) and methanol (eluent B).

The gradients utilized were: 0-10 min (0%-5% B), 10-45 min (5%-80% B), 45-50
min (80%-100% B). The concentration of injected sample was 3 mg/mL and the

chromatographic profiles was recorded at 280 nm.

Vascular activity studies

Vascular tissue preparation was carried out as described previously in section
3.1.2. The effect on basal vascular tone was assessed by CCRCs to the crude extract
(0.002-0.2 mg/mL) and the results were expressed as absolute contraction (in
miliNewton or mN). The vasorelaxant effect was tested with CCRCs after sustained
pre-contraction with noradrenaline (20 uM), as results were expressed as percentage of
the maximum contraction to noradrenaline (%). The modulatory effect on the
noradrenaline-induced contraction was assessed with CCRCs to noradrenaline (0.1 - 48
pM) before and after 30-min pre-incubations with the extract (0.02, 0.2 and 2 mg/mL),
as the results were expressed as the percentage of the maximal contraction in the
control curve, i.e. absence of extract (%E..).

Data were generally expressed as mean + SEM unless specified otherwise, as n
indicates the number of experiments. In assays with extract incubation, potency was
expressed as the negative logarithm of the effective concentration (in mol/L or M) of
noradrenaline able to induce half of the maximum contraction (pEC50, -log [M]), both
in the presence and in the absence of extract. Efficacy was expressed either as %E, .«
(maximal contraction, %) or %R,. (maximal relaxation, %), in incubation and
vasorelaxation assays, respectively.

Statistical analysis was performed using GraphPad Prism 7® (GraphPad Inc., La
Jolla, CA, USA). First, the normality of data was accessed with Shapiro-Wilk test. The
analysis of CCRCs was performed generally by two-way ANOVA with Tukey’s multiple
comparisons test to identify differences in specific concentrations, including maximal

effect (Enax)- Pharmacological parameter of potency (pECs,) was analyzed by unpaired
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one-way ANOVA with Tukey’s multiple comparisons test. P< 0.05 was considered to

indicate a statistically significant difference.

Reagents

All chemicals used for the in vitro pharmacological studies were purchased from
Sigma-Aldrich® (St. Louis, Missouri, USA) and for phytochemical characterization were
purchased from Merck® (Germany) and correspond to the highest grade commercially

available.

3.3.4 Results and discussion

Phenolic profile

The phytochemical profile of U. dioica is presented in Fig lIl.9. Peaks [, 2, 3, 4, 5,7,
8 exhibited the same UV spectra profile with wavelength maxima near 250 and 324 nm
and a shoulder at 298 nm with is characteristic of caffeic or ferulic acid derivatives. These
compounds were tentatively identified in Carvalho et al. (2017), through HPLC-ESI/MS"
as: 3-O-caffeoylquinic acid, caffeoyltartaric acid, hydroxyferulic acid deoxyhexoside, 4-O-
caffeoylquinic acid, 5-O-caffeoylquinic acid, feruloylmalic acid and cis-5-O-caffeoylquinic

acid, respectively.
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Figure I11.9: HPLC-PDA chromatogram of U. dioica aerial parts hydroalcoholic
extract. Chromatogram recorded at 280 nm.
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The UV spectrum profile and wavelength maximum of 310 nm of Peak 6 suggests
a p-coumaric acid derivative. This assumption has been confirmed Carvalho et al. (2017)
through HPLC-ESI/MS" that identified p-coumaroylquinic acid. Finally, peak 9 was
identified as a quercetin derivative due to wavelength maxima at 256 nm, 354 nm (Mabry
1970). Carvalho et al. (2017) also reported a quercetin derivative (quercetin-O-
rutinoside) through HPLC-ESI/MS" identification, even though the structure was not fully

elucidated.

Vascular effects

Regarding the vascular effects, the hydroalcoholic extract of U. dioica induced a
mild increase in basal vascular tone (E,..x = 1.30+£0.77 mN). No vasorelaxant effect was

observed (R..x = -20.69%19.30%, Fig Ill.10D).
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Figure l11.10. Vascular activity of U. dioica hydroalcoholic extract of aerial parts: A,
Cumulative concentration-response curves to noradrenaline (NA) in the absence or presence
of several concentrations of U. dioica extract; B-C, Pharmacological parameters from
concentration-response curves in A, specifically maximal contraction (Em.x, B) and potency
(PECso, C). * p<0.05 vs. control.D, vasorelaxation elicited by U. dioica.
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Table I11.3 Influence of the hydroalcoholic extract of U. dioica on the parameters of
efficacy (%E...x) and potency (pECs,) of the noradrenaline-induced contractile response.

Concentration 96E max PECso n
Control 100.00+0.00 5.48+0.07 25
0.02 mg/mL 103.34+18.19 5.39+0.25 8
0.2 mg/mL 92.19+15.85 5.50+0.20 8

2 mg/mL 71.45+15.50* 5.69+0.26 9

Values presented in mean + SEM and n correspond to the number of experiments (n) performed in
each experimental setting. *p<0.05 vs. control.

Conversely, the higher concentration of extract (2 mg/mL) induced a statistically
significant decrease in the noradrenaline-induced maximal vascular contraction (Eg.x
reduction of 28.55%, P<0.05 vs control, Fig Ill.I0A). No significant changes were
observed in terms of potency (Fig Ill.10 B-C, Table 1l.3). Overall, our results suggest a
modulatory effect on the autonomic regulation of vascular tone.

As mentioned above, Testai et al. (2002) and Qayyum et al. (2016) previously
showed vasorelaxation of aortic rings to aqueous and methanolic extracts of the plant
roots and rhizomes, respectively. However, Legssyer et al. (2002) showed an al-
adrenergic receptor-mediated vasoconstrictor effect for an aqueous extract of the aerial
parts. This differential vascular bioactivity is probably a result from the part of the plant
that was used in extract preparation. In our study, we observed no vasorelaxant effect
and no effects on basal vascular tone with an hydroalcoholic extract of aerial parts, but
rather a modulation of adrenergic vasoconstriction. First, this confirms that the
vasorelaxant properties of U. dioica may be attributable to compounds present in the
ground parts rather than in the aerial parts of the plant. Second, our results confirm the
existence of compounds with affinity to human vascular adrenergic receptors in the
aerial parts of U. dioica, as previously suggested by the findings of Legssyer et al. (2002)
in rat aortic rings.

Interestingly, Vajic et al. (2018) recently showed that chronic dietary
supplementation with U. dioica leaves extract promoted a decrease in systolic and
diastolic blood pressure in spontaneously hypertensive rats, without changes in total
peripheral vascular resistance, suggesting that the anti-hypertensive properties may also
be related to cardiac effects. In fact, Testai et al. (2002) initially showed a negative
inotropic effect in spontaneously beating guinea-pig atria, in addition to a transient
marked hypotensive effect in anaesthetized rats. Furthermore, Legssyer et al. (2002)

showed a decrease in heart rate and a positive inotropic effect, with increased left
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ventricular pressure, in isolated perfused heart preparations. This activity was not
modified by the presence of the muscarinic receptor antagonist atropine or the al-
adrenergic receptor antagonist prazosin. Therefore, the mechanisms behind this cardiac
bioactivity remain to be characterized as well as the compounds responsible.

Of note, a randomized clinical trial has been conducted with the administration
of U. dioica leaves extract (300 mlL/day before breakfast) in subjects with mild
hypertension for |6 weeks, in which systolic and diastolic blood pressure as well as mean
arterial blood pressure were monitored at 4, 8, 12 and 16 weeks (Samaha et al. 2019).
At 16 weeks, a duration-dependent significant reduction was observed in all analyzed
parameters (A systolic blood pressure = -11.89+2.60mmHg, A diastolic blood pressure
= -7.46xl.16mmHg and A mean arterial pressure = -8.94%|.14mmHg), suggesting that
the administration of this extract could represent an effective, safe and promising
phytotherapeutic approach for the treatment of mild hypertension. However, this study
did not attempt the identification of compounds responsible for such activity.

Overall, the compounds responsible for the anti-hypertensive potential of U.
dioica remain unknown, as well as the underlying molecular mechanisms. From a
phytochemical point of view, several compounds have been identified in hydroalcoholic
extracts from aerial parts of U. dioica as well as other Urtica spp. species, namely
hydroxycinnamic acid derivatives and flavonoids (Carvalho et al. 2017). The extract
assayed by our group displayed a high content of phenolic acids and a low content of
quercetin derivatives. As quercetin has been reported in the literature for its
vasorelaxant properties (Roghani et al. 2004), phenolic acids do not seem to exhibit such
properties, which could explain the lack of vasorelaxant effect in our extract. In
exception to Vajic et al. (2018), who reported the presence of chlorogenic acid, 2-O-
caffeoyl malic acid and rutin in their methanolic leaves extract, none of the other
previous reports that assess the vascular or anti-hypertensive activity of U. dioica (Tahri
et al. 2000; Legssyer et al. 2002; Testai et al. 2002; Qayyum et al. 2016) display the
composition of the assayed extract or attempt the identification of compounds that
could be responsible for the observed effects.

Some limitations should be recognized in our study. First, the use of human
arterial tissue may potentiate variability of results due to differences in baseline
characteristics of the patients, which in the majority are hypertensive. Nevertheless, this
may also be an advantage, as it provides a closer translation of the findings to the human,
particularly when considering patients with cardiovascular disease or hypertension.
Second, we did not test the specific role of vascular a,-adrenergic receptors, thus we

are not able to confirm the involvement of these receptors in the modulatory effect that
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we observed. Third, we did not attempt to identify the compounds responsible for the

vascular bioactivity of the hydroalcoholic extract of this plant.

3.4 General discussion

Cardiovascular diseases are the leading cause of mortality and morbidity
worldwide (Novakovic et al. 2017). The use of herbal medicines for the treatment of
cardiovascular diseases has become increasingly relevant (Veluswamy et al. 2016). In this
context, plants contain a large number of phytochemicals that have been proven
beneficial by reducing the risk of various diseases and targeting pathogenic pathways of
cardiovascular diseases (Anwar et al. 2016).

In the first phase of this work, we aimed at screening the vasoactive properties
(contractile effect, modulatory effect on adrenergic contraction and vasorelaxant
properties) of the extracts (A. eupatoria, F. vesca, U. dioica) using ITA as a vascular model,
in addition to the chemical composition of the extract.

The first step employed in our protocol was to verify the reactivity of the ITA’s
rings. For this, we used KCI (60mM), which elicits a vasoconstrictor effect independent
of receptor activation. The vascular smooth muscle tonus is highly dependent on the
membrane potential, which is mainly determined by the activity of K* channels. Hence,
the addition of KCI to the organ bath promotes the increase of the extracellular K* and
as consequence, a decrease of K efflux by the potassium channels from the smooth
muscle cells to the cell membrane could be observed. As a result of this phenomenon,
the intracellular environment becomes less negative and depolarizes, which leads to the
opening of the voltage-sensitive Ca®* channels, present in the smooth muscle cell
membrane, leading to the influx of Ca** and as a result, a contraction occurs. This
contraction increases over time until a plateau is reached (maximum contractility). Only

the rings that demonstrated this behavior were assayed in the experiences (Fig Illl.11).
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Figure lll.11: Type curve of the ITA response to a stimulation of 60 mM KCI. Vertical
scale in grams and horizontal scale in time.

Summarizing, regarding the contractile effects, the infusions of A. eupatoria and U.
dioica induced a mild increase in the basal vascular tone. Both extracts of F. vesca did not
induce any change on basal vessel tone.

Concerning the modulatory effect on adrenergic contraction, although a
potentiation of the noradrenaline maximal contraction was observed for the lower
concentration of A. eupatoria extract, higher concentrations elicited a significant decrease
in noradrenaline contraction, thus confirming the anti-hypertensive potential of this
extract. Regarding F. vesca, only the lowest concentration (0.02 mg/mL) of the infusion
potentiated the noradrenaline-induced contraction. In contrast, the higher
concentration of extract of U. dioica (2 mg/mL) significantly decreased the noradrenaline-
induced maximal contraction. All these results are described in detail in each plant
section.

Finally, regarding the vasorelaxant effects of the three plant species evaluated in
the screening, a statistically significant vasorelaxant effect was only observed with A.
eupatoria infusion, thus showing an interesting source of vasodilator compounds. In Fig

[1.12 and Table 111.4, a pooled analysis of results is displayed.
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Figure Il1.12: Comparison of the maximal relaxation (%Rmax) elicited by the extracts
assayed in this work. *p<0.05 vs. CrE UD, ***p<0.001 vs. CrE UD, ****p<0.0001 vs. CrE UD.
### p<0.001 vs Aq FV, ###p<0.0001 vs Aq FV, °°°p<0.001 vs. HaE FV, °°°° p< 0.0001 vs. HaE FV.
Significance refers to unpaired two-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test. Abbreviations: CrE AE, crude extract (infusion) of A. eupatoria; Aq FV,
infusion of F. vesca; HaE FV, hydroalcoholic extract of F. vesca and CrE UD, crude extract
(hydroalcoholic) of U. dioica.

Table 111.4: Pharmacological parameters from vasorelaxation studies with A. eupatoria,
both extracts of F. vesca and U. dioica.

Extract %R max PEC:so n

A. eupatoria(CrE AE) 82.93+9.96 2.51%0.13 30
F. vesca(HaE FV) 0.01£17.87°°°° - 5

F. vesca (Aq FV) -6.62+ 1 6.52#### -0.66+66.17 9
U. dioica (CrE UD) -20.69119.30%#¥* 0.42+7.05 8

Results presented as mean * SEM and n corresponds to the number of experiments. ****p< 0.0001 vs. CrE
AE, ###p< 0.0001 vs CrE AE, °°°° p<0.0001 vs CrE AE.

Taking into consideration the marked vasoactivity presented by A. eupatoria
infusion, we proceeded our research into testing the involvement of NO and COX
pathways aiming to disclose the possible mechanism underlying the observed activity.

These results will be presented and further discussed in chapter 5.
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Thereafter, utilizing resources of phytochemistry, we proceeded to the
fractioning of this extract. In this next phase, we aimed to determine the compounds
present in the fractions and consequently their mechanism of action. These results
altogether will also be presented in chapter 5.

Proceeding with the aims of this work, the phytochemical screening and
characterization of the extracts was carried out to fully understand the composition of
the extracts and the groups of relevant primary and secondary metabolites in them so
we could hopefully attribute the activity observed with a specific compound.

In terms of composition, our samples of A. eupatoria, F. vesca and U. dioica
corroborate with the literature. For example, for A. eupatoria, several studies have been
conducted on the phytochemical composition (Granica et al. 2015; Santos et al. 2017)
and described a high content of polyphenols such as flavonoids, phenolic acids and
procyanidins derivatives. The class of compounds that our group identified was
consonant with the previous studies that were published (Correia et al. 2006; Santos et
al. 2017).

Regarding the other two plant species presented in this work, F. vesca extracts
presented a combination of phenolic acids, proanthocyanidins and flavonoids in
accordance with (Liberal et al. 2014; Couto et al. 2020).

And finally, U. dioica extract presented a high content of phenolic acids and low
content of quercetin derivatives, consistent with (Carvalho et al. 2017).

Since the vasorelaxant effect of F. vesca and U. dioica are described in literature
and our results did not demonstrate such activity, this phenomenon could be explained
due to many reasons: concentrations utilized in previous assays, ratio of plant and solvent
and the use of human arterial tissue that may potentiate variability of results due to

differences in baseline characteristics of the patients.

58



Chapter 4:
Literature review on

Agrimonia eupatoria L.

Content adapted from:

Malheiros, J. et al. Agrimonia eupatoria L.: An integrative perspective on ethnomedicinal

use, phenolic composition and pharmacological activity. Journal of Ethnopharmacology.
296 (2022) 115498. doi:10.1016/j.jep.2022.1 15498
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4.1 Introduction

Natural products have been used as a source for discovery and development of
drugs in several areas, particularly infectious diseases and oncology (Baker et al. 2007).
To date, this research continues to provide great value for the discovery of novel
chemical structures and bioactive lead molecules for clinical development (Newman and
Cragg 2016). Polyphenols are described in the literature as compounds with great
potential due to their innumerous bioactivities. In fact, this class of compounds has been
extensively researched as a source for the discovery and development of new drugs
(Newman and Cragg 2016).

Agrimonia eupatoria L. (A. eupatoria) is reported for its richness in polyphenols
(Granica et al. 2013; Granica et al. 2015; Santos et al. 2017) and, therefore, could be an
interesting source of bioactive compounds. As described in its European Union herbal
monograph (European Medicines Agency, 2015), this plant is used in traditional medicine
for its anti-inflammatory, astringent and diuretic properties, as well as in treating
diarrhea. However, there is a clear lack of evidence that can corroborate its therapeutic
potential.

In this review, our goal is to provide an overview of the scientific literature on the
phenolic composition and ethnopharmacology of A. eupatoria. First, we will detail the
ethnobotanics of this species, namely its habitat, distribution and botanical features, as
well as its ethnomedicinal uses. Secondly, we will explore the phenolic composition of
A. eupatoria from crude extracts to isolated compounds. Afterwards, we will focus on
the bioactivity and pharmacological activity of extracts and compounds from this plant
species from experimental and clinical studies, taking into consideration the part of the
plant, type of extract and methods of extraction that were used. Also, we will discuss
the mechanistic basis for the utilization of this species in traditional medicine. To the
best of our knowledge, there are two review articles on A. eupatoria (Al-Snafi 2015;
Paluch et al. 2020). As these articles provide an overview of the ethnobotanical and
bioactivity aspects of this plant, our aim is to provide an integrated and focused
perspective on the phenolic composition of this plant species and its correlation with its

therapeutic potential.
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4.1.1 Taxonomy, distribution and botanical description

A. eupatoria (Fig IV.1) is an herbaceous plant, also known as agrimony, classified
in division Magnoliophyta, class Magnoliopsida and belongs to the Rosaceae family and
genus Agrimonia, which includes about 20 species according to The Plant List
(http://www.theplantlist.org/) (Granica et al. 2013; Granica et al. 2015; Lee and Rhee
2016). In terms of geographical distribution, this plant is native in Northern and Central
Europe, temperate Asia and North America (Muruzovi¢ et al. 2016). Moreover, it is
widespread most likely in temperate regions of the northern hemisphere as well as in

Africa (Granica et al. 2013; Granica et al. 2015; Muruzovic¢ et al. 2016).

Figure IV.l. A. eupatoria. Licensed through CC-BY-SA-3.0. Available from URL:
https://commons.wikimedia.org/wiki/File:Agrimonia_eupatoria_002.JPG.

The habitat of A. eupatoria is meadows, pastures and lowlands as well as
mountains up to 1500 m in altitude and it is often found in all types of soil, especially in
clay. Growth can be observed in moist and/or moderate dry soils. This species can be
spotted along slopes, roadsides, and rocky areas. They are also found in dry grasslands
and arid forests (lvanova et al. 201 I b; Muruzovi¢ et al. 2016).

As described by Ivanova et al. (201 Ib), Muruzovic¢ et al. (2016) and Santos et al.
(2017), A. eupatoria has some classic features: it is an erect perennial herbaceous plant,
ranging in height between about 50 cm and 150 ¢cm, with a few branches, and with a
cylindrical hairy stem; the pinnateleaves are leathery, plumose, serrated and covered

with soft hairs; flowers are hermaphrodite with five yellow petals, arranged on
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slender,terminal spikes; the flowering stage occurs from June to September; and the fruit

grows downwards, surrounded by several rows of soft, hook-shaped bristles.

4.1.2 Ethnomedicinal uses

In traditional medicine, A. eupatoria has been extensively used as infusion,
decoction or tincture from aerial parts (i.e. leaves and flowers), mainly for its antioxidant,
anti-inflammatory, astringent, hypotensive and diuretic properties and in gastrointestinal
tract diseases, among other applications (lvanova et al. 201 Ib; Granica et al. 2013;
Granica et al. 2015; Muruzovic et al. 201 6; Santos et al. 2017; Garcia-Oliveira et al. 2020).

According to Granica et al. (2013), traditional use of the infusion of A. eupatoria
mainly includes the administration for the treatment of acute diarrhea and inflammation
of the oral and pharyngeal mucosa. The infusion can also be used in different herbal
combinations, for its anti-inflammatory properties and high content of antioxidants
(Ivanova et al. 201 1b). Moreover, it is externally applied on skin damage as a mild
astringent and anti-inflammatory agent (Granica et al. 2013).

Consistent with this report, Muruzovi¢ et al. (2016) and lvanova et al. (201 1b)
have also reported its ethnomedicinal use in gastrointestinal tract diseases. In fact, A.
eupatoria is an important ingredient of various herbal mixtures that are used as dietary
supplements for treating increased bile production, stones in the bile duct, and
gallbladder and liver pain, and a positive effect on the relief of urinary tract disorders has
also been reported (Muruzovi¢ et al. 2016). In addition, A. eupatoria has also been used
for its diuretic and antidiabetic properties in pulmonary and coronary diseases (Kubinova
et al. 2012; Lee and Rhee 2016; Muruzovi¢ et al. 2016). According to the EMA
assessment report (European Medicines Agency, 2015), the only contraindication
reported is hypersensitivity, to any components present in the extract. No interactions
with other medicinal products were established. Table V.| details the use in traditional

medicine in European countries.

63



‘pauI2ads J0U ‘s/u SUOIIBIARIGQY

(#00?)
Znuor) pue Ja3inQg s/u
(8107) "le 3@ oy sju

(6107) ‘Ie 39 dAzEIWIOY 7/ 91—9 :uoisnjul jo d3ue. UONEIIUIIUOD)

(423eMm pjod qw 00 |-3
01) Aep Jad sossaudwod [eJaAds :snodue3n)

ulw g|—Q| 40} J33eM 3uljioq Jw 0G|
-8g°| uoisnyui ay3 yum 9|34e3 ;jesodonwioaO
uoisnjul
-e3) Jo dnd auo Ajiep sawn 01 7 :jedO

(S107) Aousdy
saupIpa| ueadoung

‘s9lnuiw
01/493em Buljioq jo Jw 0ST ‘(854—¢) suoods
€3] ¢-7 ‘snhoduejnd Jo [esodohwiodQ
AJrep sswin €—g ‘salnuiw G| /491EM
3uijiog o Jw 0ST/(8 §'1) uoods €33 | (e

(5107) Aousdy
saupIpa| ueadoung

(so0t
‘€107) ‘|E 30 BAOUEA|

(8107) e 3@ 0YD s/u

y3nod Suidooypa
Jappe|q pue ASUpD| JO UOIBWIWEUI PUE B3YJJel(]

BaYJJEIq

esodnw [eaduieydolo sy Jo suoneWWEUI “‘BIYJIBIP
9INDE ‘Upjs dY3 UO suopewWWEjUI dYdAdsun Py

suonewwejjul upjs _.m_u_twn_Bm Joujw snoauejn)

xufieyd pue A3iAed [edo ul
SUO[JBWIWE[JU] JOUIW JO JUSWIEJ} 4O} ([BSOINWOIQ

sadueqJNIsIp
[US3IUI0JISES JOUIW U] D11DUS[OYD B SE € pUE
BOYJJEIp d1dadsun pjiw ul 3uaduliISE pjiW € SE [edO

J9AI| pUE s3sEaSIp AJeulin
u1 Juage AlojewWeUI-IUE Dld.ueIpRUE Guadulilse
‘sisojndJ4aqni snoaueind ‘Aueuownd ‘sini8uke| ‘suadin
asodlieA ‘swind Suipasq ‘sploy.LIoWwaYy ‘WISBWN3AYY

s/u Aadjan |
s/u BIGJ9S
uoisnyu| puejod
SARIPPE Yieq Jo ssaudwor)
uoisnjul
ue se uonededaud |eqioH AuewRD)

SARIPPE yieq Jo
9|3.e8 ‘ssaudwod ‘uoisnyul

ue se uonesedaud [eqiaH sligndey Yooz

9|3.e8
Jo ssaudwod se A|eudaixy

uolsnjul se Ajjeuaiy] eled|ng

(s)aduausjoy A8ojosod

(s)uonesipuj

uonezinn Anunop

"94n1e4311| 9Y2 Ul parsodau

pLI0IDGN3 “y JO Sasnh [euoniped] “|°Al @19el

64



4.1.3 Monographs

In the European Pharmacopoeia, only A. eupatoria can be used as source of herbal
material in the genus Agrimonia (Granica et al. 2015), specifically the dried flowering tops,
which is consistent with the EMA report (European Medicines Agency, 2015). However,
the German Commission E Pharmacopoeia monograph (Wichtl, 2004) considers the use of
dried, above-ground parts of both A. eupatoria and/or Agrimonia procera Wallr. as valid
sources of Agrimonia (Granica et al. 2015).Moreover, EMA also describes the principal
constituents of the herbal substance, preparations and a summary of pharmacopeias and
standard reference publications with monographs of agrimony herb.

The European Union herbal monograph on Agrimonia eupatoria L. Herba
(European Medicines Agency, 2015) describes the traditional uses in herbal preparations

and posology (for adolescents, adults and the elderly) and method of administration.

4.1.4 Methodology of research

The literature explored in this review was retrieved from several bibliographic
sources, namely PubMed (https://www.ncbi.nlm.nih.gov/pubmed/), ScienceDirect
(https://www.sciencedirect.com/) and Google Scholar (https://scholar.google.pt/). This
article reviewed literature published from the first report on A. eupatoria by Bilia et al.
(1993) until 2021. As can be seen in Table IV.2, A. eupatoria is not a plant which is often
described in previous literature. Furthermore, a marked heterogeneity was observed
regarding several methodological aspects, particularly the plant material used and the

extraction method, which will be further discussed in the following section.

4.2 Phenolic composition

A number of phytochemicals have been identified in herbal preparations of A.
eupatoria, as polyphenolic compounds have been reported as the major constituents,

including phenolic acids, flavonoids, tannins, procyanidins and coumarins (Granica et al.
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2013; Granica et al. 2015). Other constituents have been identified in A. eupatoria, namely
terpenoids, steroids and saponins (Tomlinson et al. 2003; Granica et al. 2013; Muruzovic¢
et al. 2016; Ginovyan et al. 2020). As these constituents are less commonly reported in
the literature, we focused on phenolic compounds in our review. In this context, several
studies have quantified the major groups of these secondary metabolites — i.e. phenols
(Ivanova et al. 2005; Correia et al. 2006; Kubinova et al. 2016; Muruzovic¢ et al. 2016),
flavonoid (Correia et al. 2006; Kubinova et al. 2012; Kubinova et al. 2016; Muruzovic et
al. 2016), tannins (Muruzovic¢ et al. 2016) and proanthocyanidins (Muruzovic¢ et al. 201 6)—
according to different extraction methods using the aerial parts (in the flowering stage
or not), seeds and stems, as presented in Table IV.2. Moreover, Muruzovic et al. (2016)
compared four types of extract of the aerial parts (in the flowering stage) and showed
that the acetone extract exhibited the highest concentration of these compounds, as the
ethanolic and aqueous extracts exhibited about half of those and the diethyl ether
extract the lowest concentrations. Interestingly, Kubinova et al. (2012) compared
several Agrimonia species and showed that the A. eupatoria had the highest flavonoid

content among the methanolic extracts.
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Quercetin glycoside derivatives were identified in all extracts with the exception
of Bilia et al. (1993) and Venskutonis et al. (2008), regardless of the solvent that was
used (water, methanol, ethanol, acetone, n-hexane and dichloromethane). Kaempferol
glycoside derivatives were reported in different types of extract, i.e. aqueous, ethanolic
and methanolic. Even though Bilia et al. (1993) reported kaempferol derivatives in a
methanolic extract, Venskutonis et al. (2008), Kubinova et al. (2012) and Tomlinson et
al. (2003) did not.

Phenolic acids were identified mostly in aqueous extracts (Correia et al. 2006;
Granica et al. 2013; Granica et al. 2015; Kuczmannova et al. 2015; Santos et al. 2017)
but also in the methanolic extract (Pukalskiené et al. 2018). Concerning the tannins,
these compounds were reported only in aqueous extracts (Correia et al. 2006; Granica
et al. 2013; Granica et al. 2015; Santos et al. 2017; Pukalskiené et al. 2018).

As previously mentioned, a high degree of heterogeneity has been observed in
previous studies on the phytochemistry of A. eupatoria in terms of methods, e.g. ratio of
solvent/plant, time of extraction, gradients in HPLC analysis (Table IV.2 and IV.3). That
heterogeneity can influence the composition of the extract thus influencing the findings
in bioactivity assays, as further discussed below. As the polyphenolic content of the
extract may differ according to the methodologic conditions of extraction (Granica et
al. 2015), this section explores the phenolic composition of this plant species by including
all types of extraction methods and the methodology utilized in the characterization of

the extracts.
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In Table IV.4, we present the phenolic compounds that have been reported in A.
eupatoria parts and the methodology of extraction, characterization and the
identification. A. eupatoria is rich in phenolic acids, flavonoids and tannins. Several of these
compounds have been identified by spectral profile analysis rather than comparison with
commercial standards (e.g. quercetin and kaempferol derivatives). Full identification is
yet to be carried out, which must be complemented by mass spectrometry for complete
characterization. Taking into consideration all types of extract and plant parts, the
following compounds found more often: astragalin, cynaroside, hyperoside,

isoquercitrin, isovitexin, rutin, catechin, procyanidin B3 and agrimoniin.

4.2.1 Simple phenolics

Phenolic acids

Bae et al. (2010), Granica et al. (2015), Santos et al. (2017) all using aqueous
extracts and Pukalskiené et al. (2018) with a methanolic extract reported the presence
of ellagic acid (1).Bae et al. (2010) and Pukalskiené et al. (2018) confirmed this compound
utilizing the HPLC-DAD technique and UPLC-MS?, respectively.

Hydroxibenzoic acids

Using UPLC-MS?, Pukalskiené et al. (2018) assayed a methanolic extract from the
whole plant in the blooming stage and reported a gallic acid (2) and carried out a
comparison with commercial standard. Correia et al. (2006) reported protocatechuic
acid (3) in an ethyl acetate fraction of aerial parts that was assayed by HPLC-DAD-MS.

However, this compound was not fully characterized.

Hydroxycinnamic acids

Kuczmannova et al. (2015) using an aqueous extract of aerial parts, in addition to
Correia et al. (2006) and Santos et al. (2017), who assayed an ethyl acetate fraction by
HPLC-DAD-MS?, reported p-coumaric acid (4). Kuczmannova et al. (2015) and Santos
et al. (2017) confirmed this compound with a commercial standard.

Derivatives of caffeic acid (5-6) were also reported in aqueous and methanolic

extracts. However, only caffeoyl theronic acid was confirmed by Pukalskiené et al. (2018)
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with a commercial standard in the methanolic extract of the whole plant in the blooming
stage using ULPC -MS?,

Regarding p-coumaric derivatives that are conjugated with quinic acid and
isomers (7-11), these compounds were reported both in aqueous and methanolic
extracts. However, only three authors confirmed the structures: Kuczmannova et al.
(2015) utilized commercial standards to confirm 5-O-caffeoylquinic acid (9), also known
as chlorogenic acid. This compound was also compared to a commercial standard by
Granica et al. (2015). Both studies assayed an aqueous extract and used HPLC-DAD-
MS. Pukalskiené et al. (2018) also reported chlorogenic acid in the methanolic extract
that was verified by comparison with a commercial standard, using ULPC-MS”. The
compound 3-0-p-caffeoylquinic acid (1 1), was reported in an aqueous extract of aerial
parts by HPLC-DAD-MS3.

All structures of the identified phenolic acids are displayed in Figure IV.2.
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4.2.2 Flavonoids

This class of coumpounds (Figure 1V.3) was reported in all extracts that are

reported in Table IV.4. The aqueous extracts from aerial parts generally showed a varied

composition of kaempferol, quercetin, apigenin and luteolin derivatives.
A

R Number R, R, R, R,
12 C-glucoside OH H H
OH 13 H O-glucoside H H
Rs 14 H O-glucoronide H H
R, o 15 H H C-glucoside H
16 H O-f-D- H OH
glucopyranoside
17 H O-p-D- H OH
R; glucoronide
18 H O-glucuronide H OH
OH o 19 H O- glucoside H OH
OH
OH
20
HO (o]
OH
OH
Number R, R, R; R,
21 rhamnoglucoside OH OH OH
22 galactoside OH OH OH
23 rhamnoside OH OH OH
24 glucoside OH OH OH
25 H O-rhaminoside OH OH
26 H OH O-p-D- OH
glucopyranoside
27 67'-0- galloyl-3-3-O-glucoside OH OH OH
28 H OH H CH;
29 Rhaminoside OH H CH;
30 H OH H OH
31 Rhaminoside OH H OH
32 Rutinoside OH H OH
33 glucoside OH H OH
34 £-D~(27-0-acetyl)glucopyranoside OH H OH
35 f-D (27°-0- acetyl”” —I)-p-coumaroyl- OH H OH
glucopyranoside (27 -acetyl-tiliroside)
36 3-0-(6"-0O-p-coumaroyl)-glucoside OH H OH

Figure IV.3. Flavonoids reported in A. eupatoria: flavones (A, compounds 12—19), flavanol
catechin (20) and flavonols (B, compounds 21-36).
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Flavones

Apigenin derivatives (12-15) were identified in several reports with the
exception of Bilia et al. (1993) and Tomlinson et al. (2003).

Kubinova et al. (2012) assayed both aqueous and methanolic extracts from aerial
parts in the blooming stage and analyzed their composition by HPLC-DAD. Using
commercial standards, the authors confirmed the presence of isovitexin (12) and
apigenin-7-O-glucoside (13). Isovitexin, a recurrent compound, was confirmed in
multiple extracts through comparison with commercial standard, namely the aqueous
extract of aerial parts (Granica et al. 2013; Granica et al. 2015) and the ethyl acetate
fraction also from aerial parts (Correia et al. 2006; Santos et al. 2017). All these studies
used the HPLC-DAD-MS technique.

In the matter of apigenin-7-O-glucoside (apigetrin, 13), this compound was also
identified by HPLC-DAD-MS using commercial standards in other studies, using aqueous
extract (Granica et al. 2015) and ethyl acetate fraction (Santos et al. 2017). Apigenin-7-
O-glucuronide (14) is also mentioned in four reports: Lee et al. (2010), which analyzed
the methanolic extract of stems by HPLC UV/MS and reported this compound by
confirming data in the literature, Granica et al. (2013) that isolated this compound, and
Granica et al. (2015) and Kuczmannova et al. (2015) that confirmed this compound using
commercial standards. The latter three reports (Granica et al. 2013; Granica et al. 2015;
Kuczmannova et al. 2015) used HPLC-DAD-MS.

Other apigenin derivatives were also mentioned, including apigenin-O-hexoside
and apigenin-O-hexunoride, which were confirmed by Pukalskiené et al. (2018) by
comparing with data in the literature, and vitexin (15), confirmed with commercial
standard by Granica et al. (2015).

Concerning luteolin derivatives (16=19), these were identified in several studies
(Venskutonis et al. 2008; Lee et al. 2010; Granica et al. 2013; Granica et al. 2015;
Kuczmannova et al. 2015; Santos et al. 2017; Pukalskiené et al. 2018). Lee et al.
(2010)reported the presence of luteolin-7-0-8-D-glucopyranoside (16) and luteolin-7-
0-8-D-glucoronide (17) in the methanolic extract of stems. The method of
charactezation was HPLC-UV-MS and 'H and “C NMR.

Luteolin-7-O-glucoronide (18) is the most recurrent compound. This compound
was isolated by Granica et al. (2013) and confirmed by commercial standards by Granica

et al. (2015) and Kuczmannova et al. (2015). These three reports had in common the
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type of extract (aqueous) and the technique for the analysis of the extract (HPLC-DAD-
MS). Pukalskiené et al. (2018) also identified this compound in the methanolic extract
from the whole plant in the blooming stage, using UPLC-MS?, comparing with data in the
literature and by parent ion mass using free chemical databases. The second most
reccuring compound is cynaroside (19), which was confirmed in the aqueous extract

from aerial parts by (Granica et al. 2013, 2015).

Flavanols

Five studies reported the presence of catechin (20), which was identified by
HPLC-DAD-MS?, both in the aqueous extract of aerial parts (Granica et al. 2013; Granica
et al. 2015; Kuczmannova et al. 2015) and in the ethyl acetate fraction from aerial parts
(Correia et al. 2006; Santos et al. 2017). These articles report in common the
identification of the compound structure through comparison with chemical standards,

with the exception of Correia et al. (2006).

Flavonols

Quercetin derivatives (21-27) were generally identified except in the report by
Bilia et al. (1993).

Rutin (21) was a recurrent compound in the compositon of both aqueous
(Granica et al. 2013; Granica et al. 2015; Kuczmannova et al. 2015) and methanolic
(Kubinova et al. 2012; Pukalskiené et al. 2018) extracts. All these studies used
commercial standards for the identification of this compound.

Hyperoside (22) was also identified in multiple extracts and confirmed with
commercial standards by the following authors: Correia et al. (2006) with an ethyl
acetate fraction from aerial parts, Kubinova et al. (2012) with a methanolic extract from
aerial parts in the blooming stage, Granica et al. (2013) and (2015) with an aqueous
extract from aerial parts and Pukalskiené et al. (2018) with a methanolic extract from
the whole plant in the blooming stage using UPLC-MS?.

In a methanolic extract from seeds, Tomlinson et al. (2003) confirmed two
compounds: quercetrin (23) and quercetin-3”-O-B-D-glucopyranoside (26) by NMR.
Quercetrin was also identified by (Granica et al. 2013, 2015) by comparison with

commercial standards.
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Five articles reported the use of HPLC-DAD-MS’: Granica et al. (2013) and
(2015) and Kuczmannova et al. (2015), with an aqueous extract of aerial parts, and
Correia et al. (2006) and Santos et al. (2017), which assayed an ethyl acetate fraction. In
addition, one article reported the utilization of HPLC-DAD in a methanolic extract of
aerial parts in the flowering stage (Kubinova et al. 2012). These articles report in
common the identification of isoquercitrin (24), through comparison with chemical
standards. Lee et al. (2010) also reported these compounds by analysis with HPLC
UV/MS and the identification was carried out with data in the literature.

Other compounds were also identified by comparisons with chemical standards:
quercetin-7-O-rhamnoside (25) from an aqueous extract by HPLC-DAD-MS
(Kuczmannova et al. 2015) and quercetin-6"-0O-galloyl-3-3-O-glucoside (27) from an
aqueous extract from aerial parts also by HPLC-DAD-MS (Granica et al. 2015).

Considering all those studies, it is notable that kaempferol derivatives (28-36)
were identified in the methanolic extract of stems (Lee et al. 2010) but not in methanolic
extracts of aerial parts (Bilia et al. 1993; Venskutonis et al. 2008; Kubinova et al. 2012).

Bilia et al. (1993) identifed kaempferide and derivatives (28-29) in a methanolic
extract of aerial parts by NMR. In the same report, kaempferol (30) and derivatives
kaempferol-3-rhaminoside (3 1) and kaempferol-3-rutinoside (32) were also identified.
Also using NMR in a methanolic extract from stems, Lee et al. (2010) confirmed the
presence of kaempferol-3-0-B-D-(2”-O-acetyl-6"-(E)-p-coumaroyl)-glucopyranoside (2”-
acetyl-tiliroside) (35).

Several authors reported the presence of astragalin (33) in extracts from aerial
parts, through confirmation with commercial standards (Correia et al. 2006; Granica et
al. 2013; Granica et al. 2015; Santos et al. 2017).

Other compounds that were confirmed include: kaempferol-3-O-8-D-(2”-O-
acetyl)glucopyranoside (34) by Lee et al. (2010)and kaempferol-3-O-(6"-O-p-
coumaroyl)-glucoside (36) by Correia et al. (2006).

Other quercetin and kaempferol derivatives were reported (summarized in Table

IV.4) but the full characterization was not completed.
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4.2.3 Tannins

Condensed tannins

Proanthocyanidins

Several procyanidins such as procyanidins BI, B2, B3, B6, B7, Cl, C2 (38-44)
and EEC have been identified, as presented in Table IV.4 and Figure IV.4, particularly in
the ethyl acetate fraction from the leaves of A. eupatoria. Nevertheless, only procyanidins
Bl, B2 and B3 were compared with commercial standards while B6 and B7 were
characterized by elution characteristics by Correia et al. (2006).

Correia et al. (2006) also used HPLC/DMACA (p-
dimethylaminocinnamaldehyde) for the characterization of tannins and were able to
confirm the presence of procyanidin BI, B2 and B3. Procyanidn B3 was also confirmed

by (Granica et al. 2013; 2015).

Hydrolyzable tannins

Granica et al. (2013) were able to isolate agrimoniin (37) from the plant material
that was assayed in their report.

Pedunculagin (45) was idenfied based in the UPLC-MS? results and previous
literature and databases by Pukalskiené et al. (2018) on a methanolic extract of the whole

plant in the blooming stage (Figure IV.4).
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4.3 Biological and Pharmacological Activity

According to the data collected with the phytochemical screening and assays, it
is evident that this plant material contains significant amounts polyphenolic compounds
which are represented by a wide variety of compounds and which should be considered
as potentially bioactive constituents of A. eupatoria.

In Table IV.5, we summarized methodologic details of studies that characterized
the antioxidant activity of A. eupatoria. Moreover, in Table V.6 we summarized the

methodologic details of studies assessing pharmacologic activity of this plant species.

4.3.1 Antioxidant activity

Radical and oxidant species scavenging activity

The antioxidant potential of extracts of A. eupatoria has been explored in several
studies, with methods that assess the scavenging activity being the most used (Table
IV.5).

Over the years, most studies have used methods based on synthetic radicals,
namely DPPH (2,2-diphenyl-I-picrylhydrazyl), ABTS (2,2'-azinobis(3-
ethylbenzothiazoline-6-sulfonic) acid) radical decolorization assay and ferric reducing
antioxidant power assay (FRAP) (Copland et al. 2003; Ivanova et al. 2005; Correia et al.
2006; Venskutonis et al. 2007; Giao et al. 2009; Pukalskiené et al. 2018).

The antioxidant potential was also confirmed through cell-based assays,
specifically hydroxyl radical (Correia et al. 2007; Kubinova et al. 2016; Santos et al. 2017)
and superoxide anion (Correia et al. 2007; Santos et al. 2017) scavenging assays.
Furthermore, Correia et al. (2007) also performed peroxyl radical, peroxynitrite,
hydrogen peroxide and hypochlorous acid scavenging assays and showed that the
polyphenol-enriched fraction (ethyl acetate fraction) was more efficient in comparison
with the hydroalcoholic extract, thus suggesting that the anti-inflammatory activity of A.
eupatoria may result from the significant scavenging activity of reactive species by

polyphenols.
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Reducing power and lipid peroxidation inhibition

In addition to scavenging activity assays, reducing power assays which evaluate
the electron-donating ability were also used by Muruzovi¢ et al. (2016), who showed
that extracts from the aerial parts (in the flowering stage) of A. eupatoria exhibited a
moderate reducing power, compared to the control (ascorbic acid). Furthermore, the
authors found that this activity depended on the concentration and varied according to
the extract, as the acetone extract was the most active (absorbance from 0.25 to 2.27),
followed by the ethanolic (absorbance from 0.09 to 1.62), the aqueous (absorbance from
0.12 to 0.95) and then the diethyl ether (absorbance from 0.05 to 0.51) extracts, in
concentrations in the range 7.8-250 pg/mL. Furthermore, the authors found a linear
correlation between the phenolic compound content (total phenolic, flavonoids, tannins
and proanthocyanidins) and the reducing power.

In addition to the evidence on the ability to scavenge peroxyl radicals (Correia
et al. 2007; Kubinova et al. 2016), Correia et al. (2006) has evaluated lipid peroxidation
inhibition using the thiobarbituric acid reactive substances (TBARS) method and showed
a lower IPs, (ug freeze-dried samples required to inhibit 50% of the induced lipid
peroxidation) for the ethyl acetate fraction compared to the hydroalcoholic extract

(2.12 pg vs 15.08 pg, respectively).

Other assays
The ability of the extract of A. eupatoria to induce the endogenous antioxidant

system has also been shown in experimental models of metabolic syndrome (Kiselova
201 1) and in oxidant-challenged 3T3-LI pre-adipocyte cells (lvanova et al. 201 la). In
both studies, an anti-inflammatory effect on lipopolysaccharide-induced nitric oxide
(NO) and proinflammatory cytokines production was also described, which will be
discussed further below.

In addition to the ABTS assay, Kuczmannova et al. (2015), who assayed an
aqueous extract of A. eupatoria, also conducted assays on catalase (CAT), superoxide
dismutase (SOD) and glutathione peroxidase (GPx) in the human monocytic cell line
THP-1 as well as on oxidative damage of plasmid DNA. Moreover, the extract was also
assayed in vivo using the skin flap viability model, followed by the analysis of survived area
on the skin flap and histological examination. The results suggested that the extract was

able to protect cells from oxidative damage, acting as a hydroxyl radical scavenger.
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4.3.2 Antimicrobial activity

Several studies have shown an antimicrobial activity with different A. eupatoria
extracts, including antibacterial (Copland et al. 2003; Muruzovic¢ et al. 2016; Cardoso et
al. 2018), antifungal (Muruzovic¢ et al. 2016), antibiofilm (Muruzovi¢ et al. 2016) antiviral
(Kwon et al. 2005).

Antibacterial

Regarding the bacteriostatic activity, Copland et al. (2003) assayed crude seed
extracts of A. eupatoria using 96-well microplate-based broth dilution assay and showed
that among the tested extracts, the n-hexane extract showed inhibitory effect (minimum
inhibitory concentration or MIC of 0.75mg/mL) on Bacillus cereus and Bacillus subtilis.
Moreover, the authors also assayed four Sep-Pak fractions eluted with 30, 60, 80 and
100% methanol with the same strains. The 30% methanol fraction inhibited Bacillus subtilis
with a MIC of 0.50 mg/mL and Staphylococcus aureus with a MIC of 0.75 mg/mL. The 60%
methanol fraction inhibited Bacillus cereus, Escherichia coli and Staphylococcus aureus with
a MIC of 0.50, 0.38 and 0.38 mg/mL respectively. Moreover, the 80% methanol fraction
inhibited Bacillus cereus, Bacillus subtilis and Staphylococcus aureus with a MIC of 0.38, 0.50
and 0.38 mg/mL, respectively.

Dulger and Gonuz (2004) prepared a methanolic extract of mature plants and
their parts and assayed the antimicrobial activity with an antibiogram which included nine
species (Table IV.6). Although the extract showed great activity with all species having
8—-16 mm of zone of inhibition, a higher susceptibility was observed for Staphylococcus
aureus in comparison to standard antimicrobials: penicillin, ampicillin, cefotaxime,
vancomycin, ofloxacin, tetracycline and nystatin.

Cwikla et al. (2010) tested an ethanolic extract of A. eupatoria in vitro for its
activity against Helicobacter pylori through the micro-dilution assay and showed an anti-
Helicobacter pylori effect of 97+5% of inhibition. Recently, Cardoso et al. (2018)
confirmed this finding with a hydroalcoholic extract of leaves and stems by showing a
bacteriostatic activity against Helicobacter pylori independently of the pattern of virulence
and susceptibility for the two highest concentrations of extract, 50 and 75 mg/mL.

An antimicrobial effect against Campylobacter jejuni has also been investigated,

even though the results were not consistent. On one hand, Cwikla et al. (2010) showed
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a 96130% of inhibition with the crude extract of A. eupatoria. On the other hand, Bensch
et al. (201 1) showed no antibacterial activity against this species.

In a study with 18 bacterial strains (including probiotic strains, standard strains
and clinical isolates), Muruzovi¢ et al. (2016) compared four types of extracts of the
aerial parts in the flowering station (ethanolic, diethyl ether, aqueous and acetone) with
ampicillin (a B-lactam antibiotic that targets G* species and some G  bacteria) and
tetracycline (a broad-spectrum antibiotic effective against aerobic and anaerobic G* and
G’ bacteria). The intensity of the antibacterial activity depended on the type of extract
(acetone > aqueous > ethanolic > diethyl ether) and bacterial species (a stronger activity
was detected on G* bacteria and probiotics in comparison with G bacteria).
Furthermore, Escherichia coli, Salmonella enterica and Salmonella typhimurium showed
resistance to the extracts (> 20 mg/mL), whereas Enterococcus faecalis showed resistance
to all extracts except for the acetone extract (10 mg/mL MIC and MMC). Muruzovic¢ et
al. (2016) also showed an inhibitory effect of the acetone extract on Bacillus cereus and
Bacillus subtilis (MIC of 0.315 mg/mL), which confirms previous findings from Copland et
al. (2003) with the n-hexane seed extract (MIC of 0.75 mg/mL).

Komiazyk et al. (2019) assayed the antibacterial activity against the cholera toxin
with a microdilution assay. A modest bacteriostatic activity was found, but A. eupatoria
extract suppressed the binding of subunit B of cholera toxin to the surface of the cell
and immobilized ganglioside GM,

According to Correia et al. (2006) and Cardoso et al. (2018) the antibacterial
activity may be explained by the high polyphenolic content. An attempt to identify the
specific compounds has been carried out by Ginovyan et al. (2020), who suggested that
complex compounds may be responsible for this bioactivity. Interestingly, kaempferol
and its glycosides, which have been identified in A. eupatoria (Bilia et al. 1993; Correia et
al. 2006; Lee et al. 2010; Granica et al. 2013; Granica et al. 2015; Santos et al. 2017;
Pukalskiené et al. 2018), display antibacterial activity and may act synergistically with
antibiotics such as rifampicin, vancomycin, methicillin, erythromycin and clindamycin
against antibiotic-resistant bacteria, such as Staphylococcus aureus, Staphylococcus
epidermidis, Pseudomonas aeruginosa, Enterococcus faecalis, Enterobacter cloacae, Escherichia
coli, Klebsiella pneumoniae, Mycobacterium tuberculosis, Acinetobacter baumannii, Bacilus
subtilis, Porphyromonas gingivalis, Prevotella intermedia, Helicobacter pylori, Clostridium

perfringens, Vibrio cholerae and Propionibacterium acnes (Calderon-Montano et al. 201 1).
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Moreover, p-coumaric acid may also play a role, as this compound exhibits slight

antimicrobial activity against some species of G"and G bacteria (Pei et al. 2016).

Antifungal
Regarding antifungal activity, the acetone extract of aerial parts in the flowering

stage (tested in the range of 0.156 mg/mL to 20 mg/mL) displayed the highest activity in
comparison with other extracts (i.e. aqueous, ethanolic, diethyl ether). As a low
sensitivity was evidenced by the examined fungal species (Table 1V.6), higher activity was
observed on yeasts compared to filamentous fungi (Muruzovic¢ et al. 2016).

These findings on antifungal activity confirmed previous findings from Dulger and
Gonuz (2004), who assayed a methanolic extract of the mature plants and its parts
against three fungal species: Candida albicans, Rhodotorula rubra and Kluyveromyces fragilis.
The extract showed activity against the three species, displaying an inhibition zone of
10—14 mm.

Of note, both reports assayed a particular species of fungi: Candida albicans. While
Muruzovic et al. (2016) showed no activity, Dulger and Gonuz (2004) showed a potential
effect. The difference in results can be attributed to the doses that were used (0.156—
20 mg/mL vs 200 mg/mL, respectively) but also to the solvents and parts of the plants

used to extract the compounds of the plant.

Antibiofilm

As shown by Muruzovi¢ et al. (2016), the extract of aerial parts of A. eupatoria
inhibited biofilm formation, as the acetone extract showed higher activity compared of
Proteus mirabilis (the concentration required to reduce biofilm coverage by 50% or BICs,
of 4.32 mg/mL) and Pseudomonas aeruginosa (BICs, of 4.47 mg/mL) compared to the
aqueous extract, similarly to the antibacterial and antifungal activity that was discussed

above.

Antiviral

The antiviral activity of an infusion of aerial parts of A. eupatoria against hepatitis
B virus (HBV) has been tested by measuring the inhibition of HBV surface antigen
(HbsAg) release in HepG2.2.15 cells in a range of concentration of 44—132 pg/mL (Kwon

et al. 2005). In this study, the authors reported an inhibition of HBsAg release, which
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varied according to the growing season (highest in mid-July) and was higher at a

temperature of extract preparation of 60°C (compared to 37°C, 45°C or 55°C).

4.3.3 Antidiabetic activity

One of the major ethnomedicinal applications of A. eupatoria is its use as
antidiabetic. This is supported by several studies using a variety of assays that measure
multiple parameters, from glucose formation and absorption, to insulin secretion and
also diabetes-related complications.

In regard to glucose formation and absorption, inhibitors of a-glucosidase
(enzyme involved in the breakdown of oligo- and polysaccharides into glucose) have
been developed as oral antihyperglycemic drugs aiming at decreasing postprandial
hyperglycemia (Hedrington and Davis 2019). In fact, aqueous and methanolic extracts of
A. eupatoria have been shown to inhibit a-glucosidase activity (Kubinova et al. 2012;
Kuczmannova et al. 2016). Among extracts from five Agrimonia species, Kubinova et al.
(2012) showed that the methanolic extract of A. eupatoria displays the highest inhibition
of a-glucosidase, 94.2+1.7%. An inhibition of a-glucosidase activity (ICs, of 46.31+8.76
pg/mL) has also been demonstrated by Kuczmannova et al. (2016), who also showed
that an aqueous extract of A. eupatoria elicited an inhibition of advanced glycation end-
products (AGEs) formation (ICs, of 156.48+70.75 pg/mL). Also, A. eupatoria has been
shown to decrease glucose diffusion across the gastrointestinal tract in vitro by more
than 50% (Gallagher et al. 2003).

Using streptozotocin-induced diabetes mellitus rat models, studies have shown
that a decoction of A. eupatoria leaves reduces diabetes-associated weight loss, polydipsia
and hyperphagia (Swanston-Flatt et al. 1990; Gray and Flatt 1998). Moreover, Gray and
Flatt (1998) also showed that the aqueous extract of A. eupatoria may display an “insulin-
like” activity through three main mechanisms, i.e. glucose oxidation, stimulation of 2-
deoxy-glucose transport and incorporation of glucose into glycogen, as well as promote
glucose-independent insulin secretion in BRIN-BDI| pancreatic B8-cells in vitro.
Interestingly, the ability to evoke insulin secretion was dependent on the use of heat
during extraction (Gray and Flatt 1998).

In contrast, Kuczmannova et al. (2016) showed that the daily administration of A.

eupatoria infusion of aerial parts did not elicit an anti-hyperglycemic effect, as no
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significant effect was observed on serum glucose levels and body weight. However, the
authors attributed these findings to a lower concentration of infusion (0.2 mg/mL).

Two aqueous extracts (a decoction and an infusion, respectively) of aerial parts
from A. eupatoria have also been investigated for their anticholinesterase activity
(Kubinova et al. 2016; Kuczmannova et al. 2016), as acetylcholinesterase (AChE) and
butyrylcholinesterase (BuChE) inhibitors can be useful in early-onset type 2 diabetes
mellitus (Rao et al. 2007). Of note is that such activity may also hold potential in the
dementia phase of Alzheimer’s disease (Shah et al. 2017; Dos Santos et al. 2018).
Kubinova et al. (2016) showed that extracts of A. eupatoria inhibited AChE and BuChE
activity at a concentration of 100 pg/mL, even though to a lesser extent compared to
galantamine control (AChE inhibitor in clinical use). The modulation of BuChE activity
by an infusion of aerial parts of A. eupatoria has also been tested by Kuczmannova et al.
(2016), who showed that the animals treated with plant extracts displayed higher BuChE
activity compared to untreated diabetic animals and even lower compared to healthy
(control) animals.

In general, these findings support an antidiabetic activity of A. eupatoria. So far,
the specific compounds responsible for this activity are unknown, even though the

contribution of flavonoids has been suggested (Kubinova et al. 2012).

4.3.4 Anti-tumor activity

The anti-tumor activity has been evaluated by Ad’hiah et al. (2013) using two cell
lines: human cervical cancer (Hela) and rhabdomyosarcoma (RD cell line). A primary
cell culture of mouse embryo fibroblasts (MEF) was also used as control. The methanolic
and aqueous extracts showed anti-tumor properties in a concentration-dependent
manner, even though the methanolic extract displayed better activity in terms of
percentage of growth inhibition compared to the aqueous extract in the three
incubations periods (24, 48 and 72 h). A lower level of activity was found in MEF cells.
Concerning the concentrations, 96.0 pug/ml of the extract was the most effective in

producing a percentage of growth inhibition.
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4.3.5 Vascular activity

The vascular activity of the aqueous extract of aerial parts has been studied by
Kuczmannova et al. (2016), who showed improved acetylcholine-induced vasorelaxation
in isolated aortic rings from diabetic animals treated with A. eupatoria, compared with
untreated diabetic animals but not with healthy controls. Furthermore, it was suggested
that the high content of polyphenols plays a role in this activity.

Whether the improved vasorelaxation to acetylcholine was related to the
antidiabetic effects of A. eupatoria or related to a direct effect on the vasculature remains
to be confirmed. As the compounds responsible for the vascular effects of this plant
species are still not known, several compounds found in A. eupatoria (either isolated from
other plant species or as standards) have been reported as exerting direct vascular
effects.

For instance, (-)-epicatechin has been shown to elicit endothelium-dependent
vasorelaxation of rat mesenteric arteries (Huang et al. 1999), primarily through NO and
partially by NO-dependent activation of iberiotoxin-sensitive K* channels, in addition to
endothelium-independent vasorelaxation. In human internal mammary arteries, (-)-
epicatechin elicits a strong endothelium-independent vasorelaxation which may be
mediated by smooth muscle Ky, BKc, and Karp channels (Novakovic et al. 2015).
Moreover, this compound could inhibit the influx of extracellular Ca** and interfere with
intracellular Ca** release and uptake to the sarcoplasmic reticulum (Novakovic et al.
2015).

Procyanidins have also been reported as eliciting endothelium-dependent
vasorelaxation, namely procyanidin B2 (Novakovic et al. 2017) on human internal
mammary arteries (mediated primarily by NO production and partially by prostacyclin
and K* channels) and procyanidin C| (Byun et al. 2014) on rat aortas (mediated by NO
production and partially by K* channel activation).

Vitexin and isovitexin have been reported to elicit several protective effects in
the cardiovascular system (He et al. 2016). In the vasculature, vitexin elicited
vasorelaxation following phorbol ester-induced vascular contraction (but not
thromboxane A2 or fluoride-induced contraction), through MEK inhibition and

subsequent ERK /2 phosphorylation (Je et al. 2014).
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4.3.6 Antinociceptive activity

Previous studies have tested the antinociceptive potential of A. eupatoria extracts.
Lee and Rhee (2016) evaluated the anti-nociceptive effect of a hydroalcoholic extract of
the aerial parts of A. eupatoria (200 mg/kg) on a cisplatin-induced neuropathic pain rat
model, using pin prick, plantar, paw-pressure and chemical tests. Compared to
gabapentin (positive control), the extract of A. eupatoria elicited a lower paw withdrawal
duration time and threshold in mechanical hyperalgesia tests. Also, the extract displayed
a higher potential to prevent thermal hyperalgesia and to repair neuropathic pain due to
cisplatin.

Santos et al. (2017) showed no analgesic activity for the extract in the hot plate
test (which evaluates central analgesia). However, the authors found an inhibition of
acetic acid-induced abdominal writhing (test of peripheral analgesia) for both the infusion
and the ethyl acetate fraction. Furthermore, a decrease in time spent licking on the late
phase of a formalin test was observed with the ethyl acetate fraction, suggesting an
antinociceptive effect on inflammatory pain. Based on these findings, the fact that this
analgesic effect could be related to an anti-inflammatory activity may be hypothesized,

as further discussed below.

4.3.7 Anti-inflammatory activity

The anti-inflammatory potential of the infusion of aerial parts of A. eupatoria has
been previously demonstrated (Santos et al. 2017; Kiselova et al. 201 1). Using in vitro
testing with lipopolysaccharide (LPS)-stimulated macrophages, Santos et al. (2017)
showed that both the infusion of aerial parts (193—770 pg/mL) and the polyphenolic
fraction (69—276 ug/mL) decreased NO production compared to LPS control (11.34%
vs 22.46%, respectively) in noncytotoxic concentrations (382 pg/mL and 138 pg/mL,
respectively). In the same study, the authors confirmed these findings in vivo, as a
significant decrease in carrageenan-induced paw oedema was observed 4 h after infusion
(43.2% to 52.2% decrease) and polyphenolic fraction administration (34.6% to 35.4%

decrease).

104



An in vivo anti-inflammatory effect was previously reported by (Kiselova et al.
2011), who showed a decreased monocyte chemoattractant protein-1 (MCP-1)
expression in extract-treated animals, in addition to the antioxidant effect that has been
discussed above. In vitro, (Bae et al. 2010) also showed in LPS-induced BV2 microglial
cells that Agrimonia herba inhibited the release of NO and proinflammatory cytokines
(TNF-a, IL-1B and IL-6) and decreased inducible NO synthase expression.

Together, these findings suggest an anti-inflammatory effect of A. eupatoria which
may be useful in metabolic syndrome (Kiselova et al. 201 1) or brain inflammation (Bae
et al. 2010). Also, the polyphenolic compounds found in this plant species may be
responsible for such activity (Santos et al. 2017), even though this assumption remains

to be confirmed.

4.3.8 Hepatoprotective properties

Due to the anti-inflammatory and antioxidant properties of A. eupatoria, (Yoon
et al. (2012) investigated the hepatoprotective potential of this plant species, assaying an
aerial parts extract on chronic ethanol-induced liver injury in rats, utilizing the
concentrations (10, 30, 100 and 300 mg/kg/day). In this study, the authors showed an
attenuation of the several effects of chronic ethanol consumption, namely: increased
serum aminotransferase activity, increased proinflammatory cytokines, increased activity
of cytochrome P450 2El, increased lipid peroxidation, decreased concentration of
reduced glutathione, increased levels of toll-like receptor 4 (TLR4), increased expression
of myeloid differentiation factor 88 and inducible NO synthase and cyclooxygenase-2, as
well as nuclear translocation of NF-kB (Yoon et al. 2012). In general, the authors
suggested that the hepatoprotective effect is likely to result from antioxidant activity and

from TLR-mediated inflammatory signaling.

4.3.9 Neuroprotective properties
The neuroprotective potential of A. eupatoria has been assayed on glutamate-

induced oxidative injury to HT22 hippocampal cells in vitro (Lee et al. 2010). In a study

that tested the methanolic extract of stems, four fractions (n-hexane, ethyl acetate, n-
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butanol and water) and 10 isolated flavonoids, Lee et al. (2010) showed that the
methanolic extract, the ethyl acetate and the n-butanol fractions significantly attenuated
glutamate-induced oxidative stress (76.2%, 64.5% and 37.1% of reduction, respectively
at 75 pg/mL). The authors then proceeded to isolate flavonoids from the extract and
test their neuroprotective activity and showed that four isolated compounds — astragalin,
isoquercitrin, quercitrin and luteolin 7-O-8-D-glucuronide — exhibited significant
neuroprotective activity, partly due to an antioxidant effect. Further, the authors found
that neuroprotective ability differed according to the structural variation of hydroxyl

groups and sugar moieties.

4.3.10 Cytotoxicity

In this matter, Bensch et al. (201 1) showed that the hydroalcoholic extract of A.
eupatoria (5 mg/mL) displayed activity below 10%, determined by the MTT assay using
HT-29 cells.Kuczmannova et al. (2015) evaluated an aqueous extract of A. eupatoria on
THP-I cell lines in two concentrations (0.05 and 0.1 mg/mL, after 24 h) and reported
that no cytotoxicity was observed. Komiazyk et al. (2019) recently reported an ICs, of
5 mg/mL in the MTT assay in primary human fibroblast line cells (C688) for the assayed
commercial product. Moreover, Pukalskiené et al. (2018) demonstrated in vitro that a
methanolic extract from the whole plant in the blooming stage did not induce gene

mutations in bacteria and cytogenic damage in mammalian cells.

4.4 Clinical evidence

On the basis of the preclinical evidence, two clinical trials have been conducted
on the consumption of an infusion of A. eupatoria aerial parts.

The first, conducted by Ivanova et al. (2013), included 19 healthy volunteers from
Bulgaria, aged 18 to 55 years, and assessed the consumption of the A. eupatoria tea (200
mL, prepared from commercial product, Selibum Ltd., Varna, Bulgaria) twice a day at the
same day time (9 a.m. and 2 p.m.) for 30 days. Focusing on lipid metabolism, oxidative

stress and inflammation in healthy adults, the authors found the following: (a) an increase
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in plasmatic total antioxidant capacity; (b) a decrease in IL-6 serum levels, with no
significant changes in C-reactive protein or TNF-o; and (c) an increase in total
cholesterol and HDL (high density lipoprotein) cholesterol levels, with no significant
changes in triglycerides (TGs), LDL (low density lipoprotein) cholesterol or HDL/LDL
cholesterol ratio. Based on these findings, the authors proposed that moderate A.
eupatoria tea consumption may have a protective role in cardiovascular disease,
metabolic disorders and diabetes. Some limitations must be highlighted, such as the low
number of participants (N = 19) and the fact that the participants were all healthy, thus
limiting the extrapolation of findings for disease settings.

Recently, Cho et al. (2018) carried out a randomized, double-blind, placebo-
controlled trial in subjects with mildly to moderately elevated ALT (alanine
transaminase) levels, which focused more on the hepatoprotective potential of the
infusion of A. eupatoria (administered as two capsules containing either powdered extract
(40 mg of extract and 60 mg maltodextrin) or placebo (100 mg maltodextrin), twice a
day. After eight weeks, the A. eupatoria treated group displayed a significant reduction in
ALT, aspartate aminotransferase (AST) and TG serum levels. No changes were observed
in alkaline phosphatase, total bilirubin, y-glutamyltransferase and vital signs (i.e. blood
pressure, pulse, body weight and body temperature), as serum levels of total protein,
albumin, blood urea nitrogen, creatinine and total cholesterol were normal for both
groups. Despite five adverse events being reported (mild hives, common cold, cough or
sore throat), no causal relationship was established. In general, this study confirmed the
safety of A. eupatoria consumption and also its hepatoprotective potential.

An important limitation of the current clinical evidence on the consumption of A.
eupatoria is the very limited pharmacokinetic data that has been reported, which is
recognized as a major constraint in the therapeutic application of natural products. In
this context, Giao et al. (2012) have explored the stability and bioavailability of phenolic
compounds in an infusion of leaves of A. eupatoria and three other plant species, using
an in vitro digestion Caco-2 cell model which simulated the digestive tract, from mouth
to stomach and gut. According to the authors, several antioxidant compounds,
particularly flavonoid glycosides, are not affected by the simulated digestive process.
However, others (i.e. catechins) display a decrease in their activity throughout the
digestive process. Also, rutin showed the ability to be transported across the Caco-2

cell barrier. Of note is that Pei et al. (2016) reported that the bioavailability of p-
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coumaric acid is higher than chlorogenic acid, caffeic acid and ferulic acid, as this is the

only report on the bioavailability of a compound found in A. eupatoria (p-coumaric acid).
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4.5 Conclusions

In conclusion, A. eupatoria is of therapeutic interest due to a diverse array of
bioactive properties. In terms of correlation between its ethnomedicinal use and the
described pharmacological properties, the antimicrobial and anti-inflammatory
properties of A. eupatoria may explain the main ethnomedicinal use in gastrointestinal
disorders as well as being a topical anti-inflammatory agent. Also, the antidiabetic activity
relates to its ethnomedicinal use in the context of diabetes, as the antioxidant and
hepatoprotective properties may be relevant for its use in liver diseases. The use for
pain may relate to the antinociceptive properties as well as to the anti-inflammatory
activity, as other pharmacological properties have also been described, namely anti-
tumor and neuroprotective.

It is of note that the hepatoprotective properties evidenced in preclinical studies
have been confirmed by clinical studies, which have also shown the safety of the clinical
use of A. eupatoria. Clinical evidence has also emerged suggesting a protective role in
cardiovascular disease, metabolic disorders and diabetes.

A major limitation of the available evidence refers to the remarkable absence of
knowledge in regard to specific bioactive compounds as well as the mechanisms that
underly the diverse bioactivity displayed by this plant species. Moreover, an important
lack of consistency was found regarding the methods that have been used to prepare
extracts from several parts of A. eupatoria and the methods used for phytochemical
characterization, as well as the concentrations and doses that have been used in
bioactivity and pharmacological assays.

Further research will provide a better perspective on the relationship between
the biological and pharmacological properties and its ethnomedicinal use, as well as on

the underlying molecular mechanisms.
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Chapter 5:
Further research on
Agrimonia eupatoria L.

Content adapted from:

Malheiros J, et al. Vascular Effects of Polyphenols from Agrimonia eupatoria L. and Role
of Isoquercitrin in Its Vasorelaxant Potential in Human Arteries. Pharmaceuticals
(Basel) 2022, 15(5):638. doi: 10.3390/ph15050638.
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Following the results presented in Chapter 3, we aimed to further assess the
direct vascular effects of A. eupatoria in ITAs. To this purpose, we tested the vascular
activity of an infusion, an ethyl acetate (EtOAc) fraction, with the purpose of testing a
fraction with a high content of polyphenols. Then, we assayed the three major
constituents of these extracts, i.e., isoquercitrin, tiliroside and p-coumaric acid.
Furthermore, we evaluated the role of the two major endothelial pathways, i.e., nitric
oxide (NO) and cyclooxygenase (COX), in its vascular bioactivity. Here, we showed
that the extracts of A. eupatoria display potent vasorelaxant activity in human arteries,
which is mediated by both NO and COX pathways for the infusion and specifically by
COX for the EtOAc fraction. Of the tested compounds, isoquercitrin was found to be
the responsible for the vasorelaxant properties of the EtOAc fraction of A. eupatoria.
Further research is warranted to fully evaluate its vasoprotective properties with

therapeutic potential in several conditions, e.g., atherosclerosis.

5.1 Mechanism(s) underlying the vascular activity of A.
eupatoria infusion

The next step, was to assess the vasorelaxant activity of the infusion and the role
of the two major endothelial pathways of vasorelaxation, i.e. COX and NO. The
influence of NO and COX pathways was assessed with incubations with N°-
monomethyl-L-arginine (L-NMMA) and indomethacin (I, 10 and 100 pM), respectively.

As can be seen, the infusion induced a marked concentration-dependent
vasorelaxation (R, of 88.99+18.89% and 76.88+6.98%, respectively in Fig. V.| A and IC).
Incubation with indomethacin (COX inhibitor) produced a significant decrease in the
maximal vasorelaxation to the infusion (p<0.01 10puM vs control and p<0.05 100uM vs
control, Fig V.ID). Incubation with L-NMMA (NO synthase inhibitor) elicited significant

decreases in maximal vasorelaxation in all tested concentrations (Fig V.IA).
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Figure V.I: Influence of endothelial nitric oxide synthase blocking with L-NMMA on the
vasorelaxation to the infusion (A). B-C, Pharmacological parameters from concentration-
response curves in A, specifically maximal contraction (Emax, B) and potency (pECso). *p<0.05 vs.
control, *p<0.01 vs control, **p<0.001 vs. control, ****p<0.0001 vs. control. Significance refers
to unpaired two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test (A
and D). Influence of COX blocking with indomethacin on the vasorelaxation to the infusion (D).
E-F, Pharmacological parameters from concentration-response curves in A, specifically maximal
contraction (Emax, E) and potency (pECso,) *p<0.5 vs. control, **p<0.01 vs. control (D-F).
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Table V.I. Pharmacological parameters from vasorelaxation activity studies with A.
eupatoria infusion.

Studies Concentration Maximal effect! Potency? n
Control 89.99+18.89 2.40+0.17 15
skk
Ry ST ek
100 uM 38.44%14.18 3.19£0.29 5
Control 76.88+6.98 2.62+0.09 15
| uM 26.00+15.9 | ##x* 3.45+0.56 5
Role of NO (L-NMMA) 10 UM 40.73210.62%* 2.67+0.24 5
100 uM 32.5|£8.7%%k* 3.12+0.22 5

Results presented as mean + SEM and n corresponds to the number of experiments. ' Maximal relaxation for studies on
the role of COX and NO in vasorelaxation (%Rm). > Potency expressed as pECso for incubation studies or as plCs, for
vasorelaxation studies. *p<0.5 vs control, ¥**p<0.01 vs control, ***¥p< 0.0001 vs control.

5.2 Vascular activity of the ethyl acetate fraction

5.2.1 Material and methods

Plant material

The EtOAc fraction was obtained from half of the crude extract, which was
fractionated by repeated extraction with ethyl acetate (3 X 225 mL), also according to
previous published data (Santos et al. 2017). After the extraction, the sample was
concentrated with water in a rotavapor at 30 °C and then freeze-dried. The method of

extraction is described in section 3.1, subsection 3.1.2.

HPLC-PDA

For the phytochemical characterization of the ethyl acetate fraction, the same
conditions described in section 3.1.2 were utilized.

Quantification was carried out using peak area in the chromatograms obtained
by HPLC-PDA against external standards at appropriate wavelengths: 315 nm for p-
coumaric acid and tiliroside and 256 nm for quercetin derivatives. Three independent
injections were performed for each sample, injecting 100 pL of extract and standards
dissolved in water, except quercetin, which was dissolved in |:| methanol in water. The
identification of compounds was performed by comparing retention time and their UV

spectra with previous analysis (Santos et al. 2017) and commercial reference compounds.
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Detection (LOD) and quantification limits (LOQ) were determined from the parameters

of the calibration curves represented in Table V.2.

Table V.2. Linearity, limit of detection (LOD), limit of quantification (LOQ) of the three

standards compounds used as reference.

Range

Standard concentrations n' Slope Intercept R2 LoD LOQ
compound (ug/mL) (ng/mL) (ng/mL)
p-coumaric acid 2.5-15 6 8.95x10¢ 3.90x10¢ 0.9960 0.49+0.32 2.6610.21
Quercetin 2.5-125 5 3.10x10s¢ 2.62x108 0.9932 8.18+3.66  29.26+3.26
Tiliroside 5-25 6 3.65x10¢ [.11x1086 0.9979 1.30+0.36 3.65+0.31

The identification of infusion and EtOAc fraction compounds was performed by
comparing retention times and their UV spectra with p-coumaric acid, isovitexin,
isoquercitrin (quercetin-3-O-glucoside), ellagic acid and tiliroside and data previously

published by other authors.

Vascular activity studies

The effect on basal vascular tone was assessed by CCRCs to the EtOAc fraction
(0.002-0.2 mg/mL) or vehicle, and the results were expressed as absolute contraction
(in millinewton, mN). The vasorelaxant effect was tested with CCRCs (0.02-0.2 mg/mL)
to EtOAc fraction or vehicle, after sustained pre-contraction with noradrenaline (20
pM), as results were expressed as percentage of the maximum contraction to NA
(%).The modulatory effect on the noradrenaline-induced contraction was assessed with
CCRGC:s to noradrenaline (0.1—48 pM) before and after 30-min pre-incubations with the
EtOAc fraction (0.02, 0.2 and 2 mg/mL) or vehicle, as the results were expressed as the
percentage of the maximal contraction in the control curve, i.e., absence of infusion (%
Ermax)-

The influence of NO and COX pathways was assessed with N®-monomethyl-L-
arginine (L-NMMA) and indomethacin (10 pM), respectively. The role of the
endothelium on the vasorelaxant effect was also assessed by mechanical endothelium
removal (which was confirmed with the absence of a relaxant response to acetylcholine)
In these experimental setups, the vehicle (distilled water) did not elicit any changes (data
not shown).

Thereafter, the effects of compounds were assessed in the same conditions
described above for noradrenaline-induced contraction and the influence of NO and

COX with L-NMMA and indomethacin (10 uM, respectively) in the vasorelaxant effect.
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The concentrations that were assayed were based on compound quantification as
described above, p-coumaric acid (1.5 pg/mL), quercetin and isoquercitrin (28 pg/mL),
and tiliroside (3 pg/mL). For these experiments, vehicle refers to distilled water (for
tiliroside and p-coumaric acid) or DMSO in water (for isoquercitrin and quercetin).
Tissue viability was tested with potassium chloride (KCI, 60 mM) at the beginning and at
the end of all experiments.

The analysis of results was performed as described previously in chapter 3,

section 3.1.2.

Reagents
Chemicals used for Krebs—Henseleit buffer preparation and arterial ring viability

testing in the pharmacological studies were purchased from Sigma-Aldrich® (St. Louis,
MO, USA). The following commercial standards were used in the ITA assays: quercetin
3-O-glucoside (Sigma, 17793-10MG-F), quercetin (G Buchs SG. K148-/49/2), p-coumaric
acid (Sigma, C9008) and tiliroside (Extrasynthese, 1001 S, 20316-62-5). The selective
prostacyclin IP receptor antagonist Ro 1138452 hydrochloride (4268) was purchased
from Tocris (Bristol, UK).

Chemicals used for phytochemical characterization were purchased from Merck®
(Darmstadt, Germany) and correspond to the highest grade commercially available. The
reference compounds used were: ellagic acid (Sigma, E2250-5G), p-coumaric acid (Sigma,
C-9008, Lot: 22HO0312), quercetin (G Buchs SG., Buchs, Switzerland, K148-/49/2),
quercetin3-0O-glucoside (Sigma, 17793-10MG-F), tiliroside (Extrasynthese, Genay,
France, 1001 S, Lot: 12080209), vitexin (Extrasynthese, 1232 S) and isovitexin
(Extrasynthese, 1235 §S).

5.2.2 Results

Phenolic profile of the EtOAc fraction

This section follows section 3.1, where the methods and results from A. eupatoria
infusion were previously described.

In the EtOAc chromatogram (Fig V.2), peak | was identified as p-coumaric acid.
Peaks 2 and 4 with wavelength maxima at 272 and 335 was characteristic of apigenin
derivatives (Matos et al. 2018). Peak 4 was identified as isovitexin with a commercial
standard. Peaks 3, 5, 6, 7, and 10 exhibited UV profile spectra characteristic of quercetin

derivatives (Mabry 1970). Specifically, peak 5 was identified as isoquercitrin by

121



comparison of the retention time with a commercial standard, also reported in the
infusion (peak 4), in section 3.1.3. Peaks 3 and 6, through spectrum UV, suggested the
presence of quercetin O-galloyl-hexoside and quercetin O-malonyl-hexoside,
respectively. These compounds were previously reported (Santos et al. 2017) and were
identified by HPLC-PDA-ESI/MS", once more these compounds were also present in the
infusion (peaks 3 and 5). Peak 8 was identified as ellagic acid, also identified in the infusion
(peak in figure 1112, available in section 3) (peak 7). Peaks 9, 14 and 18 showed UV
spectra, retention time, and wavelength maxima near 265, 346 nm with a shoulder at
314 nm. This behavior is characteristic of kaempferol derivatives accordingly to Mabry

(1970) and Campos and Markhan (2007) and were also identified in Santos et al. (2017).

1.00+
5
6
5 0.50
<
1
2 3
4
0.00
! [ ' | ' | [ I ' | ! |
0 10 20 30 40 50 60 70
Minutes

Figure V.2: HPLC-PDA chromatogram of the ethyl acetate fraction. Chromatogram
was recorded at 280 nm.

Peak 9 was identified as tiliroside, comparing the retention time with a
commercial standard. This compound was also identified in the infusion (peak 6), in figure
[11.2 (available in section 3). Peaks |1, 12, and |3 were also identified as kaempferol
derivatives due to the UV profile and wavelength maxima at 264 nm, 346 nm, and a
shoulder at 296 nm (Mabry 1970). Finally, peak 12 was identified as kaempferol-O-
malonyl-hexoside by HPLC-PDA-ESI/MS" (Santos et al. 2017).

Based on the chromatograms, p-coumaric acid, tiliroside and quercetin

derivatives were identified as the major constituents in the infusion and the EtOAc
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fraction and therefore quantified by HPLC (Table V.3). As can be seen, quercetin

derivatives were the major class of compounds in both extracts.

Table V.3. Quantification of p-coumaric acid, quercetin derivatives and tiliroside in the
infusion and the EtOAc fraction of A. eupatoria by HPLC-PDA and the respective
concentrations in organ bath experiments.

Compound pg of compound/100 g pg of compound per 2
(tentative identification) of extract mg of extract/mL !
Infusion
Peak 2 p-coumaric acid 73.00 1.470
Peak 3 Quercetin derivatives 2 150.7 3.140
Peak 4 Isoquercitrin 1500 30.16
Peak 5 Quercetin derivatives 2 270.8 5.550
Peak 6 Tiliroside 147.0 2.940
EtOAc fraction
Peak | p-coumaric acid 70.00 1.400
Peak 3 Quercetin derivatives 2 157.9 3.150
Peak 5 Isoquercetrin 1400 28.00
Peak 6 Quercetin derivatives 2 3335 6.670
Peak 9 Tiliroside 138.0 2.760

" Major concentration of the extract of A. eupatoria used in vascular activity experiments. 2 Results expressed as
quercetin equivalent.

Vascular effects

The EtOAc fraction of A. eupatoria did not induce any change in basal vascular tone (E.x
= 0.1210.32 mN; pECs, = 2.67+3.69, p<0.05 vs. infusion, E,.,). Furthermore, the lower
concentration (0.02 mg/mL) changed the noradrenaline-induced contraction only in
intermediate concentrations of noradrenaline (statistically significant decreases of
27.13% and 27.72%, p<0.05 in Fig V.3A), even though no significant differences were
detected in efficacy or potency vs control (Table V.4). Furthermore, the higher
concentration of the EtOAc fraction (2 mg/mL) elicited a significant decrease of 80.65%

in the E,,, in the noradrenaline CCRCs (Fig. V.3A), thus suggesting a decrease in efficacy.
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Figure V.3: Vascular activity of the EtOAc fraction. (A) Effect on the noradrenaline-
induced contraction. B-C, Pharmacological parametersfrom concentration-response curves in
A, specifically maximal contraction (Emax, B) and potency (pECso). * p<0.05 vs. control, ** p<0.01
vs. control, ¥** p<0.0001 vs. control, ***p< 0.001 vs. 2 mg/mL, ****p<0.0001 vs. 2 mg/mL,

*p<0.01 vs. 2 mg/mL, “°p<0.0001 vs. 2 mg/mL.

Table V.4. Pharmacological parameters from vascular activity studies with the EtOAc

fraction of A. eupatoria.

2004 |
150
&
£ 100
50-
0 T
N
(o)
&

StUdl?s (incubation with Concentration Maximal effect! Potency? n
fraction or compound)
Influence on adrenergic Control 100.00+0.00 5.51+0.06 25
contraction (EtOAc fraction) 0.02 mg/mL 79.43%19.32+++ 5.090.26 8
0.2 mg/mL 78.40+13.63°°°° 5.49+0.27
2 mg/mL 19.35+] |.82%F** 5.30+0.73
Role of mediators in Control 47.9516.55 2.88+0.22 I
vasorelaxation
Indomethacin 10 uM 12.4543.78%F* 3.751£0.76 8
L-NMMA 10 uM 25.14+17.80 3.19£1.25 5
Ro 1138452 10 uM 24.33+12.75 4.00x1.51 4

Results presented as mean + SEM, and n corresponds to the number of experiments. 'Maximal effect expressed as
maximal contraction (%E.x to noradrenaline) for adrenergic contraction studies or maximal relaxation for studies on
the role of COX and NO in vasorelaxation (%Rma). 2 Potency expressed as pECs for incubation studies or as plCs for
vasorelaxation studies. *** p< 0.001 vs. control, **** p< 0,0001 vs. control, **** p< 0.0001 vs. 2 mg/mL, ceoop< 0.0001

vs. 2 mg/mL.
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Figure V.4: Influence of COX blocking with indomethacin, endothelial nitric oxide synthase
blocking with L-NMMA and blocking PGI, receptors with a selective antagonist Ro 1138452 on
the vasorelaxation to EtOAc fraction (A). B-C, Pharmacological parametersfrom concentration-
response curves in A, specifically maximal contraction (Emax, B) and potency (pECso,). * p< 0.05
vs. control, ¥ p< 0.0l vs. control, ¥* p<0.001 vs. control.

The EtOACc fraction elicited a vasorelaxant effect (R.x = 47.9716.55%, Fig V.4A),
which was completely abolished by endothelial denudation (R,..= -25.37+39.05%; data
not shown in graph), thus suggesting this effect is endothelium-dependent. Similarly, the
role of NO and COX pathways was also evaluated. Incubation with 10 pM L-NMMA
produced a non-significant decrease in the vasorelaxation to the EtOAc fraction (R.x =
25.14+17.80%, Fig. V.4A). In contrast, incubation with 10 pM indomethacin decreased
significantly the vasorelaxation (R.x = 12.45+3.87%, p<0.001 vs control, Fig. V.4A).

Given this significant decrease of the relaxation with the incubation with
indomethacin, we hypothesized that the COX-derived prostanoid, prostacyclin, could
be responsible for this vasorelaxant effect. However, the incubation with the IP receptor
selective antagonist (Ro |138452) produced a nonsignificant decrease of the maximal
relaxation to EtOAc fraction (R..« = 24.33%112.75%, Fig. V.4A).
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5.3 Vascular activity of isoquercitrin, tiliroside and p-
coumaric acid

The marked vasorelaxant effect previously observed lead to the investigation of
the compounds that could be responsible for this action. Hence, the quantification of
the major compounds identified in the infusion and the EtOAc fraction was carried out
(Table V.3). Based on this quantification, we extrapolated the amount of compound
present in the higher concentration of the EtOAc fraction used in the vascular studies
described above (i.e, 2 mg/mL). Thereafter, we used the following concentrations:
isoquercitrin (28 pg/mL), tiliroside (3 pg/mL) and p-coumaric acid (1.5 pg/mL). Given the
predominant composition in quercetin derivatives (Table V.3), we also included
quercetin as a reference compound for comparison of vascular effects.

Isoquercitrin elicited a statistically significant decrease of 42.86% (p< 0.001 vs.
vehicle) in the maximal contraction to noradrenaline (E..x = 56.94 * 8.28%, Fig V.5A)
and a potent vasorelaxant activity with R, of 53.29 + 7.42 (p< 0.01 vs. vehicle, Fig V.5D).
As seen, incubation with indomethacin decreased significantly the vasorelaxation elicited
by isoquercitrin (R« = 15.94 + 5.10%, p< 0.05 vs. isoquercitrin, Fig V.5D), whereas
incubation with L-NMMA led to a nonsignificant reduction (R,.x = 25.16 + 6.45%, Fig
V.5D).In the same concentration, quercetin was able to elicit a more pronounced
inhibition of noradrenaline-induced contraction (E... = 35.94 + 6.25%, p< 0.0001 vs.
vehicle, Fig V.6A).Moreover, quercetin elicited a marked vasorelaxant effect (R,..x =40.21
* 6.49, p< 0.05 vs. vehicle, Fig V.5E), which was not significantly different from
isoquercitrin (p> 0.05). Differently from isoquercitrin, the vasorelaxant effect of
quercetin was not affected by preincubation with indomethacin (R... = 27.74 + 4.18%)
or L-NMMA (R,..x = 34.12 * 8.64%).

Both p-coumaric acid and tiliroside elicited a potentiation of the noradrenaline
contraction (E.x of 152.80+28.23% and 139.40+33.10%, respectively, Fig V.6A), even
though only p-coumaric acid produced a statistically significant changes in intermediate
concentrations (P<0.05 vs vehicle). In the tested concentrations, these compounds did
not elicit any vasorelaxation in the ITA (Ry.x of -11.43+10.69% and -13.69%+3.93%
respectively, Fig V.6D).
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Figure V.5: Vascular activity of isoquercitrin and quercetin. (A) Effect of isoquercitrin
and quercetin (28 ug/mL) on the contraction induced by noradrenaline. B-C, Pharmacological
parametersfrom concentration-response curves in A, specifically maximal contraction (Em.x, B)
and potency (pECso,) Vasorelaxant effect on isoquercitrin (D) and quercetin (E) and influence of
COX and endothelial nitric oxide synthase blocking with indomethacin (10 yM) and L-NMMA
(10 pM), respectively. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 vs. vehicle.
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5.4 Discussion

To our knowledge, only one report (Kuczmannova et al. 2016) has focused on
the vascular activity of A. eupatoria showing that the treatment with the aqueous extract
improved acetylcholine-induced vasorelaxation in aortic rings isolated from diabetic
animals. Importantly, this improvement was observed only in comparison with untreated
diabetic animals but not with healthy controls. Whether such effect was a result from
the anti-diabetic properties of this extract or from a direct vascular activity remained to

be clarified.
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Here, we tested the direct vascular activity of A. eupatoria and showed that its
infusion exhibits potent vasorelaxant activity in human arteries (Fig I.3D, section 3.1).
As a low concentration (0.02 mg/mL) elicited a potentiation of the maximal response to
noradrenaline, the infusion displayed a mixed vascular effect thus suggesting some
compounds may elicit an increase in vascular tone and others a decrease. Both
endothelial pathways (i.e. NO and COX) seem to be involved (Fig V.l). Interestingly, the
magnitude of the vasorelaxation (above 76%) could also suggest a direct vascular smooth
muscle relaxation (i.e. endothelium-independent), which remains to be confirmed.

A potent vasorelaxant effect was also observed with the EtOAc fraction (Fig V.5),
although it was lower compared to the infusion (above 47% and 76%, respectively). In
contrast to the observed with the infusion, the EtOAc fraction elicited a decrease in
noradrenaline-induced contraction at the higher concentration (2 mg/mL). Furthermore,
the COX endothelial pathway was found to be the underlying mechanism for the
vasorelaxation of the EtOAc fraction. This difference in vasorelaxant activity, particularly
NO-mediated, must be highlighted, as it may result from the extraction process, with a
loss of compounds such as procyanidin B2. In fact, endothelium-dependent
vasorelaxation to procyanidin B2 has been described in the ITA (Novakovic et al. 2017),
which involves NO synthesis and secretion by endothelial cells and partially of
prostacyclin and also activation of BKc, and Karp channels, as well as Ky and IKc.
Moreover, procyanidins have also been reported to stimulate the production of
prostacyclin in the ITA (Aldini et al. 2003). Although we did not identify procyanidin B2
in the extracts that were assayed in our work, the EtOAc fraction was found to be rich
in procyanidin dimers in a previous report (Santos et al. 2017). In fact, this compound
has been identified in the EtOAc fraction of the same batch of this plant species (Correia
et al. 2006; Santos et al. 2017).

Based on the findings, we hypothesized that prostacyclin, which is a fundamental
endothelium-derived relaxing factor that increases cAMP leading to vasorelaxation,
could be the mediator of this response. However, experiments with the IP receptor
antagonist Ro 1138452 did not confirm our hypothesis (Fig V.4A). Beyond prostacyclin,
other vasodilator metabolites have been described, such as epoxyeicosatrienoic acids or
EETs (namely 14,15-EET and |I,12-EET), cytochrome P450 metabolites and
prostaglandin D2 and E2 also via COX (Mihaljevi¢ et al. 2020). Previous evidence
suggests that | |,12-EET elicits relaxation in ITA through the activation of BK, channels
and the vanilloid transient receptor potential channel 4 and canonical transient receptor
potential channel | in smooth muscle cells (Archer et al. 2003; Ma et al. 2015). As to

prostaglandins D2 and E2, previous reports have shown no vasorelaxation in the ITA,
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rather an EP receptor-mediated vasoconstriction in response to prostaglandin E2 (Foudi
etal. 201 |; Foudi et al. 2017). Overall, the precise mechanism through which A. eupatoria
elicits vasorelaxation remains to be fully characterized.

In terms of composition, both extracts displayed a high phenolic content and
quercetin derivatives were found to be the predominant compounds, namely
isoquercitrin, together with tiliroside and p-coumaric acid (Table V.3). Therefore, we
hypothesized that these compounds could be responsible for the observed vasorelaxant
activity. Based on our findings (Fig V.6), isoquercitrin showed vasoactive properties
consistent with the EtOAc fraction (i.e, ability to reduce noradrenaline-induced
contraction and potent COX-mediated vasorelaxant activity), thus suggesting this is the
compound responsible for such activity. This is a compound known for multiple
activities, such as antiviral against human herpes viruses (Kim et al. 2020), antioxidant,
anti-inflammatory and anticancer effects, among others (Valentova et al. 2014).

In regard to its cardiovascular activity, previous studies have highlighted the
antihypertensive potential of isoquercitrin through an inhibitory effect on angiotensin
converting enzyme (Gasparotto etal. 201 I). Also, it has been shown to elicit K" channel-
and endothelial NO-mediated vasodilation in perfused rat mesenteric arteries
(Gasparotto Junior et al. 2016). Moreover, isoquercitrin displays antiapoptotic activity in
vascular endothelial cells, which may be relevant in atherogenesis (Duan et al. 2021; Liu
et al. 2021). Atheroprotective properties have also been attributed to enzymatically
modified isoquercitrin or EMIQ (i.e., isoquercitrin with malto-oligosaccharides) in
atherogenic ApoE-deficient mice (Motoyama et al. 2009). In clinical studies, Bondonno
et al. (2016) showed no acute changes in blood pressure or brachial NO-mediated
endothelium-dependent relaxation in healthy individuals. More recently, EMIQ was
shown to acutely improve brachial flow-mediated dilatation in patients at risk for
cardiovascular disease (Bondonno et al. 2020).

Since our extract and the EtOAc fraction contained a high content of quercetin
derivatives, namely, isoquercitrin, we aimed to assess the vascular activity of quercetin
as a reference compound in human arteries. In our study, quercetin decreased
significantly the maximal contractile response to noradrenaline (Figure V.5A) and elicited
a potent vasorelaxation (Figure V.5E). To our knowledge, this is the first report on the
vasoactivity of quercetin in human arteries, as the observed effects are generally
consistent with previous reports on rat aorta (Roghani et al. 2004; Khoo et al. 2010),
rat basilar artery (Yuan et al. 2018) and rat tail main artery (lozzi et al. 2013).
Furthermore, indomethacin and L-NMMA did not change significantly the vasorelaxation

to quercetin, suggesting that the endothelium is not involved in this vasorelaxant effect
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in the ITA. In rat aorta, a previous study showed that the vasorelaxant effect of quercetin
is partially dependent on the endothelium nitric oxide synthase and endothelium-derived
hyperpolarizing factor (Khoo et al. 2010). More recently, this vasorelaxation partially
mediated by NO was confirmed, even though endothelium nitric oxide synthase blocking
with L-NAME decreased only the potency and not the maximal relaxation (Yuan et al.
2018). A similar finding was described for COX blocking with indomethacin. Other
studies have suggested endothelium-independent relaxation with the involvement of
calcium and potassium channels (lozzi et al. 2013; Hou et al. 2014). Overall, our findings
are consistent with this evidence suggesting the involvement of endothelium-
independent mechanisms.

In regard to the other tested compounds, p-coumaric acid and tiliroside, these
elicited no vasorelaxation and no statistically significant effects on noradrenaline-induced
maximal contraction at the tested concentrations. In the literature, p-coumaric acid has
been shown to protect against doxorubicin-induced oxidative stress in the rat heart
through free radical scavenging properties (Abdel-Wahab et al. 2003), as well as to
display antiplatelet activity (Luceri et al. 2007), but no report has emerged on its vascular
activity.

As to tiliroside, its antihypertensive and vasorelaxant effects have been reported
(Silva et al. 2013). In that study, the authors reported a dose-dependent decrease in
blood pressure in hypertensive rats, a concentration-dependent vasodilation of rat
mesenteric arteries, as well as a blockage in the membrane depolarization-induced
increase of intracellular Ca** concentration and decreased voltage-activated peak
amplitude of the L-type Ca*" channel current in VSMCs. This antihypertensive potential
has been recently confirmed (Lagunas-Herrera et al. 2019), as tiliroside antagonized the
transient hypertension evoked by the administration of angiotensin |l in a dose-
dependent way.

The absence of vasorelaxant effect in our assays, particularly for tiliroside, could
be explained by the low concentrations that were used. However, our focus was to
assess the compounds responsible for the vasorelaxation to A. eupatoria; thus, we
extrapolated the concentrations of compounds that were present in the higher
concentration of the EtOAc fraction that was used (2 mg/mL), rather than use a range
of concentrations or higher concentrations as described in those previous reports.

Some limitations should be considered. First, the variability in the obtained data
may derive from the use of human arterial tissue harvested from patients with underlying
cardiovascular conditions and therefore a diverse biological background. However, this

may also constitute an advantage, as it provides a better translation of the findings to
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humans and especially when considering patients with vascular disease. Second, we did
not test if direct smooth muscle relaxation is involved in the observed vasorelaxant
effects. However, it is unlikely that it is a major mechanism, considering the results
obtained after endothelium removal or in the presence of inhibitors of endothelial
pathways.

To our knowledge, this is the first report on the direct vascular effects of extracts
and compounds from A. eupatoria. Collectively, the data demonstrates the vasorelaxant
potential of its infusion and EtOAc fraction. Both the COX and NO pathways appear to
be involved in the activity of the infusion of A. eupatoria, as the COX pathway was found
to be the major pathway involved in the effects elicited by the EtOAc fraction and

specifically isoquercitrin, even though the specific mediators remain unclear.
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5.5 Additional assays with A. eupatoria

Once the infusion and the EtOAc fraction demostraded a marked vasoactivity
and the mechanisms underlying the vasorelaxation were described (chapter 3 and 5), the
next step of our work was tentatively identifying the compound responsible for the
referred activity.

For this purpose, the first step was to obtain enriched fractions of quercetin
and tiliroside, the major components present in the infusion and EtOAc.

The fractions were utilized mainly in for phytochemical characterization and the
modulatory effect on adrenergic contraction. The method of fractionation and the resuls

obtaneid are described below.

Preparation of quercetin- and tiliroside-enriched fractions

Flash chromatography was used to fractionate the ethyl acetate fraction. Aliquots
of 25 mg/mL of the subfraction were chromatographed in a reverse phase CI8 column
Buchi® (40x 150 mm, with particle diameter between 40 and 63 um) (Flawil, Switzerland).
The mobile phase was propelled by two pumps Buchi® Pump Module C-605 (Flawil,
Switzerland), taking up the water and methanol used in the gradient: 0% B (0-17 min),
80% B (17-25 min) and 100% B (25-31 min) at a constant flow rate of 10 mL/min (Fig
V.7). After control with HPLC, six fractions were obtained (FI, FIB, FIC, F2, F3 and F4).

After control with HPLC, fractions FIC (quercetin enriched fraction) and F4

(tiliroside enriched fraction) were utilized.
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Figure V.7: Chromatogram obtained with Flash Chromatography for the
fractionation of ethyl acetate fraction of A. eupatoria. (F1): 5,8-7 min; (F1B):7-8,5 min;
(F1C): 8,5-10 min; (F2): 10-17 min; (F3): 17-25 min; (F4): 25-31 min.

HPLC-PDA

HPLC Gilson (Gilson, Middleton, WI, USA) were used for the characterization
of the fractions. It was equipped with two pumps (models 305 and 306), mixer (model
811), manometer (model 805) and an automatic injector (Gilson 234) coupled to a
photodiode detector (model 107) and control and processing station Unipoint System
data (Unipoint® 2.10)

The samples (100 pL) were injected in Waters® a Spherisorb S5 ODS-2 column
(250 x 4.6 mm i.d., 5 um) protected with a guard cartridge C18 (30 X 4 mm i.d., 5 pum)
(Nucleosil, Macherey-Nagel, Duren, Germany) and eluted at a flow rate of | mL/min and
24 °C. Mobile phase consisted of 5% formic acid (v/v) (eluent A) and methanol (eluent
B). The gradient used was: 0-60 min (5-50%B), 60-70 min (50-100%B), 70-75 min (100-

100%B). Chromatographic profiles was recorded at 280 nm.
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Vascular activity studies

Vascular tissue preparation was carried out as previously described. Similarly, the
modulatory effect on the noradrenaline-induced contraction was assessed with CCRCs
to noradrenaline (0. - 48 uM) before and after 30-min pre-incubations with the
quercetin or tiliroside enriched fractions (0.002, 0.02 and 0.2 mg/mL), as the results
were expressed as the percentage of the maximal contraction in the control curve, i.e.
absence of infusion (%E...x)-

Data were generally expressed as mean + SEM unless specified otherwise, as n
indicates the number of patients. potency was expressed as the negative logarithm of
the effective concentration (in mol/L or M) of noradrenaline able to induce half of the
maximum contraction (pECs,, -log [M]). Efficacy was expressed as %E,., (maximal
contraction, %).

Statistical analysis was performed using GraphPad Prism 7® (GraphPad Inc., La
Jolla, CA, USA). First, the normality of data was accessed with Shapiro-Wilk test. The
analysis of CCRCs was performed generally by two-way ANOVA with Tukey’s multiple
comparisons test to identify differences in specific concentrations, including maximal

effects.

Phenolic profile and vascular activity of the quercetin-enriched fraction

Regarding the quercetin-enriched fraction (Fig V.8), peak | suggests an apigenin
derivative to a wavelength maximum at 272 and 335 nm and its spectral profile (Matos
et al. 2018). Peaks 2,3,4 were 3-O-glycosylated quercetin derivatives, as suggested by
their UV spectra profile, with band | near 350 nm with absorptivity lower than band Il
with wavelength maxima near 250 and shoulder approximately at 265 and 295 nm
(Mabry 1970). Peak 5 suggested a kaempferol derivate, due to spectra prolife wavelength
maxima near 265 and 346, with a shoulder near 314 nm (Mabry 1970), and finally, peak
6, with wavelength maximum near 248 and 371 nm with a shoulder 322 nm, thus

suggesting a presence of an ellagic acid derivative (Couto et al. 2020).
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Figure V.8: HPLC-PDA chromatogram of quercetin-enriched fraction.
Chromatogram were recorded at 280 nm.

In terms of vascular activity, even though in the lowest concentration (0.002
mg/mL) only presents two replicates, the quercetin-enriched fraction did not induce a
statistically significant effect in the noradrenaline-induced maximal vascular contraction.

No significant changes were observed in terms of potency (Fig V.9, Table V.5).

Table V.5: Influence of the quercetin-enriched fraction on the parameters of efficacy
(%Eax) and potency (pECs) of the noradrenaline-induced contractile response.

Concentration 9%6Emax PEC:so n
Control 100.00+0.00 6.07+0.20 8
0.002 mg/mL 113.68+38.21 6.9911.49 2
0.02 mg/mL 75.42+42.89 7.16+2.40 3
0.2 mg/mL 128.81+8.15 6.76+0.44 3

Values presented in mean + SEM and n correspond to the number of experiments (n) performed in each
experimental setting.
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Figure V.9: Vascular activity of quercetin-enriched fraction. A, Cumulative
concentration-response curves to noradrenaline (NA) in the absence or presence of several
concentrations of quercetin-enriched fraction. B-C, Pharmacological parameters from
concentration-response curves in A, specifically maximal contraction (Emax, B) and potency

(PECso).
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Phenolic profile and vascular activity of the tiliroside-enriched fraction

In the phenolic profile of the tiliroside-enriched fraction (Fig V.10), only peaks |

and 2 were identified. Both presented wavelength near 265 and 346 nm with a shoulder

near 314 nm. This behavior suggests the presence of kaempferolO-p-coumaroyl-

glucoside (tiliroside) (Mabry 1970).
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Figure V.10: HPLC-PDA chromatogram
Chromatogram was recorded at 280 nm.
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Figure V.ll: Vascular activity of tiliroside-enriched fraction. A, Cumulative
concentration-response curves to noradrenaline (NA) in the absence or presence of several
concentrations of fraction. B-C, Pharmacological parameters from concentration-response
curves in A, specifically maximal contraction (Emax, B) and potency (pECso). *p<0.05 vs. control;
#p<0.05 0.002 mg/mL vs. 0.2 mg/mL; #p<0.01 0.002 mg/mL vs. 0.2 mg/mL; *p< 0.05 0.02 mg/mL
vs. 0.2 mg/mL; *++p< 0.001 0.02 mg/mL vs. 0.2 mg/mL.
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Concerning the tiliroside-enriched fraction, a significant potentiation of the
maximal effect of the noradrenaline-induced contraction (about 29.93%, p<0.05 vs
control) was observed for the higher concentration of the fraction (0.2 mg/mL). No

significant changes were observed in terms of potency (Fig V.l | and Table V.6).

Table V.6: Influence of tiliroside-enriched fraction and tiliroside enriched fraction on
the parameters of efficacy (%E..x) and potency (pECs,) of the noradrenaline-induced
contractile response.

Concentration %E, ax PEC;, n
Control 100.00+0.00 5.53+0.10 I
0.002 mg/mL 75.87+22.32% 5.28+0.26 3
0.02 mg/mL 67.66£1691™" 5.58+0.41 4
0.2 mg/mL 129.93+21.38" 5.53+0.17 4

Values presented in mean + SEM and n correspond to the number of experiments (n) performed in each
experimental setting. *p<0.05 vs. control, #$<0.01 0.002 mg/mL vs. 0.2 mg/mL. ***p< 0.001 0.02 mg/mL vs.
0.2 mg/mL

As flavonoids are largely encountered in plants, this has led to an extensive body
of scientific literature on their potential therapeutic use. In the vascular area, flavonoids
have been shown to induce endothelium-dependent relaxation in many in vitro
experiments (Woodman et al. 2005). However, our group could not confirm these
results in ITAs. The results previous demonstrated were realized with the content of 55
fractionations.

To proceed with the vasorelaxant effects of this fraction, a large amount of plant
and solvents would be required, thus making unfeasible to continue the assays with the
enriched fractions. Therefore, our group settled to continue the vascular assays with the
commercial standards previously identified in the infusion and the ethyl acetate fraction

(chapter 5, section 5.3).

Role of the receptor IP on the vasorelaxation of Isoquercitrin

The influence of the prostacyclin receptor (IP receptor) was evaluated with the
selective antagonist Rol 138452 (10uM).

As can be seen in Figure V.12, isoquercitrin elicited vasorelaxant activity with
Rox= 31.39 + 5.67%. Incubation with the Ro 1138452 did not decrease the

vasorelaxation elicited by isoquercitrin (Ry.x = 42.10 £ | 1.57%). This result suggests that
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the IP receptor is not involved in the vasorelaxation produced by isoquercitrin,

confirming the results obtained with the EtOAc fraction.
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Figure V.12: Influence of a selective antagonist Ro 1138452 on the vasorelaxation to
isoquercitrin.
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Chapter 6:
Discussion







A diet rich in polyphenols can protect against chronic pathologies by the
modulation of numerous physiological processes, namely cellular redox potential,
enzymatic activity, cell proliferation and signaling transduction pathways (Luca et al.
2020). For example, literature evidence suggests that grape juice, wine and extracts from
a variety of vegetables and fruits rich in polyphenols displays vasodilator effects, inducing
endothelium-dependent vasorelaxation (Fitzpatrick et al. 1993; Andriambeloson et al.
1997; Perez-Vizcaino et al. 2006).

The vascular endothelium plays a major role in vascular tone, blood flow and
control of vascular inflammatory reactions. The loss of the phenotype, that results in an
endothelial dysfunction can lead to vasoconstriction and inflammation of the blood vessel
(Frombaum et al. 2012b). These features are a common pathophysiological pathway to
development and early evolution of cardiovascular diseases(Perez-Vizcaino et al. 2006).

In our research, our aim was to evaluate the vasoactivity of three plants: A.
eupatoria, F. vesca L. and U. dioica. Regarding specifically to the vasorelaxant effects, F.
vesca and U. dioica have been described in the literature. However, our findings showed
that, both extracts of F. vesca and U. dioica extract did not elicit vasorelaxant effects of
human arteries.

In contrast, A. eupatoria exhibited a marked vasoactivity, which lead to multiple
assays with the objective of elucidating the mechanisms and then the compounds
responsible for its vasoactivity.

In this context, both the infusion and the ethyl acetate fraction, were samples
enriched in polyphenols. Considering the mechanism underlying the vasoactivity
observed in ITAs, based on our results, the infusion bioactivity was mediated through
NO and COX products. In contrast, the mechanism of the ethyl acetate fraction seems
only to involve COX-derived products. This shift of the mechanism can be explained
due to many reasons, mainly as loss of compounds as explained in chapter 5, section 5.4.

Our hypothesis was that the vasorelaxation elicited by the infusion was produced
by procyanidin B2 through NO pathway and isoquercitrin through COX pathway (Fig
VL.I). Although procyanidin B2 was not fully identified in our extract, Correia et al.
(2006) identified this compound in the same batch of A. eupatoria utilized in this work.
In addition, Novakovic et al. (2017) demonstrated that procyanidin B2 elicited an

endothelium-dependent vasorelaxation in ITAs.
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Figure VI.I: Proposed mechanism underlying the vasoactivity of A. eupatoria. Briefly,
after the procyanidin B2 stimuli, the endothelium NO through eNOS activation, which can be
blocked with L-NMMA. Then, NO diffuses from the endothelium to the smooth muscle leading
to activation of guanylyl cyclase in VSMCs, with production of cGMP and thus eliciting
vasorelaxation. Furthermore, phospholipase A2 converts membrane phospholipids into
arachidonic acid, which is converted into cyclic endoperoxides that subsequently are
transformed into prostanoids with vasorelaxant effect.

SMC

Flavonoids have gained considerable attention, specifically due to their broad
spectrum of health beneficial effects for the treatment of CVDs (Salvamani et al. 2014).
Numerous studies support the hypothesis that flavonoids, a major group of compounds
among the polyphenols, display protective effects in vitro, on the endothelium-derived
NO, on the vessel wall, particularly on the endothelial function, with multiple
mechanisms underlying their activity (Perez-Vizcaino et al. 2006).

The protection of blood vessels displayed by the polyphenols can be explained
due to their ability to act specifically in endothelial cells to increase the synthesis of
vasoprotective factors such as NO and EDHF, reduce the formation of COX-derived
vasoconstrictors in addition to prevent apoptosis induced by oxidative damage and
inhibit the release or action of endothelial derived constrictors, i.e. ET-1. Moreover, in
the vascular smooth muscle cells, the reduction of the oxidative stress, partly by
decreasing the expression of NADPH oxidase and also the receptors of angiotensin-
| (Andriantsitohaina et al. 2012). In VSMC:s, flavonoids inhibit directly the contractile and
proliferative response induced by several pathological stimuli (Andriantsitohaina et al.
2012).

An improvement of endothelial function, reduction of blood pressure and the
associated cardiac, vascular and renal damage and a reduction in the expression and the

activity of prooxidative enzymes such as membrane NADPH oxidase was observed in
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several animal models of endothelial function with the administration of flavonoids. In
addition, although limited, clinical studies have also shown that foods rich in flavonoids
improve endothelial function in patients with hypertension, atherosclerosis and coronary
disease (Andriantsitohaina et al. 2012; Salvamani et al. 2014)

The three major actions suggested to be related with the decrease of coronary
heart disease by dietary flavonoids are the following: preventing low-density lipoproteins
(LDLs) from oxidizing; decrease of the ability of platelets in the blood to clot and
improvement of coronary vasodilation (Mojzisova and Kuchta 2001). In fact, Perez-
Vizcaino et al. (2006) reported an endothelium-dependent relaxation of flavonoids,
especially anthocyanin delphinidin and the flavone chrysin.

Flavonols, such as quercetin, are generally more active as vascular relaxant and
as antioxidants and offer possible therapeutic agents to improve vascular function after
ischemia and reperfusion since their antioxidant and Ca®* inhibitory actions may be
beneficial in this setting (Woodman et al. 2005).

Specifically, quercetin derivatives are described as one of the most abundant
polyphenolic flavonoid groups, present in fruits and vegetables and are responsible for
many biological and health promoting effects in a wide range of diseases(Ebrahimpour et
al. 2020). For example, quercetin acts as a direct antioxidant, scavenging ROS such as
superoxide anion and peroxynitrite. This capacity has been attributed due two
characteristics presented in the molecule: the catechol and -OH groups
(Andriantsitohaina et al. 2012; Ebrahimpour et al. 2020)

Isoquercitrin (quercetin-3-O-glucoside) is one of the major glycosidic forms of
the natural flavonol quercetin (Valentova et al. 2014) and is commonly found in medicinal
herbs, fruits, vegetables and plant-derived foods and beverages (Valentova et al. 2014).

In our phytochemistry analysis, we identified isoquercitrin as the major
compound in the infusion and EtOAc fraction of A. eupatoria. Moreover, this compound
exhibited a vasoactivity mainly mediated by cyclooxygenase products, presenting the
same behavior of the ethyl acetate fraction.

Interestingly, isoquercitrin showed an endothelium-dependent vasorelaxation
however, this mechanism was not confirmed with quercetin. This fact suggests that the
pattern of substitution of the compound might play an important role in the mechanism
underlying their activity.

The role of the IP receptor was assessed through incubation with a selective
antagonist (Rol138452). However, the relaxation to the ethyl acetate fraction or to
isoquercitrin was not statistically significantly blunted or abolished, thus suggesting that

other cyclooxygenase products may be involved in the vasorelaxation, rather than
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prostacyclin (Fig VI.2). Therefore, the receptors that mediate the relaxation remain

unclear.
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Figure VL.2: Our first hypothesis was that the vasorelaxation elicited by isoquercitrin was
mediated by the IP receptors. However, in vascular assays with the selective inhibitor Ro
I 138452, the relaxation was not statistically significant abolished, thus the receptors that mediate
the vasorelaxation to isoquercitrin remain unclear.

Of note, the vasorelaxation elicited by the ethyl acetate fraction and isoquercitrin
points to another perspective regarding the pharmacological pathways of vasorelaxation
of the ITA. Since the literature points towards NO as the major factor involved in its
vasorelaxation, our results suggested that cyclooxygenase products may play an
important role.

Since the vasorelaxation to ethyl acetate fraction and isoquercitrin seems to be
through other pathway than prostacyclin, our group hypothesized other mechanism that
could be involved in the vasoactivity observed. For example, the ITA synthesizes EDHF,
a K" channel activator that persists after inhibition of NO and prostaglandin synthesis.
EDHF hyperpolarizes and relaxes SMCs. However, the identity of EDHF in humans is
unknown. Archer et al. (2003) suggested that that EDHF isl |,12-epoxyeicosatrienoic
acid (11,12-EET). Second, that is generated by cytochrome P450-2C, CYP450-2C and
finally, that causes relaxation by promoting an opening od SMC large-conductance Ca**
activated K* channels (BK,,).

The employment of ITA as an arterial model presents some limitations. The
arterial segments are from patients undergoing coronary revascularization, who
generally display a variable clinical profile with multiple cardiovascular risk factors that

could interfere with several pathways of regulation of vascular function, e.g. endothelial
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function, hypoxia-induced oxidative stress and potential damage or interference because
of the harvesting or isolation techniques thus eventually contributing to an increased
variability of results (Fonseca et al. 2014). Nevertheless, the use of this arterial model
can be advantageous from a translational point of view, as it mimics the human vascular
system more closely in comparison to animal-derived tissue.

In the last two decades, the absorption and metabolism of dietary flavonoids have
been extensively studied (Xiao 2017).That is an important aspect that should be
considered in clinical scenario of administration of A. eupatoria extracts to patients with
vascular disorders, who typically exhibit reduced endothelial NO production.

Although polyphenols have a low oral bioavailability due to an extensive
biotransformation mainly mediated by phase | and phase Il reaction in enterocytes and
liver and by gut microbiota, most polyphenols have displayed significant biological activity
(Luca et al. 2020).

Quercetin and related flavonoids are absorbed in the small intestine. Levels of
unconjugated flavonoids in plasma are low, and it is suggested that the most of in vivo
effects of flavonoids may be due to their conjugated metabolites (Perez-Vizcaino et al.
2006).

In an overview of isoquercitrin, Valentova et al. (2014) specifically described the
occurrence, preparation, bioavailability, pharmacokinetics, toxicology and biological
activity of isoquercitrin and “enzymatically modified (o-glucosylated) isoquercitrin”
(EMIQ). In this report, some bioactivities are attributed to isoquercitrin, such as
chemoprotective, antioxidant, protection to cardiovascular disorders, diabetes and
allergic reactions. Hence, the commercial interest in this compound has increased, since
it is easy to obtain by an enzymatic hydrolysis of rutin (Valentova et al. 2014).

According to Xiao (2017), quercetin-3-O-glucoside is rapidly absorbed in
humans. After the absorption, the flavonoids are bound to albumin and transported to
the liver via portal vein. Occasionally, if a flavonoid glycoside is not absorbed in the small
intestine, it can be metabolized by the colonic microflora into its aglycone in the large
intestine. Following the absorption, flavonoid glycosides are metabolized by phase Il
enzymes in small intestine and then in the liver.

Gasparotto et al. (201 1) demonstrated that the intravenous administration of
isoquercitrin caused a significant reduction in the hypertensive response to angiotensin
I, but not angiotensin Il in normotensive rats. Results showed that the hypotensive effects
caused by the hydroethanolic extract as well as by its semi-purified fraction of

Tropaeolum majus L., may be associated with the high levels of the flavonoid isoquercitrin
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found in this plant. In addition, isoquercitrin-induced hypotension in rats is an event
dependent on the inhibition of angiotensin Il generation by ACE.

Of note, a randomized, double-blind, placebo-controlled, crossover trial was
conducted on 37 pre-hypertensive adults, to evaluate the effect of supplementation with
capsules with quercetin-3-O-glucoside. The intermediate markers of cardiovascular risk
factors were analyzed for 4 weeks. Results showed that the supplementation reduced
sE-selectin and z-score for endothelial dysfunction, biomarkers that indicate the
dysfunction of the endothelium and inflammation (Dower, Geleijnse, Gijsbers,
Schalkwijk, et al. 2015; Dower, Geleijnse, Gijsbers, Zock, et al. 2015).

In terms of metabolism, isoquercitrin is extensively metabolized in the intestine
and in the liver and biotransformation of this compounds includes deglycosylation and
then, formation of conjugated and methylated derivatives of quercetin or degradation to
phenolic acids and carbon dioxide (Valentova et al. 2014)

The process of deglycosilation by small intestine by epithelial cell B-glucosidases
it is a critical step in the absorption and metabolism of flavonoid glycosides (Walle et al.
2005). These glycosides are generally absorbed as their aglycones after hydrolyzation
along the digestive tract. Absorption of flavonoid glycosides mainly depends on their
permeability. Nonetheless, the flavonoid glycosides have a high solubility in water to
diffuse across the cellular membrane. Therefore, the absorption requires hydrolyzing
their sugar group (Kottra and Daniel 2007; Chen et al. 201 1).

Previous published literature indicates that isoquercitrin has a higher solubility in
water and bioavailability than the aglycone quercetin, and can be found intact in plasma
and tissues after oral application, however is mostly deglycosylated before absorption,
thus being a source in quercetin in humans. Meanwhile, there is lack of information
concerning the biodistribution and fate of the degradation products in vivo (Valentova et
al. 2014).

The flavonoid glycosides are commonly hydrolyzed to their aglycones to produce
effects in vivo (Walle et al. 2005) since the aglycones are characterized of being more
hydrophobic and may be easily absorbed by the epithelial cells through passive diffusion
(Walle et al. 2005).

Quercetin was also evaluated in our vascular assays, and according to the
literature, it is suggested that quercetin might exert benefit in cardiovascular diseases
and has been extensively studied over the years (Perez-Vizcaino et al. 2006; Terao 2017).

In addition, quercetin has been reported to improve endothelium-dependent
vasorelaxation in aorta and decrease of systolic blood pressure, and reduction of cardiac

hypertrophy and proteinuria in hypertensive rats (Salvamani et al. 2014).
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Quercetin exhibits significant benefits, such as inhibition of LDL oxidation,
endothelium-independent vasodilator effects, reduction of adhesion molecules and other
inflammatory markers, also protection of nitric oxide and endothelial function under
conditions of oxidative stress and platelet antiaggregant effects (Patel et al. 2018).The
possible pathways of the anti-hypertensive action of quercetin include vasodilator effects,
VSMC apoptosis/proliferation ROS scavenger, renal effects and inhibition and
downregulation of NADPH oxidase (Patel et al. 2018).

Moreover, extensive studies using cell cultures and experimental animals,
strongly suggested the anti-atherosclerotic effect potential of quercetin (Terao et al.
2008; Terao 2017).

Oxidative stress can trigger increased activity of MMP-2 in aortas of different
models of hypertension.Pereira et al. (2018) hypothesized that quercetin could reduce
increased MMP-2 activity by decreasing oxidative stress in aortas of hypertensive rats
and then ameliorate hypertension-induced vascular remodeling. In their results,
quercetin reduced the hypertension-induced vascular remodeling, oxidative stress and
MMP-2 activity in aortas (Pereira et al. 2018).

Quercetin is absorbed at the small intestine level by passive diffusion or by
complex formation with membrane transporters (Luca et al. 2020). Following the
absorption, quercetin suffers biotransformation in the small intestine, colon, liver and
kidney (Luca et al. 2020). The first stage of metabolism is considered deglycosylation.
Flavonoids and their derivatives may undergo hydroxylation, methylation and reduction
in the liver (Xiao 2017). After, the aglycones are sulfated or glucuronidated to from
flavonoids metabolites (Xiao 2017).

The oral supplementation of quercetin was investigated in three different doses.
The daily supplementation of healthy humans with graded concentrations of quercetin
increased plasma quercetin concentrations, however, did not affect antioxidant status,
oxidized LDL, inflammation, or metabolism (Egert et al. 2008).

Quercetin metabolites were also investigated regarding their role in NO
bioavailability and endothelial function (Luca et al. 2020).

Multiple metabolites (Q3’S, Q3GA, I3GA) partially prevented the impairment of
endothelial-derived NO response under conditions of high oxidative stress induced by
a SOD inhibitor (diethyldithiocarbamic acid, DETCA) in endothelium-denuded rat aortic
rings. In addition, quercetin, Q3S and Q3GA inhibited NADPH oxidase-derived
superoxide release, whereas only quercetin and Q3GA prevented the endothelial

dysfunction induced by endothelin-1(Luca et al. 2020).
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According with Andriantsitohaina et al. (2012), in a compilation of multiple
evidence of several authors, quercetin elicits vasodilation. First, Perez-Vizcaino et al.
(2006) and Perez-Vizcaino et al. (2009) indicated that quercetin caused an endothelium-
dependent vasodilation through production of NO, and Khoo et al. (2010)suggests that
is possible by increasing eNOS phosphorylation. Quercetin was also proposed to
increase NO release, leading to hyperpolarization-dependentand Ca**entry in isolated
cultured endothelial cells. The result of this effect in endothelium-dependent
vasodilatation that is inhibited by eNOS inhibitors and charybdotoxin, thus
demonstrating that the quercetin effect is dependent on both the NO/cyclic guanylyl
monophosphate pathway and EDHF. In addition, quercetin also increased eNOS and
VEGF messenger RNA (mRNA) expression in culture of HUVEC (Nicholson et al. 2010).

Interestingly, Dagher et al. (2021) explored the efficacy of quercetin to reduce
inflammation, myocardial injury and senescence in patients undergoing CABG following
an acute coronary syndrome, since after this outcome, patients exhibited an elevated
inflammatory profile. A phase |l, prospective, randomized, double-blind and placebo-
controlled clinical trial was designed where participants were randomly assigned to
quercetin supplementation or placebo, starting 2 days before surgery until the seventh
postoperative day. The primary endpoint consisted in examination of the effects of
quercetin on blood inflammatory cytokines and markers of myocardial injury and
senescence. The second endpoint consisted in the assessment of the endothelial
(dys)function by looking at ex vivo vascular reactivity and mRNA expressionof endothelial
cells from the wall of discarded segments of ITA.

According to Dagher et al. (2021), the preventive intake of quercetin might help
limit the inflammatory response triggered by CABG and consequently, help in
postoperative complications in patients suffering from an acute coronary syndrome.

In fact, the results of this trial provided valuable information regarding a novel

approach to improve biological, and potentially clinical outcomes post-CABG (Dagher
et al. 2021).
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Chapter /:
Conclusions and
Future perspectives







In this work, we aimed to screen the vascular activity of leaves extracts from
plants which have been previously characterized in terms of phytochemical composition
and main biological effects, specifically A. eupatoria, F. vesca and U. dioica.

A vasorelaxant effect has been described in the literature for F. vesca. However,
in our study, F. vesca extracts did not elicit vasorelaxant effects of human arteries
harvested from patients with underlying coronary artery disease. In fact, the leaves
extract elicited a significant potentiation on the noradrenaline contractile response.
Differences between our findings and previous studies could be due to differences in
extract preparation and composition and in vascular bed. Further studies should be
carried out to fully understand the clinical applicability of F. vesca extracts in
cardiovascular disorders.

U. dioica has been recognized as a natural product for hypertension. Previous
studies have suggested its anti-hypertensive potential may result from direct vascular or
cardiac effects. In human arteries, we showed that the hydroalcoholic extract of aerial
parts of U. dioica did not elicit vasorelaxant effects, but modulated the adrenergic vascular
contraction. Together with the findings from previous studies, this suggests that the
vasorelaxant properties may be attributable to compounds found in the ground parts
rather than in the aerial parts. Furthermore, this also confirms the existence of
compounds with affinity to human vascular adrenergic receptors which could be
responsible for the anti-hypertensive properties of this plant species. The specific
compounds and underlying mechanisms remain to be fully characterized.

In contrast, A. eupatoria exhibited a marked vasoactivity, which lead to multiple
assays with the objective to elucidate the mechanisms responsible for its vasoactivity.

To our knowledge, this is the first report on the direct vascular effects of extracts
and compounds from A. eupatoria. In our study, we demonstrated that an infusion of A.
eupatoria may exhibit a mixed vascular activity, in which some compounds may promote
mild vasoconstriction while others elicit pronounced vasorelaxation. Interestingly, the
EtOAc fraction elicited a decrease in the contraction to noradrenaline, while maintaining
a marked vasorelaxant effect. In our study, we showed also that this remarkable
vasorelaxation involves both the COX and the NO endothelial pathways, while the
COX pathway exhibits a central role in the vasorelaxant effect of the EtOAc fraction.
Isoquercitrin, a major compound found in the infusion and EtOAc fraction, showed a
marked COX-mediated vasorelaxation, and this result corroborates the activity
observed for the EtOAc fraction. Overall, these findings suggest A. eupatoria exhibits

vasoprotective properties and warrant further research to clarify the mechanistic basis
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for this vascular activity (i.e., identify the specific targets and mediators) and to validate
the therapeutic potential in several conditions, e.g., atherosclerosis.

From a clinical perspective, the administration of extracts of A. eupatoria in
patients with vascular disorders could be interesting since it is a major source of
polyphenols, specifically, quercetin derivatives thus acting as vasoprotective. In fact, this
class of compounds are described in the literature to exert multiple beneficial effects
effect in CVDs.

As future perspectives, first, it would be interesting to fully characterize the
procyanidins present in the infusion and EtOAc fraction of A. eupatoria and then proceed
with their quantification. In order to confirm our hypothesis that the vasorelaxation of
about 80% of the infusion was elicited both by procyanidin B2 and isoquercitrin, it would
be interesting to test solutions with the respective extract amount of procyanidin B2
and isoquercitrin. And finally, quantify the metabolites of NO and prostacyclin, so the

pathways of vasorelaxation can be fully confirmed.
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