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Resumo

RESUMO

Ao longo do tempo, os produtos naturais tém sido uma importante fonte de novas moléculas
com atividade farmacolégica. Em particular, das plantas tém sido isolados metabolitos secundarios
com propriedades biolégicas, nomeadamente anti-inflamatéria, anti-oxidante e anticancerigena.
Estudos etnofarmacoldgicos referem que a folha da Fragaria vesca L., planta popularmente
conhecida como morangueiro silvestre, tem sido utilizada no tratamento de diversas patologias.
Contudo, existe muito pouca informacgao cientifica relativa aos mecanismos de acao molecular
subjacentes ao seu efeito terapéutico.

Com o objetivo de validar os seus usos tradicionais e avaliar os mecanismos celulares e
moleculares envolvidos nas atividades biolégicas da Fragaria vesca, preparou-se um extrato
hidroalcodlico a partir das suas folhas, e este foi quimicamente caracterizado relativamente ao seu
perfil polifendlico por HPLC/PDA/ESI-MS". A andlise fitoquimica permitiu identificar 20 polifendis,
entre os quais elagitaninos, proantocianidinas e conjugados glucoronados de conferol e quercetina.
As propriedades anti-inflamatdrias do extrato foram avaliadas numa linha celular de macréfagos de
ratinho (Raw 264.7), observando-se uma inibicdo da producdo de mondxido de azoto estimulada por
lipopolissacarideo, sendo que este efeito se deveu maioritariamente a atividade scavenger do
proprio extrato. Adicionalmente demonstrou-se que o extrato modula as vias proteoliticas da célula
através da redugdo da atividade do proteassoma e modulagdo da autofagia, alvos celulares
extremamente atrativos em estratégias terapéuticas anti-tumorais.

Assim, com o propdsito de aquilatar os compostos responsaveis por estes efeitos biolégicos
procedeu-se ao fracionamento do extrato, sendo selecionada uma fragdo composta
maioritariamente por elagitaninos. A fra¢do foi analisada por HPLC/PDA/ESI-MS" o que permitiu
detectar 12 elagitaninos. A viabilidade da linha celular do carcinoma hepatocelular humano (HepG2)
foi avaliada apds tratamento com a fracdo e com o extrato hidroalcodlico, e as concentracbes
necessarias para inibir 50% da viabilidade celular (ICs,) foram determinadas. O ICs, da fragdo
enriquecida em elagitaninos (113 pg/mL) foi aproximadamente 6 vezes inferior ao ICsq do extrato
hidroalcodlico (690 pg/mL). O efeito da fragdo na proliferacdo celular e no ciclo celular foi igualmente
alvo de estudo, observando-se que o tratamento diminuiu a proliferacdo celular através de uma
resposta dependente da concentragdo e induziu uma acumulacdo de células em G2/M.
Paralelamente, demonstrou-se que a fra¢do induziu um bloqueio do fluxo autofégico responsavel
pela acumulagdo da proteina LC3-Il, promoveu a acumulagdo de proteinas conjugadas com a
ubiquitina, inibiu a atividade do tipo quimiotripsina da subunidade 26S do proteossoma e diminuiu a

expressao de algumas subunidades do proteassoma, enfatizando uma inibicdo da degradagdo
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proteolitica mediada pela via ubiquitina-proteossoma. Adicionalmente, a andlise do proteoma das
células com recurso ao método proteémico quantitativo (iTRAQ) permitiu identificar 914 proteinas,
das quais 133 mostraram ser moduladas pela fracdo, com especial destaque para proteinas
envolvidas em processos de metabolismo celular.

Recentemente, os alimentos que contém elagitaninos tém suscitado considerdvel atencao na
comunidade cientifica devido aos seus efeitos benéficos na saude humana, sendo particularmente
associados a potenciais efeitos quimioterapéuticos. Dada a baixa biodisponibilidade dos elagitaninos
e sabendo-se que sdao metabolizados no trato intestinal em acido eldgico e posteriormente em
urolitinas, hipotetiza-se que as suas propriedades benéficas sejam devidas ao efeito direto dos seus
metabolitos. Tendo em conta as considera¢cdes acima explanadas, a atividade antiproliferativa dos
principais metabolitos dos elagitaninos foram também alvo de estudo. Demonstrou-se que as
urolitinas A, B e C diminuiram a viabilidade celular de cinco linhas tumorais humanas, apresentando
um efeito dependente da concentracdo, e o precursor comum destas moléculas, o acido elagico,
revelou ser menos ativo que as urolitinas. Os resultados enfatizaram ainda diferencas claras entre os
efeitos bioldgicos das urolitinas estudadas e, no geral, a urolitina A foi a molécula mais promissora.
Na linha celular de cancro da bexiga (UMUC3), a urolitina A induziu a paragem do ciclo celular,
aumentou a apoptose e modulou as vias de sinalizacdo celular PI3K/Akt e MAPKs. Na linha celular
humana de osteossarcoma (MNNG-HQOS), a urolitina A teve um efeito semelhante, embora menos
pronunciado, indicando que o efeito desta molécula ndo é dependente do tipo de célula. Os
resultados permitiram ainda concluir que a urolitina B foi a molécula menos ativa em ambas as linhas
celulares. Deste modo, considerando as diferengas estruturais das trés urolitinas testadas, os
resultados realgam a importincia do numero/posicdo dos grupos hidroxilo na atividade destas
moléculas, fato extremamente relevante no desenho de moléculas bioativas baseadas nas urolitinas.

Em suma, estes resultados sugerem que a folha da Fragaria vesca podera ser uma relevante
fonte de moléculas com potencial terapéutico, principalmente tendo em conta os resultados
notaveis na autofagia e no proteassoma. Suportando estes resultados, a fracdo enriquecida em
elagitaninos demonstrou também inibir estes mecanismos proteoliticos bem como modular varios
processos celulares e moleculares associados a carcinogénese. Por outro lado, este trabalho sustenta
a importancia do estudo dos metabolitos dos polifendis, e em particular dos elagitaninos,
encorajando fortemente estudos cientificos focados no desenvolvimento de farmacos com agdo

guimiopreventiva/quimioterapéutica tendo por base estes metabolitos.
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ABSTRACT

Natural products have been a rich source of novel lead molecules with pharmacological
activity for drug discovery. Notably, plants have had a relevant role, being widely shown that many
plant-derived compounds have anti-inflammatory, antioxidant and anticancer activities. The leaf of
Fragaria vesca L., a plant commonly known as wild strawberry, has been used over the years by
traditional medicine for the treatment of several diseases. However, scientific reports disclosing its
molecular mechanisms of action are still lacking.

Therefore, to validate its traditional uses and to unveil the mechanisms involved in the
activities previously reported, a hydroalcoholic extract from Fragaria vesca leaves was obtained. The
phytochemical characterization was performed by HPLC-PDA-ESI/MS". Twenty compounds were
tentatively identified, and among them ellagitannins, proanthocyanidins, and quercetin and
kaempferol glucuronide derivatives were the main ones. Thereafter, using a mouse macrophage cell
line (Raw 264.7), we observed that the extract inhibited the production of nitric oxide (NO) triggered
by lipopolysaccharide, which was probably due to a direct scavenge of NO. The extract also affected
the cellular proteolytic pathways, through the reduction of the proteasome activity and modulation
of the autophagic machinery, mechanisms that are currently considered very attractive therapeutic
targets in cancer treatment.

In order to identify the compounds responsible for these effects, the extract was further
fractionated and an ellagitannin-enriched fraction (EEF) was selected. The analysis of EEF by HPLC-
PDA-ESI/MS" allowed the detection of 12 ellagitannins. The cell viability of both EEF and crude
extract was determined after 24 h of cells treatment and the half-maximal inhibitory concentration
(ICso) was calculated. The IC5, of the EEF (113 pg/mL) was about 6 times lower than the ICs, of the
crude extract (690 ug/mL). Furthermore, EEF induced cell cycle arrest at G2/M checkpoint and
decreased cell proliferation in a dose-dependent way. This fraction also induced an accumulation of
LC3-1l protein through blockage of autophagic flux, and promoted the accumulation of ubiquitinated
proteins, inhibited chymotrypsin-like activity of 26S proteasome and decreased the expression of
several proteasome subunits, indicating an impairment of ubiquitin-proteasome system.
Furthermore, to further unveil other putative molecular targets of EEF, an iTRAQ (isobaric tag for
relative and absolute quantitation) based proteomics approach was performed. Several proteins
(914) were identified, among which 133 proteins were significantly modulated, most of them related
to metabolic processes.

Recently, ellagitannins-containing foods have gathered much attention due to their health

benefits, namely their chemopreventive potential. Given the low bioavailability of those molecules
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and their metabolization in the gastrointestinal tract into ellagic acid and consequently into
urolithins, the systemic health benefits of their consumption may be a consequence of a direct effect
of ellagitannins metabolites. Therefore, the antiproliferative effects of the main metabolites
produced after ingestion of ellagitannins-containing foods, ellagic acid and urolithins A, B and C were
investigated. The results indicate that urolithins A, B and C, decreased cell viability in a dose-
dependent way in several human cancer cell lines and, in comparison with ellagic acid, their
precursor, urolithins were much more active. Furthermore, clear differences among the compounds
tested were shown, and, overall, urolithin A was the most promising molecule. In UMUC3 bladder
cancer cells, urolithin A induced cell cycle arrest, increased apoptosis and modulated the intracellular
PI3K/Akt and MAPKs signaling pathways. In human osteosarcoma cells (MNNG-HOS), although not so
pronounced, the effects of urolithin A on cell death and cell cycle were similar, indicating that those
effects are not cell type-specific. Furthermore, urolithin B was, in both cell lines, the less active
molecule. Considering the structural differences between these three urolithins, the results highlight
the significance of the number/position of hydroxyl groups for urolithins’ activity, which constitutes
valuable information in the design of urolithin-based molecules presenting potent bioactivity.

In conclusion, Fragaria vesca leaf is a source of molecules with therapeutic potential and
with a notable effect on autophagy and proteasome. Furthermore, EEF markedly inhibited these
proteolytic systems and modulated several cellular and molecular processes implicated in
carcinogenesis. Moreover, this work generated important insights in the therapeutic value of
ellagitannins metabolites, the urolithins, strongly supporting and encouraging further work on
ellagitannins and urolithins in order to unveil their potential as chemopreventive/chemotherapeutic

drugs.
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1.1. USE OF NATURAL PRODUCTS AS THERAPEUTIC AGENTS

Natural products derive from natural sources such as plants, animals or microorganisms and
have been used since ancient times for the treatment of many diseases in the form of traditional
medicines, remedies, potions and oils. Plants have proven to be an extremely productive source of
bioactive compounds and, more recently, many of these phytochemicals became chemical leads for
several pharmaceuticals products.

Interestingly, the foundations of this knowledge were the trial and error tests that for
hundreds of centuries gradually eliminated the harmful, worthless or less efficient plants. In the early
1800s, the development of new analytical and structural tools ushered in a new era for the study and
use of natural products. Indeed, this led to the purification and chemical structure elucidation of
many bioactive compounds that later allowed to synthetize them, rather than isolating them from
natural sources. Classic examples of plant-derived compounds are morphine, codeine, digoxin,
vincristine and paclitaxel.

Currently, natural products continue to be an important source of drugs and drug leads for
the treatment of many diseases. In fact, Newman and Cragg (2012) reported that among all new
drugs approved between 1981 and 2010, only 29% where totally synthetic in origin (Figure 1.1),
which demonstrates the value of natural sources for the discovery of novel bioactive agents. Notably,
and underlining the value of natural products research in medicine, Drs. William C. Campbell, Satoshi
Omura and Youyou Tu were honored with the 2015 Nobel Prize in Physiology or Medicine for the
discovery of novel natural products that became impactful therapies for infections by roundworm

parasites (avermectins) and malaria (artemisinin)(Callaway and Cyranoski, 2015).

I’ 80, 6% B, 202, 15%

S*/NM, 122, 9%
N, 59, 4%
S§*, 55, 4%
NB, 5, 0%
S'NM, 146, 11%

ND, 299,22%

S, 387,29%
Figure 1.1 - New approved drugs (1981-2010). B — Biological (usually a large peptide or protein either isolated from an
organism/cell line or produced by biotechnological means in a surrogate host); N - Natural product; NB - Natural
product “Botanical”; NM - Natural product mimic; ND - Derived from a natural product, resulting usually from a semi-
synthetic modification; S - Totally synthetic drug, often found by random screening/modification of an existing agent;
S* - Made by total synthesis, but the pharmacophore is from a natural product; V - Vaccine. Adapted from Newman
and Cragg (2012).
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1.2. PLANTS SECONDARY METABOLITES

Plants synthesize a wide range of organic compounds that are traditionally referred as
primary and secondary metabolites. The primary metabolism is found in all plants and is responsible
for the synthesis of substances with an essential role in the plant growth and development, as
carbohydrates, lipids, proteins and nucleic acids. The secondary metabolites are present in higher
plants, are structurally diverse and participate in the interaction between the plant and its
environment, for instance, in response to herbivore-induced damage or nutrient deprivation (Wink,
2010).

In the recent years research on the nutritional/medicinal properties of plant secondary
metabolites has become very popular. In addition to the traditional uses of the plants, the isolation
of their compounds and the study of associated biological activities increased the medicinal value of
the phytochemicals. Based on their biosynthetic origin these chemicals are usually grouped in 3
major clusters: terpenoids, alkaloids and phenolic compounds (Harborne, 1999). This work will focus

on phenolic phytochemicals.

1.2.1. PHENOLIC COMPOUNDS AND POLYPHENOLS

Phenolic compounds are characterized by the presence of one or more hydroxyl groups
attached directly to an aromatic ring (Vermerris and Nicholson, 2007), while the term polyphenol
should be applied to the compounds derived from the shikimate-derived phenylpropanoid and/or
the polyketide pathways, with two or more phenolic rings and without nitrogen-based functional
groups in their most basic structural expression (Quideau et al., 2011). The majority of polyphenols
exists as glycosides with different sugar units and acylated sugars at different positions of the
polyphenol skeletons (Tsao, 2010).

This group of natural products is highly diverse and contains several sub-groups. It has been
classified in different ways, according to source of origin, biological function and chemical structure
(Table 1.1).

The phenolic compounds originate from two metabolic pathways: the
shikimate/phenylpropanoid pathway where, mainly phenylpropanoids are formed, or the polyketide
pathway (also known as acetate/malonate pathway), which can produce simple phenols, or the
combination of these two pathways that give rise to flavonoids and others monomeric and polymeric
phenols (Figure 1.2) (Cheynier et al., 2013; Lattanzio, 2013).

Among the phenolic compounds, the chemical classes with relevance for this thesis will be

the phenolic acids, flavonoids and tannins (with a special focus on hydrolysable tannins).
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Table 1.1 - Main classes of polyphenols. Adapted from Santos-Buelga et al. (2012)

Structure Class

cé6 Simple phenols

c6-C1 Hydroxybenzoic acids

C6-C3 Hydroxycinnamic acids and derivatives
C6-C3 Coumarins

C6-C4 Naphtoquinones

C6-C1-C6 Xanthones

C6-C2-C6 Stilbenes

C6-C2-C6 Anthraquinones

C6-C3-C6 Chalcones, aurones, dihydrochalcones
C6-C3-C6 Flavonoids

(C6-C3-C6)n Condensed tannins (proanthocyanidins)
(Ce - C2), Lignans

(C6-C3)n Lignins

Oligomers or polymers Hydrolysable tannins (gallotannins, ellagitannins)

Photosynthesis
(Calvin cycle)

Glycolysis QOxidative pentose

hosphate pathwa
Gliceraldehyde-3-phosphate p p P Y

Erythrose-4-phosphate
Phosphoenolpyruvate v pnose

Glyceraldehyde-3-phosphate

Pyruvate Pyruvate
Acetate/malonate Shikimate pathway
athwa

p Y 3-Dehydroguinic acid

Acetyl-CoA 3-Dehydroshikimic acid
Malonyl-CoA Shikimic acid

Phlorotannins Phenylpropanoid Hydrolysable tannin pathway
Precursors

polyketides

Phenylalanine Gallic acid \

Flavonoids, Cinnamic acid 1-0-Galloylglucose Galloyl guinic acids

. o and other simple
Condensed tannins, D-COUMfﬂCﬂC'd Pentagallaylglucose gallic acid derivatives

Stilbenes p-coumaric-CoA 1 \
Coumaric and caffeic Simple phenolic ) . )
. . A Gallotannins Ellagitannins
acid esters, lignans acids

Figure 1.2 - Major polyphenolic biosynthetic pathways. Adapted from Salminen et al. (2012).
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1.2.1.1. PHENOLIC ACIDS

Phenolic acids are composed by a benzene ring, a carboxylic group and one or more hydroxyl
and/or methoxyl groups. These compounds could be divided in two classes: derivatives of benzoic
acid (C¢-C,) and derivatives of cinnamic acid (Cs-Cs) (Giada, 2013). The hydroxybenzoic acids, such as
gallic acid and protocatechuic acid are found in certain foods and plants, such as red fruit. Among the
cinnamic acids, caffeic p-coumaric, ferrulic and sinapic acids are the most abundant and are
frequently found in plants as esters. For instance, chlorogenic acid is an ester of caffeic acid and

quinic acid (Figure 1.3) (D’Archivio et al., 2007).

HO

0 X 0

HO
HO (0]
X OH HO ",
OH
HO HO\\\\
OH
Caffeic acid Chlorogenic acid

Figure 1.3 - Examples of phenolic acids.

1.2.1.2. FLAVONOIDS

Flavonoids are a large class of secondary metabolites that are broadly distributed in the plant
kingdom, encompassing more than 10,000 structures (Mouradov and Spangenberg, 2014). These
polyphenolic compounds comprise fifteen carbons, with two aromatic rings (A-ring and B-ring) joined
by a three-carbon bridge (Figure 1.4). The central three-carbon chain may form a closed pyran ring
(C-ring) (D’Archivio et al., 2007). Considering the hydroxylation pattern and the variations on C-ring,
flavonoids can be further divided into the following main subclasses: flavonols, flavones, flavanones,
isoflavones, anthocyanidins and flavanols. The basic structures of flavonoids are aglycones; however,

most of these compounds exist naturally as glycosides (Tsao, 2010).
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Figure 1.4 - Basic structure of flavonoids.

Flavonoids are an integral part of human diet, being present in fruits, vegetables and herbs.
Furthermore, these molecules have received considerable attention because of their health benefits,
namely as antioxidants (Heim et al., 2002), anti-inflammatory (Costa et al., 2012) and anticancer

(Martinez-Perez et al., 2014) compounds.

1.2.1.3. TANNINS

Tannins are a group of polyphenols with a wide diversity in structure and with the ability to
bind and precipitate proteins and alkaloids. Etymologically, the term tannin derives from the ancient
Celtic word for oak and comes from the French word “tan”, which refers to the powdered oak bark
extracts used in the making of leather (Quideau et al., 2011). Based on their biochemical properties,
tannins were typically defined, as water soluble phenolic compounds that are able to bind and
precipitate proteins and other macromolecules, and that are known to have a molar mass between
300 and 3000 Da (Bate-Smith and Swain, 1962). However, this definition does not include all tannins,
since molecules with a molar mass of up to 20000 Da were discovered. Hence, considering their
molecular structures and their origin and role in plant life, Khanbabaee and van Ree (2001) defined
this class as polyphenolic secondary metabolites of higher plants, and are either galloyl esters and
their derivatives, in which galloyl moieties or their derivatives are attached to a variety of polyol-,
catechin- and triterpenoid cores (gallotannins, ellagitannins and complex tannins), or they are
oligomeric and polymeric proanthocyanidins that can possess different interflavanyl coupling and
substitution patterns (condensed tannins). Therefore, this definition covers the 4 subclasses of
tannins: gallotannins and ellagitannins (hydrolysable tannins), complex tannins and condensed
tannins (Figure 1.5). Tannins are generally found in wood, leaves, fruits and roots, and have a

protective role against infections, insects or animal herbivory.
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Figure 1.5 - Classification and structure of tannins. Adapted from Khanbabaee and van Ree (2001).

1.2.1.3.1. CONDENSED TANNINS

Condensed tannins or proanthocyanidins (Figure 1.5) are oligomeric or polymeric flavonoids,

formed by linkage of C-4 of one flavan-3-ol unit with C-8 or C-6 of other flavan-3-ol unit that under

hydrolysis with heating in acid yields anthocyanidins (Khanbabaee and van Ree, 2001). These

compounds are found in berries, cereals, nuts, vegetables, chocolates and wines, and represent a

large part of daily polyphenol

ingestion from the diet (Gu et al.,, 2004).

Furthermore,

proanthocyanidins have a variety of health beneficial effects such as antioxidant and free radical

scavenger (Maldonado et al., 2005), anticancer (Kresty et al., 2011) or anti-inflammatory (Tatsuno et

al., 2012) properties.

1.2.1.3.2. COMPLEX TANNINS

Complex tannins (Figure 1.5) are tannins in which a flavan-3-ol unit is bound glycosidically to

a gallotannin or an ellagitannin unit (Vermerris and Nicholson, 2007).

1.2.1.3.3. HYDROLYSABLE TANNINS

Hydrolysable tannins are esters of gallic acid and a polyol, usually glucose, but fructose,

xylose and saccharose are also found (Serrano et al., 2009). As the name implies, these compounds

are easily hydrolyzed to yield carboxylic acids such as gallic and ellagic acid (Cao et al., 2014).

The first step of hydrolysable tannins biosynthesis is the esterification of gallic acid and

glucose to yield 8-glucogallin (1-O-galloyl- B-D-glucose). Then, 8-glucogallin, acting as receptor and as
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principal donor of gallic acid, will be further esterified to form the 1,2,3,4,6-penta-O-galloyl-8-D-
glucose (Figure 1.6). This molecule is found in many plant families and is considered the precursor of

the majority of the hydrolysable tannins (Cunha and Batista, 2005).

1.2.1.3.3.1. GALLOTANNINS

Gallotannins (Figures 1.5 and 1.6) are the simplest hydrolysable tannins, consisting of gallic
acid molecules that are bound to a central carbohydrate core (usually D-glucose) via ester bonds.
Penta-0O-galloyl-D-glucose (PGG) is a well-known example of this class of compounds (Figure 1.6).

The addition of further galloyl moieties to PGG originates more complex gallotannins that
contain the characteristic meta-depside bonds between the gallic acid residues (Niemetz and Gross,
2005) and the degree of galloyl addition can reach up to as many as 10-12 galloyl units (Vermerris
and Nicholson, 2007).

The distribution of gallotannins in nature is rather limited; these compounds were found in
the leaves and galls of Rhus spp, fruit pods of Caesalpina spinsosa and galls of several oak species

(Clifford and Scalbert, 2000).
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Figure 1.6 - Main steps of the biosynthesis of gallotannins and ellagitannins. Adapted from Gross (2009).
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1.2.1.3.3.2. ELLAGITANNINS

Ellagitannins are structural diverse polyphenols derived of PGG (Figure 1.6) that contains
adjacent galloyl groups linked with carbon-carbon (C-C) bonds to form an axially chiral
hexahydroxydiphenoyl (HHDP) moiety (Figure 1.7), the typical feature of ellagitannins. These
compounds can be cleaved upon hydrolysis, either enzymatically or with acid, from the glucose core

and spontaneously undergo lactonization to form ellagic acid (Vermerris and Nicholson, 2007).

OH OH

Figure 1.7 - HHDP unities with S- and R-configurations. Adapted from Vermerris and Nicholson (2007).

The wide structural variability of ellagitannins is mainly due to the different possibilities for
the linkage of HHDP residues with the glucose moiety and also because these compounds tend to
form high molecular oligomers.

The HHDP unit may be linked to the glucopyranose ring between 2,3-positions or between
4,6-positions, with the glucopyranose in the “C; conformation (e.g. tellimagrandin | and II, and
pedunculagin). Although, coupling across 1,6-; 1,3-; 3,6- and 2,4-positions in a less thermodynamic
favored 'C, conformation are also known (e.g. geraniin) (Figure 1.8). In the first group the axially
chiral HDDP unit almost exclusively adopts the S-configuration, whereas in the second one both R-
and S-configurations are observed (Figure 1.7). In addition, there are also ellagitannins with an open-
chain glucose that contain a 2,3-linked HHDP unit. These compounds are referred as C-glucosidic
ellagitannins (e.g. vescalagin and castalagin) (Figure 1.9) (Quideau et al.,, 2010; Vermerris and

Nicholson, 2007).

Figure 1.8 - Glucopyranose unities in the 4C1 and 1C4 conformations. Adapted from Vermerris and Nicholson (2007).
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Monomeric unities of ellagitannins (Figure 1.10) can polymerize to form oligomeric and
polymeric ellagitannins. Usually this reaction occurs between two galloyl groups (e.g. agrimoniin) or a
galloyl group and a HHDP group (e.g. sanguiin H-6) by intermolecular oxidative coupling (C-C or C-O-
C) (Figures 1.11 and 1.12) (Okuda et al., 2009).

HO
Figure 1.9 - Vescalagin, a C-glucosidic ellagitannin.
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Figure 1.10 - Example of monomeric ellagitannins (casuarictin/potentillin). Adapted from (Pouységu et al., 2011)
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1.3. ELLAGITANNINS AND ITS COLONIC METABOLITES

1.3.1. SOURCES OF ELLAGITANNINS

Ellagitannins have a widespread distribution and their presence has been described in
different plant tissues, namely leaves, roots, bark, wood, fruits and its husks, flowers and seeds.
However, the distribution of ellagitannins is restricted to certain taxonomic branches, being
specifically found in dicotyledonous angiosperms (Okuda et al., 1993). Quite recently, (Moilanen et
al., 2015) screened the ellagitannins content of 82 Finnish plants and confirmed/identified some
taxonomic families that were rich in ellagitannins, namely Onagraceae, Lyhtraceae, Geraniaceae,
Elaeagnaceae, Fagaceae and Rosaceae (some species).

Ellagitannins are present in herbal preparations, foods and beverages. In fact, several
ellagitannins are considered the principal active components of certain medicinal plants, including:
agrimoniin (Agrimonia pilosa), camelliatannin A (Camellia japonica), casuarictin (Liquidambar
formosana), chebulinic acid (Terminalia chebula), cornusiin A (Cornus officinalis), granatin A and B
(Punica granatum), geraniin (Geranium thunbergii), and sanguiins H-6 and H-11 (Sanguisorba
officinalis and Rubus triphyllus) (Okuda et al., 2009).

The major contributors of ellagitannins intake in Western diets are berries like strawberries,
raspberries and blackberries (Aaby et al., 2007; Clifford and Scalbert, 2000; Koponen et al., 2007,
Torronen, 2009), and nuts including walnuts, pistachios, cashew nut, chestnuts, acorns and pecans
(Anderson et al.,, 2001; Gongalves et al., 2010; Malik et al., 2009). They are also abundant in
pomegranates (Cerda et al.,, 2006; Gil et al., 2000) and muscadine grapes (Torronen, 2009).
Furthermore, ellagitannins are also present in alcoholic beverages that have been aged in oak wood
barrels, like wines (Clifford and Scalbert, 2000; Lee and Talcott, 2002) and whiskey (Glabasnia and
Hofmann, 2006) (Table 1.2).

In an early review it was referred that the daily ellagitannin intake would probably not
exceed the 5 mg/day (Radtke et al., 1998). As suggested by (Tomas-Barberan et al., 2009), this value
is probably underestimated since several studies documented that the content of ellagitannins in
various common foods can be pretty high, namely in pomegranate juice (> 1500 mg/L), walnuts (802
mg/50g) and raspberries (>50 mg/100g) (Table 1.2). Accordingly, a more recent study estimated that
in northern Europe the daily intake of ellagitannins was higher (12 mg/day) and berries were the
most important contributors (Ovaskainen et al., 2008).

Most of the studies reported in Table 1.2 are based in the quantification of ellagic acid after
ellagitannin hydrolysis. However, it is important to notice that free ellagic acid is also naturally

present in plants, particularly in fruits and nuts (Abe et al., 2012; Wada and Ou, 2002). Therefore, in
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this kind of studies free ellagic acid must be measured before hydrolysis and compared to the value

obtained after hydrolysis.

Table 1.2 - Ellagitannins and ellagic acid contents in various food products. Adapted from Larrosa et al. (2010a)

Food

Content

Reference

Fresh fruits

Raspberries

263-330 mg/100 g f.w

Koponen et al. (2007)

51-330 mg/100 g f.w

Torrénen (2009)

Strawberries

77-85mg/100 g f.w

Koponen et al. (2007)

25 mg/100 g f.w

Aaby et al. (2007)

Cloudberries

315 mg/100 g f.w

Koponen et al. (2007)

56-360 mg/100 g f.w

Torrénen (2009)

Blackberries

1.5-2mg/gd.w

Clifford and Scalbert (2000)

Artic bramble

69-320 mg/100 g f.w

Torrénen (2009)

Pomegranates

35-75 mg/100 g f.w arils

Gil et al. (2000)

Muscadine grapes

36-91 mg/100 g f.w

Torrénen (2009)

Nuts

Walnut 802 mg/50g 8 nuts Anderson et al. (2001)
Pecan 20.96-86.2 mg/g EA Malik et al. (2009)
Chestnut 1.61-24.9 mg/Kg d.w EA Gongalves et al. (2010)

Processed fruits

Pomegranate juice

1500-1900 mg/L punicalagin

Gil et al. (2000)

2020-2660 mg/L ETs and EA

Gil et al. (2000)

5700 mg/L ETs and EA

Cerda et al. (2006)

Raspberry jam 76 mg/100 g f.w Koponen et al. (2007)
Strawberry jam 24 mg/100 g f.w Koponen et al. (2007)
Muscadine grape jam 8-24 mg/L Lee and Talcott (2002)
9.4 mg/L Glabasnia and Hofmann (2006)
Oak-aged red wine
50 mg/L Clifford and Scalbert (2000)
Wines and
.. Muscadine grape wine 2-65 mg/L Lee and Talcott (2002)
Spirits
Whiskey 1-2mg/L Glabasnia and Hofmann (2006)
Cognac 31-54 mg/L Clifford and Scalbert (2000)

f.w. (fresh weight); d.w. (dried weight); EA (Ellagic acid); ETs (Ellagitannins)

1.3.2. BIOAVAILABILITY AND METABOLISM OF ELLAGITANNINS

The ellagitannins biodegradation after oral intake has been a topic of growing interest in
recent years. Ellagitannins have characteristic structural features, namely the high molecular weight
and polarity, which greatly decreases the bioavailability of these molecules. Therefore, the
knowledge about absorption and metabolism of ellagitannins is of outmost importance, in order to
unveil the health benefits of their consumption.

It is now well established that dietary ellagitannins are slowly hydrolyzed in the
gastrointestinal tract, releasing ellagic acid (Seeram et al.,, 2004; Whitley et al., 2006). Then, the

ellagic acid is metabolized into urolithins by gut microbiota (Cerda et al., 2004; Espin et al., 2007).

22



Introduction

Urolithins are a subfamily of metabolites generated by the opening and decarboxylation of ellagic
acid lactone rings, followed by a sequential dehydroxylation that promotes the production of a series
of hydroxylated dibenzopyranone derivatives. These molecules are further metabolized by phase |

and Il metabolism to facilitate their excretion (Larrosa et al., 2010b; Selma et al., 2014).

1.3.2.1. ELLAGITANNIN HYDROLYSIS INTO ELLAGIC ACID

Ellagitannins are not stable under basic and neutral conditions, leading to the release of
ellagic acid due to the loss of an HHDP unit that undergoes lactonization and spontaneous
rearrangement (Daniel et al., 1991). Therefore, after the addition of ellagitannins to the cell culture
medium, in in vitro experiments, it was observed a conversion of ellagitannins into ellagic acid,
leading some authors to attribute the cellular effects of the treatment to the presence and uptake of
ellagic acid (Larrosa et al., 2006a, 2006b). However, this hydrolysis is gradual and the concentrations
of ellagitannins in the medium depend not only on pH, but also on the matrix, or the constitution of
the extract that contains the ellagitannins (Srubar-Vernon, 2014). Furthermore, several in vivo
studies demonstrated that ellagitannins are degraded into ellagic acid in the upper gastrointestinal
tract. A study conducted by Gonzdlez-Barrio et al. (2010), in which human volunteers who have
undergone ileostomy consumed raspberries, documented that the recovery of ellagic acid in the
ileum was 241% and the presence of ellagitannins drastically decreased, thus demonstrating that
ellagitannins are partially degraded before reaching the ileum. Additionally, Seeram et al. (2004)
investigated the presence of ellagic acid in the plasma of humans after ingestion of pomegranate
juice. Ellagic acid was detected after 30 min and reached a maximum after 1 hour, suggesting that

ellagic acid was absorbed directly from the stomach or from the proximal intestine.

1.3.2.2. ELLAGIC ACID METABOLIZATION INTO UROLITHINS

Ellagitannins were never identified in human bloodstream or urine even after consumption
of relevant amounts of these compounds in foods. Moreover, also after ingestion of ellagitannins
containing food, relatively low concentrations of ellagitannins and ellagic acid were found in colon
and feces (Cerda et al., 2003; Gonzalez-Barrio et al., 2010) suggesting that microbial degradation is
occurring during intestinal transit. Thus, it is now well established that ellagic acid and residual
ellagitannins are metabolized to produce urolithins (Figure 1.13). Briefly, microbial enzymes catalyze
the opening and descarboxylation of one of the lactone rings of ellagic acid. Then, the sequential
dehydroxylation first produces urolithin M-5 (pentahydroxy-urolithin), followed by urolithin D or
urolithin M-6 (tetrahydroxy-urolithins), urolithin C or urolithin M-7 (trihydroxy-urolithins) and

urolithin A or isourolithin A (dihydroxy-urolithins). The final metabolite produced is the
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monohydroxy-urolithin, urolithin B, that was mainly found in colon and feces (Garcia-Mufioz and

Vaillant, 2014).

Ell

Figure 1.13 - Metabolism of ellagitannins and ellagic acid in the gastrointestinal tract. Adapted from Lipinska et al. (2014).
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The main urolithins identified in mammals are urolithins A and B (reviewed by (Espin et al.,
2013)) and their progressive dehydroxylation was correlated to an increase in lipophilicity and
intestinal absorption (Espin et al., 2007). There is, however, a great interindividual variability in the
metabolites profile, both qualitatively and quantitatively, which was suggested to be dependent on
the different gut microbiota composition in humans (Romo-Vaquero et al., 2015; Tomdas-Barberan et
al., 2014).

Ellagic acid and urolithins undergo phase | (hydroxylation) and phase Il (methylation,
glucuronidation and sulfation) metabolism in order to render more hydrophilic molecules that are
required for their body elimination. Accordingly, urolithins were reported in the plasma mainly as
glucuronides (Cerda et al., 2004). However, this biotransformation may change the biological effects
of these metabolites, often reducing the bioactivities in comparison to their aglycone (Gonzalez-
Sarrias et al., 2014).

(Espin et al., 2007) and colleagues, using Iberian pig as a model, evaluated the presence of
ellagitannins metabolites in different tissues, such as liver, kidney, heart, brain, lung, and muscle, but
no aglycone was detected. This study revealed the presence of large amounts of different conjugates
of urolithins in the bile and low clearance of those molecules in the urine, which was indicative of
enterohepatic circulation. In humans, urolithin metabolites were detected in prostate gland after the
ingestion of pomegranate juice and walnuts (Gonzalez-Sarrias et al., 2010). A similar finding was

observed in mouse prostate (Seeram et al., 2007).

1.3.3. BIOLOGICAL AND PHARMACOLOGICAL PROPERTIES

Several biological activities and health-related properties have been reported either for
ellagitannin-containing foods or for herbal preparations ellagitannins-enriched. However, and since
ellagitannins have low bioavailability, considerable attention has been paid to their metabolites —
ellagic acid and urolithins. All of these compounds have antioxidant, anti-inflammatory, anticancer

and antimicrobial effects that will be explained in detail below.

1.3.3.1. ANTIOXIDANT ACTIVITY

Oxidative stress arises from the imbalance between the production of free radicals and the
body's antioxidant defenses, and has been implicated in the pathogenesis of inflammatory,
cardiovascular and neurodegenerative diseases (McCord, 2000). Under normal conditions, free
radicals are produced continuously within the cells, being necessary for many physiological
processes. The cells also own a competent detoxification system that consists of endogenous

enzymatic free radical scavengers. However, under a pathological condition, reactive oxygen species
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(ROS) are generated in high amounts and the body’s natural defenses do not efficiently scavenge
them, causing damage in crucial macromolecules, thus leading to cell injury and homeostatic
disruption.

Antioxidants can suppress the formation of free radicals, scavenge the active radicals to
terminate free radical chain reactions, or they can recognize, degrade, and remove oxidatively
modified proteins and prevent the accumulation of oxidized proteins (Lobo et al., 2010). Antioxidant
capacity is a well-known bioactivity of ellagitannins. Many studies have highlighted the antioxidant
properties of ellagitannins from strawberries (Aaby et al., 2007, 2005), raspberries and cloudberries
(Kahkonen et al., 2012), pomegranates (Cerda et al., 2004; Gil et al., 2000) and walnuts (Fukuda et
al.,, 2003), among others. In fact, in chemical assays (e.g. 1,1-diphenyl-2-picrylhydrazyl; DPPH) the
radical scavenging activity of ellagitannins was higher than that of their metabolic product, the ellagic
acid (Fischer et al.,, 2011; Kdhkoénen et al., 2012). The strong antiradical activity conferred to
ellagitannins has been correlated with the presence of a high number of hydroxyl groups (Gil et al.,
2000; Hagerman et al., 1998).

Regarding urolithins, Cerdd et al. (2004) reported a lower antioxidant effect of urolithin A in
comparison to its precursor punicalagin, with a 42- and 3500-fold lower activity in DPPH and 2,2’-
azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) assays, respectively. Later, in a cell based
assay that evaluated the intracellular generation of ROS, urolithins exhibited a significant antioxidant
action that was correlated with the number of hydroxyl groups and with lipophilicity of the
molecules. In this context, both urolithins C and D demonstrated higher antioxidant potency than
their precursors, ellagic acid and punicalagin. Urolithin A exhibited 10-fold lower activity than the
punicalagin; however, the calculated half-maximal inhibitory concentration (ICso) (13.6 uM) for this
molecule was within the range of urolithin A plasma concentrations (Bialonska et al., 2009). Similarly,
Piwowarski et al. (2014a) demonstrated that urolithins (especially A and C) were very active in the
direct scavenging of O,¢- and inhibited neutrophil oxidative burst, being both stronger than ascorbic
acid. Furthermore, Qiu et al. (2013) documented that urolithins and ellagic acid decreased the levels
of ROS and malondialdehyde (lipid peroxidation product), and increased the antioxidant enzyme
superoxide dismutase (SOD) in bladder cells treated with H,0,. However in this study it was not
observed a relation between the number of hydroxyls and the antioxidant activity. Interestingly,
another study highlighted both antioxidant and pro-oxidant activities of ellagic acid and urolithins A
and B, and demonstrated that their bioactivities are dependent on the assay system and

experimental conditions (Kallio et al., 2013).
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1.3.3.2. ANTIMICROBIAL ACTIVITY

The antimicrobial activity of some polyphenolic classes has been widely shown by the
scientific literature and can be attributed both to the direct action against bacteria, virus and fungi
and/or to the suppression of microbial virulence factors (Daglia, 2012).

In the last two decades in vitro antibacterial effects of ellagitannins and ellagitannin-
containing foods has been studied. For instance, castalagin showed the ability to inhibit the growth
of different strains of food-borne pathogenic bacteria (Staphylococcus aureus, Salmonella spp.,
Escherichia coli and Vibrio spp.) (Taguri et al., 2004), and tellimagrandins | and IlI, corilagin and
pedunculagin showed to have minimum inhibitory concentrations (MICs) between of 6.25 to 12.5
ug/mL against four Helicobacter pylori strains (Funatogawa et al., 2004).

Little attention has been paid to urolithins that are produced by gut microbiota and
hypothetically may modulate gut microbial population. Nevertheless, the ellagitannin metabolite
urolithin A was shown to increase the growth of Bifidobacterium, Lactobacillus and Clostridium spp.,
and to decrease Escherichia coli, enterobacteria and total aerobic bacteria in the intestine of rats
after chemically-induced inflammation (Larrosa et al., 2010b).

Furthermore, ellagitannins and ellagic acid exhibit antiviral activity against different virus.
Several ellagitannins showed potent antiviral activities against herpes simplex viruses (HSV), type 1
and 2, namely eugenin (Kurokawa et al., 2001), casuarinin (Cheng et al., 2002), geraniin (Yang et al.,
2007a) and hippomanin A (Yang et al.,, 2007b). Castalagin, vescalagin and grandinin displayed a
strong inhibitory effect on the replication of acyclovir-resistant strains of HSV1 and HSV2 (Vilhelmova
et al,, 2011) with pronounced synergistic effects when used in combination with acyclovir
(Vilhelmova-llieva et al.,, 2014). Furthermore, punicalagin and chebulagic acid targeted and
inactivated HSV1 viral particles and prevented binding, penetration, cell-to-cell spread and
secondary infection (Lin et al., 2011).

Ellagitannins also inhibited the replication of human immunodeficiency virus (HIV). Recently,
(Bedoya et al., 2010) showed that an ellagitannin enriched fraction from Tuberaria lignose inhibited
HIV infection in MT-2 infected lymphocytes, which appears to be mediated by CD4 down-regulation,
the main receptor for HIV entry. Punicalin and 2-O-galloylpunicalin isolated from Terminalia triflora
inhibited the activity of HIV1 reverse transcriptase, in a dose-dependent way (Martino et al., 2004).
Geraniin, hyperin and ellagic acid present in Geranium carolinianum, a domestic plant grown in
China, were the most active molecules against hepatitis B virus (HBV) (Li et al., 2008), corroborating a
previous study demonstrating the potential of ellagic acid as anti-HBV (Shin et al., 2005).

Lastly, ellagitannins also showed antifungal activities against some yeast species. Casuarinin

(Souza-Moreira et al., 2013) and punicalagin (Endo et al., 2010) inhibited Candida albicans growth.
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Tellimagrandin |l, isolated from Ocotea odorifera leaves, acted synergistically with the common
antifungal drugs nystatin, amphotericin and fluconazole, against Candida parapsilosis strain

(Yamaguchi et al., 2010).

1.3.3.3. ANTI-INFLAMMATORY ACTIVITY

Inflammation is a complex immunological response of the body to a specific pathogen or to
an internal injury. If the inflammation persists over time it may contribute for the development and
progress of several diseases, including rheumatoid arthritis (Goronzy and Weyand, 2009), asthma
(Murdoch and Lloyd, 2010), inflammatory bowel diseases (O’Connor et al., 2010), cardiovascular
diseases (Santos and Fonseca, 2009) and cancer (Mantovani, 2010). A variety of signaling pathways
are involved in transducing the inflammatory response. The transcription factor nuclear factor B
(NF-kB) controls inflammatory gene expression. In non-stimulated cells, NFkB dimmers are retained
in the cytoplasm through the association with the inhibitory protein IkBa. Inflammatory stimulus,
including lipopolysaccharide (LPS), leads to the activation of a specific IkB kinase (IKK) that
phosphorylates IkBa, which is then tagged for ubiquitination and degradation by proteasome. The
liberated NFkB translocates into the nucleus modulating specific gene expression, such as inducible
nitric oxide synthase (iNOS) and cyclooxygenase (COX) (Israél, 2010). The iNOS is one of the enzymes
that catalyze the formation of nitric oxide (NO) through a series of redox reactions. NO is a bioactive
free radical that has been implicated in many physiological functions (Gao, 2010), playing a critical
role during inflammation and therefore constitutes a potential target for developing anti-
inflammatory therapeutics (Hofseth, 2008).

Many plant polyphenols have anti-inflammatory properties, acting through different
molecular mechanisms (reviewed in Costa et al., 2012). Ellagitannins, ellagic acid and their
metabolites urolithins have also shown anti-inflammatory and immunomodulatory properties.
Furthermore, ellagitannin-rich plant products are used in traditional medicine for internal treatment
of different inflammatory-associated diseases (Table 1.3).

Several studies evidence the health promoting effect of fruits and juices containing
ellagitannins. However, in order to evaluate the real effect of ellagitannins, the following sections will

be focused in the health benefits of ellagitannins or ellagitannins enriched samples.
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Table 1.3 - Traditional anti-inflammatory uses of plants rich in ellagitannins. Adapted from Piwowarski et al. (2014b).

Species Family Plant Traditional use Reference
- . . Rheumatism, infections, fever,
g’;f:’::xlﬂ ulmaria (L) Maxim Rosaceae Herb respiratory tract and urogenital Sari¢-Kundali¢ et al., 2011; Vogl et al., 2013
disorders
. . Anti-inflammatory, jaundice, gastric R .
Geranium pratense L. Geraniaceae Herb A Kupeli et al., 2007; Singh and Lal, 2008
disorders
Intermittent fever, inflalmmatory
Geranium robertianum L. Geraniaceae Herb conditions of gallbladder and Menkovi¢ et al., 2011
urogenital tract, sinus diseases
Root Rheumatism and gout, infections,
Geum urbanum L. Rosaceae and fever, dysentery, gastro-enteritis, Tita et al., 2009; Vogl et al., 2013
rhizome uterine disorders
Potentilla anserina L. Rosaceae Herb ﬁir;:)l;:eﬂrasmmatory, renal and uterine Tita et al., 2009; Tomczyk and Latté, 2009
Potentilla erecta (L.) Raeusch Rosaceae Rhizome Dysentery, enterocolitis, respiratory Sari¢-Kundali¢ et al., 2011; Tita et al., 2009;
(Ph. Eur.) tract disorders Tomczyk and Latté, 2009
Anti-diabetic, anti-dysenteric, blood
Quercus robur L. (Ph. Eur.) Fagaceae Bark system and pulmonary disorders, renal Neves et al., 2009; Sari¢-Kundali¢ et al., 2011
and urinary bladder stones, analgesic
Rubus fruticosus L. Rosaceae Leaf Bronchitis, urinary disorders, analgesic Popovi¢ et al., 2012; Titd et al., 2009
. Enterocolitis, bronchitis, prostate Popovic et al., 2012; Soukand and Kalle, 2013; Tita
Rubus idaeus L. Rosaceae Leaf

disorders, analgesic, cold, cough, fever etal., 2009

1.3.3.3.1. IN VITRO STUDIES RELATED TO THE POTENTIAL ANTI-INFLAMMATORY
BENEFITS OF ELLAGITANNINS AND ITS METABOLITES

In a mechanistic point of view several in vitro studies deeply explored putative molecular
targets of ellagitannins, many of them using the LPS-activated RAW 264.7 macrophage cell line that is
a well-established model of inflammation. Ishii et al. (1999) demonstrated that the ellagitannins
casuarinin, casuarictin, pedunculagin and nobotannin B exhibited strong inhibitory activities towards
NO production, with ICsq values between 2.0 and 5.1 mM and reduced protein levels of iNOS.
Similarly, sanguiin H-6, isolated from Sanguisorbae radix, decreased the nitrite production and its
inhibitory effect at a concentration of 25 mM was equal to that of aminoguanidine (iNOS inhibitor) at
50 mM. This study showed that the effect on nitrite production was probably due to a concomitant
inhibition of the expression of iINOS mRNA and to the scavenging capacity of NO, as evaluated by
using the NO donor, sodium nitroprusside (Yokozawa et al., 2002).

More recently, Schmid et al. (2012) reported that after stimulation of RAW 264.7 cells with
LPS, a toll-like receptor (TLR)2 and TLR4 agonist, oenothein B inhibited iINOS mRNA and protein
levels, via inhibition of TLR/NFkB-dependent inducible NO and cytokine synthesis independent from
interferon-y (INF-y)/Janus kinase (JAK)/signal transducer and activator of transcription (STAT)
pathways. Furthermore, punicalagin, a bioactive ellagitannin isolated from pomegranate, a fruit that
is widely used for the treatment of several inflammatory-related diseases, decreased the LPS-induced
production of NO, prostaglandin E2 (PGE2), interleukin (IL)-1B, IL-6, and tumor necrosis factor (TNF)-
a. This ellagitannin also decreased the phosphorylation of IkBa, p65 and mitogen activated protein
kinases (MAPKs), including p38, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated

kinase (ERK) (Xu et al., 2014). Moreover, Piwowarski et al. (2015) hypothesized that the main
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urolithin metabolites in the gut, urolithins A, B, and C, elicited anti-inflammatory activity.
Accordingly, these molecules decreased NO production via inhibition of the iNOS mRNA expression
and consequently iNOS protein levels, as well as reduced the mRNA levels of IL-1B, TNF-a and IL-6.
Moreover, urolithins, and mainly urolithin A, inhibited NFkB p65 nuclear translocation and p50 DNA-
binding activity.

Other in vitro models have also been used to disclose the role of ellagitannins on
inflammation and inflammatory-related diseases. For instance, in primary cultures of rat microglia
stimulated with LPS, punicalagin reduced the production of TNF-a, IL-6 and PGE2, the
phosphorylation of IKKa, IkBa and p65 and the activation of p38 and JNK MAPKs. Furthermore,
punicalagin completely abolished IL-6 and TNF-a mRNA levels in LPS-stimulated organotypic
hippocampal slices (Olajide et al., 2014). The potential of punicalagin for the prevention of intestinal
chronic inflammation was also addressed. For that, human colon adenocarcinoma Caco-2 cells were
pre-treated with punicalagin and then activated into a pro-inflammatory status evoked by cells
treatment with LPS and a cocktail of cytokines (IL-1B, TNF-a and IFN-y). After 24 hours of incubation,
punicalagin decreased the mRNA levels of the pro-inflammatory markers IL-6 and monocyte
chemoattractant protein (MCP)-1, while IL-8 transcription was unaffected. Furthermore, this
ellagitannin also decreased the amount of these 3 proteins in the apical side that corresponds to the
intestinal lumen. Interestingly, in a cell free assay, punicalagin lowered the levels of IL-6, IL-8 and
MCP1, which indicates a direct molecular interaction (Hollebeeck et al.,, 2012). Regarding
ellagitannins derivatives, the anti-inflammatory potential of urolithin A, urolithin B and ellagic acid
was also evaluated in human colon fibroblasts. CCD18-Co cells were exposed to IL-1B plus TNF-a and
fibroblasts migration and monocytes adhesion were determined. The mixture of metabolites at
concentrations comparable to those found in the colon inhibited colon fibroblasts migration and
monocytes adhesion to fibroblasts. It was also reported a decrease of the levels of PGE2,
plasminogen activator inhibitor-1 (PAI-1) and IL-8 (Giménez-Bastida et al., 2012b).

Ellagitannins and their metabolites also show some relevant antiartherogenic, anti-
thrombotic, and antiangiogenic activities in different cell models representative of vascular structure
(reviewed in Larrosa et al., 2010a). Giménez-Bastida et al. (2012a) evaluated the vascular protective
effects of urolithin A and its glucuronide derivative in human aortic endothelial cells exposed to TNF-
a. The authors reported that urolithin A glucuronide inhibited monocyte adhesion and endothelial
cell migration and down-regulated the levels of chemokine (C-C motif) ligand 2 (CCL2) and PAI-1.
Urolithin A also inhibited endothelial cell migration but not monocyte adhesion and decreased the
release of CCL2 and IL-8. The modulation of the intracellular signaling mechanisms implicated in

inflammation by ellagitannins and urolithins are summarized in Figure 1.14.
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Figure 1.14 - Inflammatory intracellular signaling pathways modulated by ellagitannins and urolithins,
according to the reported in vitro studies.

1.3.3.3.2. IN VIVO STUDIES RELATED TO THE POTENTIAL ANTI-INFLAMMATORY
BENEFITS OF ELLAGITANNINS AND ITS METABOLITES

The anti-inflammatory activity of punicalagin and punicalin, isolated from Terminalia
catappa, was tested in carrageenan-induced inflammation in the rat paw, a classical model of edema
formation and hyperalgesia. Both ellagitannins reduced significantly the paw edema, but the
treatment with larger doses of punicalin evidenced cell damage (Lin et al., 1999).

Al-Sayed and EI-Naga (2015) investigated the gastroprotective activity of an ellagitannin-
rich fraction obtained from Eucalyptus citriodora against ethanol-induced gastric ulceration in rats.
Notably, pre-treatment with the fraction protected from gastric lesions in 99.6%. The investigators
concluded that this effect was partially mediated by attenuating ethanol-induced oxidative stress,
since the ellagitannin-rich fraction increased the depleted glutathione (GSH) and SOD levels.
Furthermore, several inflammatory markers were evaluated and the fraction reduced IL-13, TNF-a, 5-
lipoxygenase and COX-2 levels. Corroborating those results, Sangiovanni et al. (2013) also reported
that ellagitannins from blackberries and raspberries were able to protect the stomach against the
gastric lesions caused by ethanol in rats. Pre-treatment with the fractions of blackberry and

raspberry decreased Ulcer Index by 88% and 75% respectively and protected from the ethanol
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induced oxidative stress in rats. Furthermore, in ellagitannins treated animals the secretion of the rat
homologue of IL-8 decreased, which was associated to a decrease of NFkB nuclear translocation.

The anti-inflammatory properties of the ellagitannin metabolites, ellagic acid and urolithin A,
were also investigated in rat/mice inflammatory bowel disease models. Marin et al. (2013) used mice
models of dextran sulfate sodium (DSS)-induced chronic and acute colitis and supplemented animal
diet with ellagic acid. In the acute model, ellagic acid slightly ameliorated several disease activity
parameters (IL6, TNF-a and IFN-y). In the chronic model of colitis, treatment with ellagic acid also
downregulated some inflammatory mediators (COX-2 and iNOS), inhibited p38 phosphorylation, and
NFkB and STAT3 signaling. Moreover, a study conducted by Larrosa et al. (2010b) evaluated the anti-
inflammatory properties of urolithin A in a DSS-induced colitis rat model. The animals were fed with
urolithin A for 25 days and this treatment reduced several inflammatory markers (iNOS, COX-2,
prostaglandin E synthase and PGE2) in colonic mucosa, preserved the colonic architecture and

modulated favorably the gut microbiota.

1.3.3.4. ANTICANCER RELATED EFFECTS OF ELLAGITANNINS

Carcinogenesis is a complex and multistep process, in which distinct molecular and cellular
alterations are driven. In a simplistic view, carcinogenesis comprises three stages — initiation,
promotion and progression. Initiation is a rapid and irreversible phase that consists of an initial
uptake or exposure to a carcinogenic agent. This event may lead to DNA damage, which if not
repaired originates genetic mutations. Promotion is an interruptible or reversible and long term
process. In this stage abnormal cells persist, replicate and can originate a focus of preneoplastic cells.
At last, in progression stage premalignant cells develop into tumors with invasive and metastatic
potential (Surh, 2003). Several polyphenols have shown the capacity to block initiation of the
carcinogenic process and to suppress promotion and progression of cancer (Figure 1.15) (Ramos,
2008; Surh, 2003). Their action can be ascribed to their antioxidant ability concomitantly to their
capacity to interact with basic cellular function and to modulate cellular processes linked to
carcinogenesis, including cell cycle, apoptosis, inflammation, angiogenesis and metastasis (Kampa et
al., 2007).

There is a wealth of information arising from both in vitro and in vivo studies that highlight
the potent anticancer properties of ellagitannins and their metabolites. Antioxidant properties can
account for some of the therapeutic effects, but their role on other cellular mechanisms will be

further described.
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Figure 1.15 - Anticancer potential of polyphenols in carcinogenesis. Adapted from Dai and Mumper (2010).
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1.3.3.4.1. CELL PROLIFERATION

Cancer cells are characterized by unbalanced control of cellular proliferation and an
immortalized lifespan and, as such, any molecule capable of suppressing cancer cell proliferation may
be valuable as a potential chemopreventive/chemotherapeutic agent (Feitelson et al., 2015). Several
ellagitannins have shown ability to inhibit one or more pathways involved in cell proliferation,
including cell cycle regulators, NFkB and MAPKs. Accordingly, the role of certain ellagitannins and

their derivatives on these cellular and molecular targets will be described below.

1.3.3.4.1.1. CELL CYCLE
Defects in cell cycle checkpoints are associated with an increase of genetic instability and

uncontrolled cell proliferation, which could lead to the development of the carcinogenesis process
(Kastan and Bartek, 2004). Therefore, targeting cell cycle regulators could be an important strategy
for cancer therapy and prevention.

Casuarinin, an ellagitannin isolated from the bark of Terminalia arjuna, blocked cell cycle
at the GO/G1 phase in MCF-7 (human breast adenocarcinoma) and A549 (human non-small cell lung
cancer) cells through p21 (Cip'/Waf') upregulation (Kuo et al., 2005a, 2005b). The p21 protein is a
cyclin-dependent kinase inhibitor that decreases the activity of cyclin dependent kinases (cdk)1 and
cdk2 and blocks the transition from G1 phase into S phase, or from G2 phase into mitosis (Cmielova
and Rezacova, 2011). Likewise, the ellagitannin rugosin E arrested human breast cancer cells (MDA-
MB-231) at GO/G1 phases and this effect was probably related to an decrease of cyclins D1, cyclin D2,
cyclin E, cdk2, cdk4 and cdk6 and increase of p21 (Cipl/Wafl) levels (Kuo et al., 2007).
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The ellagitannin geraniin also modulated cell cycle. Vassallo et al. (2013) demonstrated that
this molecule was an inhibitor of the molecular chaperone heat shock protein 90 (Hsp90) and
promoted an arrest at G2/M phases in Hela (human cervical cancer cells) and Jurkat (human T
lymphocyte cells) cell lines. Furthermore, in A549 cells, Li et al. (2013) verified that
geraniin arrested cell cycle in the S phase.

The effect of an ellagitannin fraction from black raspberry seeds, ellagic acid and urolithins A
and B on cell cycle was evaluated in HT-29 colon cancer cells. Interestingly, the different compounds
affected differently cell cycle. Ellagitannins increased the number of cells in S and G2/M phases while
ellagic acid slightly increased cells at S phase. Urolithins A and B promoted a cell cycle arrest at G2/M
phase that was accompanied by the upregulation of p21 (Cho et al., 2015).

In Caco-2 cells treated with ellagic acid and its colonic metabolites, urolithins A and B
modulated cell cycle distribution by increasing the cells at S and G2/M phases (Gonzalez-Sarrias et
al., 2009). Furthermore, urolithin A arrested cell cycle at G1 phase and concomitantly upregulated

p21 in the LNCap (human prostate adenocarcinoma cells) cell line.

1.3.3.4.1.2. PI3K/AKT AND MAPK SIGNALING

The phosphatidylinositide 3-kinase (PI13K)/Akt and MAPK are intracellular signaling cascades
that play a central role in growth, proliferation, survival, cell death and angiogenesis (Figure 1.16).
Their activation modifies the expression and activity of target genes and transcription factors
promoting a range of biologic responses. In tumor cells, some regulatory proteins of these cascades
are overexpressed, which leads to their constitutive activation (De Luca et al., 2012).

The PI3K/Akt tightly regulates the balance between cell survival and apoptosis and became a
promising target for cancer chemoprevention and therapy (Polivka and Janku, 2014). Studies
addressing the effect of ellagitannins and their metabolites on this signaling cascade, in the context
of cell proliferation inhibition, are scarce. A pomegranate extract (POMx) developed for use as a
dietary ingredient standardized to ellagitannin content (37% punicalagins by HPLC) clearly
decreased Akt phosphorylation at position Thr308 and Ser473 in LAPC4 prostate cancer cells.
Treatment with POMx also decreased mammalian target of rapamycin (mTOR) phosphorylation at
Ser2448 and slightly reduced at Ser2481 (Koyama et al., 2010). The mTOR is a downstream target of
PI3K/Akt signaling and its regulation is frequently altered in many types of cancer. Punicalagin, the
main ellagitannin of pomegranate inhibited TNFa-induced Akt activity in HT-29 colon cancer cells.
Furthermore, ellagic acid also decreased PI3K/Akt activation in vitro (Shi et al., 2015; Umesalma et

al., 2015) and in vivo (Umesalma and Sudhandiran, 2011; Zhao et al., 2013) models of carcinogenesis.
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MAPKs are Ser/Thr kinases that convert extracellular stimuli into a wide range of cellular
responses. Through a cascade of phosphorylations, the three most studied families of MAPKs in
cancer, ERK, JNK and p38 kinases, are activated and regulate several cellular processes, such as cell
proliferation, survival, apoptosis, cell migration, differentiation and inflammatory response (Figure

1.16) (Cargnello and Roux, 2011).
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Figure 1.16 - Schematic representation of PI3K/Akt and MAPKs signaling pathways and downstream effects. Adapted
from Xavier (2010).

As exposed above, considering an inflammatory context, casuarinin (Kwon et al., 2011),
gerannin (Xiao et al., 2015) and punicalagin (Olajide et al., 2014; Xu et al., 2014) suppressed the
activation of MAPKs in different types of cells. Furthermore, Gonzalez-Sarrias et al. (2009) treated
Caco-2 cells with ellagic acid (10 uM), urolithin A and B (40 uM) usually detected in the intestinal
lumen after ellagitannins intake. The investigators demonstrated that these molecules changed the
expression levels of several genes involved in the ERK1/2 signaling pathway. To confirm these results,
the phosphorylation of ERK1/2 was evaluated and it was shown that a mixture of these three
compounds inhibited the activation of this kinase. In T29 cells (bladder cancer cells), urolithins A and
B increased the phosphorylation of p38 and decreased c-Jun phosphorylation and MEKK1 protein

levels (Qiu et al., 2013). Accordingly, in a study performed in HepG2 cells (human hepatocellular

35



Chapter 1

carcinoma), urolithin A also increased the phosphorylation of p38 and decreased the
phosphorylation of c-Jun (Wang et al., 2015).

The NFkB transcription factor is also implicated in the regulation of cell proliferation and
apoptosis, by promoting the expression of key genes that are implicated in these cellular functions.
NFkB is activated in many cancers and contributes for the link between inflammation and
carcinogenesis (Shen and Tergaonkar, 2009). Several ellagitannins that regulate NFkB signaling were

described above, in the inflammation section.

1.3.3.4.2. CELL DEATH

Apoptosis is a type of programmed cell death that is characterized by cellular shrinkage,
membrane bleeding and fragmentation into membrane bound apoptotic bodies, and nuclear
fragmentation with chromatin condensation (Kerr et al., 1972). There are two major apoptotic
signaling pathways: extrinsic and intrinsic pathways (Figure 1.17) that mutually converge through a
cascade of proteolytic reactions involving the activation of caspases (Galluzzi et al.,, 2012). The
intrinsic pathway is triggered by various intracellular stimuli, including DNA damage, growth factor
deprivation, cytokine withdrawal and oxidative stress, which lead to permeabilization of
mitochondrial outer membrane and the release of pro-apoptotic proteins, such as cytochrome c. In
the cytoplasm, cytochrome c, apoptotic protease activating factor (Apaf-1) and procaspase-9 form a
complex denominated apoptosome. Once caspase-9 is activated it cleaves and activates the effector
caspases (caspase-3, 6 and 7)(de Bruin and Medema, 2008; Jin and El-Deiry, 2005).

The extrinsic pathway is initiated when extracellular ligands, such as Fas ligand (FasL), TNF-
o or TNF-related apoptosis inducing ligand (TRAIL) bind to death receptors of the TNF receptor
superfamily. This interaction is followed by the assembly of the death-inducing signaling complex
(DISC), which consists of the Fas-associated death domain (FADD) protein and procaspase-8/10. The
caspase is cleaved and activated, and therefore initiates a cascade of other caspases, leading to the
activation of the downstream effector caspases (caspase-3, 6 and 7). Therefore, both pathways
converge in the activation of the same effector caspases, which in turn cleave cytoskeletal and
nuclear proteins, such as poly (ADP-ribose) polymerase (PARP) and lamin A (Jin and El-Deiry, 2005).
Mitochondrial membrane permeabilization and activation of the extrinsic apoptotic pathway are
regulated by a series of B-cell lymphoma protein (Bcl)-2 family members, such as the pro-apoptotic
proteins Bcl-2 associated X protein (Bax), Bcl-2 antagonist killer 1 (Bak) and Bcl-2 interacting domain
(Bid), and the anti-apoptotic proteins Bcl-2 and Bcl-2 related protein, long isoform (Bcl-xL) (Pradelli et
al., 2010).
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Tumor cells often have defects in these apoptosis-inducing pathways, which can lead to
the expansion of neoplastic cells. Thus, these cells can acquire resistance to apoptosis through
several strategies including the expression of anti-apoptotic proteins or the downregulation or

mutation of pro-apoptotic proteins (Okada and Mak, 2004).
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Figure 1.17 - Intrinsic (mitochondrial) and extrinsic (FAS) apoptotic pathways. Adapted from Fesik (2005).

Ellagitannins and their metabolites have shown ability to induce apoptosis in different cell
lines, modulating several molecular pathways and the expression of apoptotic regulators. For
instance, the monomeric ellagitannin gerannin inhibited the proliferation of A549 cells, inhibited Bcl-
2 expression and induced Bax expression to disintegrate the outer mitochondrial membrane causing
cytochrome c release, which was associated to the activation of caspase-9 and caspase-3 cascades (Li
et al., 2013). Furthermore, in human melanoma cells, gerannin induced caspase-3 activity, which
leads to cleavage of focal adhesion kinase (FAK) and cell death. The FAK is a cytoplasmic tyrosine
kinase located in the focal adhesion complex and plays an anti-apoptotic role in anchorage
dependent cells (Sonoda et al., 2000). FAK has shown to be one of the critical factors protecting cells
from apoptosis and is overexpressed in numerous tumor systems (Cance et al., 2000; Lightfoot et al.,
2004). In addition, the induction of apoptosis was associated with the up-regulation of FasL

expression, the activation of caspase-8, the cleavage of Bid, the release of cytochrome c for the
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cytoplasm and the proteolytic cleavage of PARP (Lee et al., 2008). Rugosin E, an ellagitannin isolated
from Rosa rugosa, increased apoptosis in the human breast cancer cell line MDA-MB-231. Treatment
with rugosin E increased the pro-apoptic Bax, Bak, and Bcl-2 related protein, short isoform Bcl-xS
protein levels and decreased the anti-apoptotic Bcl-2 and Bcl-xL proteins. Subsequently, rugosin E
mediated the release of cytochrome ¢ and activated the caspases 9 and 3 (Kuo et al., 2007). Larrosa
et al. (2006b) studied the effect of punicalagin and ellagic acid in Caco-2 cells and demonstrated that
both induced apoptosis via intrinsic pathway through Bcl-xL down-regulation, mitochondrial release
of cytochrome ¢ and activation of caspase 9 and 3. The investigators also showed that ellagic acid
and punicalagin did not induce apoptosis in normal cells CCD-112CoN. Punicalagin was also shown to
promote apoptosis in HT-29 colon cells (Seeram et al., 2005) and U87MG glioma cells (Wang et al.,
2013).

Other examples of ellagitannins that modulate this type of programed cell death are
cuphiin D1 (Wang et al., 2000), oenothein B, woodfordin C, woodfordin D (Sakagami et al., 2000),
woodfordin | (Liu et al., 2004), 1-a-O-galloylpunicalagin, 2-O-galloylpunicalin, sanguiin H-4 (Chen et
al., 2009), camelliin B (Wang et al., 2001) and casuarinin (Kuo et al., 2005a, 2005b).

More recently, Cho et al. (2015) showed that urolithins A and B induced apoptotic cell
death in HT-29 cells through both extrinsic and intrinsic pathways, as suggested by the disruption of
the mitochondrial membrane potential and activation of caspases 8 and 9. Accordingly, the authors
also detected the activation of caspase 3 and cleavage of PARP. Corroborating these results, other
studies demonstrated that urolithin A and B triggered apoptosis in prostate cancer cells LNCaP, which
was correlated with a decrease in Bcl-2 levels (Sanchez-Gonzélez et al., 2014) and with caspase 3 and
7 activation evoked by urolithin A (Sdnchez-Gonzalez et al., 2015).

In several studies, the induction of apoptosis by ellagitannins, ellagic acid and urolithins
was accompanied by an increase of necrosis (Cho et al., 2015; Kasimsetty et al., 2010; Larrosa et al.,
2006b). Necrosis is another form of cell death that occurs in both physiological and
pathophysiological processes and, in contrast to apoptosis, provokes an inflammatory response in
surrounding cells through the leakage of intracellular contents. The typically inflammatory response
can stimulate an immune response towards potentially malignant cells and in this case, necrosis may
contribute for the tumor regression. Conversely, during tumor development, the inflammation that
occurs due to the excessive spontaneous necrosis, may stimulate the growth and aggressiveness of
the tumor (de Bruin and Medema, 2008; Proskuryakov and Gabai, 2010).

Although initially reported as a nonregulated mechanism of death, some forms of necrosis
are currently considered a consequence of the crosstalk between several biochemical and molecular
events (Festjens et al., 2006), which gave rise to the concept of necroptosis or programed necrosis.

Necroptosis was described to occur as a consequence of death receptor signaling and follows an
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intracellular signaling cascade via receptor-interacting protein kinase (RIP)1/RIP3 complex
(Linkermann and Green, 2014). This type of cell death was recently described (Degterev et al., 2005)
and as far as we know the involvement of ellagitannins in this pathway was never addressed.
Moreover, several authors considered the existence of an autophagic cell death (Clarke and
Puyal, 2012). However, the role of autophagy as an alternative cell death mechanism is still a
controversial debated issue, since with some notable exceptions, autophagy appears to be
associated with cellular death, rather than being itself a cell death mechanism (Das et al., 2012; S.
Shen et al., 2012; Tait et al., 2014). The importance of autophagy, as well as of the other proteolytic
system, the ubiquitin-proteasome system (UPS), in the context of carcinogenesis will be discussed

below.

1.3.3.4.3. PROTEOLYTIC MECHANISMS AS NOVEL MOLECULAR EVENTS THAT
CONTRIBUTE TO ANTICANCER ACTIVITY

The cellular homeostasis depends on the balance between biosynthesis and degradation
of proteins. There are two main pathways for protein catabolism in eukaryotic cells: the UPS and the
autophagy-lysosomal system. These processes are involved in the degradation of surplus,
dysfunctional and damaged cellular components, ranging from soluble proteins to whole organelles
(Korolchuk et al., 2010). Therefore, the dysregulation of these processes is implicated in a broad
array of pathological conditions, including cancer (Driscoll and Chowdhury, 2012).

The protein degradation by UPS is a multistep process in which intracellular proteins,
usually short-lived proteins, are targeted for destruction by the covalent attachment of
homopolymers of a small, 76-amino acid long, highly conserved protein called ubiquitin. In short,
ubiquitin is activated and conjugated with the target protein by three enzymes: E1 (ubiquitin
activating enzyme), E2 (ubiquitin-conjugated enzyme) and E3 (ubiquitin ligase) (Hershko et al., 1983).
The E3 enzymes endow the UPS with its high specificity, as they determine which substrate should be
ubiquitinated and degraded in the proteasome (Bie and Ciechanover, 2011). The proteasome is a
proteolytic complex present in both the nucleus and the cytosol, and is made up of three subunits:
the barrel shaped 20S central complex and two 19S lid complexes. The 19S regulatory complex,
through a process ATP-dependent, recognizes the ubiquitinated proteins and plays a role in their
unfolding and translocation into the catalytic pore of 20S (Lam et al., 2002; Liu and Jacobson, 2013).
The 20S subunit core has three catalytic activities, the trypsin, chymotrypsin and peptidyl-glutamyl
peptide-hydrolyzing-like, which efficiently cleaves the proteins into smaller peptides (Figure 1.18)
(Orlowski and Wilk, 2000). Due to the narrow size of the catalytic pore the proteins need to be
partially unfolded to be degraded. Therefore, protein complexes or aggregates can only be digested

if disassembled, making them poor proteasome substrates (Korolchuk et al., 2010).
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Figure 1.18 - Protein degradation by the ubiquitin—proteasome pathway. Adapted from Vilchez et al. (2014).

Autophagy-lysosomal pathway is the main system for degradation of long-lived proteins
and bulk cytoplasmic components in the cell, including functional or misfolded soluble proteins,
protein complexes, oligomers, aggregates and even cell organelles. There are three autophagic
pathways depending on the delivery of the cargo to lysosomes: microautophagy, chaperone-
mediated autophagy (CMA) and macroautophagy. In microautophagy, the lysosomal membrane
invaginates to sequester regions of cytosol that are internalized into the lysosomal lumen (Li et al.,
2012). CMA involves the direct translocation of cytosolic proteins into the lysosomal lumen through
the coordinated action of cytosolic and lysosomal chaperones (Cuervo and Wong, 2014). Finally, the
macroautophagy is the best characterized type of autophagy and has been broadly referred to as
autophagy. Succinctly, macroautophagy is initiated by the formation and elongation of a double-
layered membrane, the phagophore, that enwraps and sequesters portions of cytoplasm containing
the proteins, leading to the formation of a microtubule-associated protein light chain 3 (LC3)-
containing vacuoles (autophagosomes). The autophagosome fuses with a lysosome forming the
autophagolysosome and its content is degraded by the acid hydrolases of the lysosome. Following
the breakdown, the resulting macromolecules are released in the cytoplasm (Figure 1.19). This
process is tightly regulated by specialized proteins such as autophagy-related proteins (ATGs), beclin-

| (also known as Atg6) and mTOR (Mehrpour et al., 2010; Pattingre et al., 2008).

40



Introduction

Membrane
e20 elongation

Phagophore

Sequestration

Lysosome

Autophagosome Autolysosome

Degradation

Figure 1.19 - Schematic model of autophagic process (macroautophagy). Adapted from Kondo et al. (2005).

An increasing number of studies suggests a crosstalk between these two degradation
systems (Korolchuk et al., 2010). Indeed, various proteins are substrates of both clearance
mechanisms and, under particular conditions, proteins that are usually degraded in the proteasome
may be digested by autophagy and vice-versa (Fuertes et al., 2003a, 2003b). Additionally, ubiquitin, a
tag once thought to be exclusive for UPS, confers selectivity to autophagy (Shaid et al., 2013). Some
of the ubiquitin recognizing molecules, such as the signaling adaptor p62 (also known as
sequestosome-1), can deliver ubiquitinated substrates to both autophagy and UPS (Geetha et al.,
2008). Functional connections between these two systems may also exist at other levels.
Experimental studies indicated that the impairment of UPS leads to an increase of autophagic
function, which was thought to be a compensatory mechanism, allowing cells to reduce the levels of
UPS substrates (Ding et al., 2007). Furthermore, impaired autophagy has also been shown to
compromise the degradation of UPS substrates (Korolchuk et al., 2009).

In normal cells, UPS and autophagy are essential processes in the regulation of many
cellular activities, including cell cycle, cell differentiation and apoptosis, and the malfunction in
clearance of misfolded or aggregated proteins has been shown to underlie the pathogenesis of

several diseases (Levine and Kroemer, 2008; Schmidt and Finley, 2014). Therefore, UPS and
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autophagy have been considered highly attractive pharmacological targets for drug discovery and
development.

Particularly in cancer, these mechanisms play pivotal roles in both chemoprevention and
chemotherapeutics. Several proteasome substrates were recognized as key mediators in
carcinogenesis, such as cyclins (W. Chen et al., 2004), tumor suppressor protein p53 (Li and Dou,
2000) and pro-apoptotic protein Bax (Li and Dou, 2000). Moreover, increased proteasome activity
was present in several malignancies, including those of the colon (Loda et al., 1997) and
leukemia (Kumatori et al., 1990). These facts lead to the design and development of proteasome
inhibitors for cancer therapeutics. Accordingly, bortezomib, the first proteasome inhibitor approved
by United States Food and Drug Administration (FDA), has been used for the treatment of multiple
myeloma and has improved disease control and overall survival (Kouroukis et al., 2014). However,
due to its side effects, mostly as neurotoxic and partial cell resistance, there is still a need to identify
or design more specific and potent proteasome inhibitors (Briining and Jickstock, 2015).

The relation between autophagy and cancer is very complex. Several studies support its
double-faced function in cancer: tumor suppression or promotion. Under normal conditions,
autophagy may function as a tumor suppressor, blocking cancer initiation and progression (Chen and
White, 2011). Furthermore, it has been also suggested that hyperactivation of autophagy may lead to
cell death, which is another way for tumor-cell elimination (Mathew et al., 2007). Paradoxically,
under low-oxygen and low-nutrient conditions, autophagy promotes tumor survival, by supplying
energy and the essential macromolecules to maintain tumorigenesis (Degenhardt et al., 2006).
Consequently, the clinical use of autophagy inhibitors may be particularly important in tumors with a
high metabolic demand (Ozpolat and Benbrook, 2015). Furthermore, due to a compensatory
mechanism of autophagy after proteasome inhibition, another feasible approach in cancer treatment
is to combine autophagy and proteasome inhibitors (Vogl et al., 2014). Thus, targeting both UPS and
autophagy degradation may increase the susceptibility of oncogenic cells to proteasome inhibitors
and selectively enhance cell death in cells with a high metabolic demand (Ding et al., 2009).

Plant-derived natural polyphenols have shown to modulate UPS and autophagic
degradation. Regarding autophagy, most of the studies suggest a beneficial role of polyphenols
consumption/treatment in order to increase autophagy, by preventing the age-related diseases
closely associated to a decline of this clearance mechanism, or to induce “autophagic cell death”
(Hasima and Ozpolat, 2014; Pallauf and Rimbach, 2013). Conversely, other studies reported that
some polyphenols induce cancer cell death through autophagy inhibition (Gordon et al., 1995; Yang
et al., 2012). Furthermore, it is well established that several polyphenols have the ability to inhibit
the proteasome, which is intimately correlated with the activation of apoptotic cell death pathways

(M. Shen et al., 2012). In this scenario, finding natural proteasome and autophagy inhibitors is a very
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attractive therapeutic strategy, and their use separately, combined or in combination with traditional
chemotherapeutic agents would be of utmost value for cancer treatment.

Regarding ellagitannins, there is very few information about the potential of these
compounds to modulate the clearance mechanisms of the cell. Interestingly, Wang et al. (2013)
showed that the ellagitannin punicalagin was able to induce autophagy in human glioma cells, while
ellagic acid exerted anticancer effects through autophagy inhibition in ovarian cancer cells.
Concerning UPS, from our knowledge ellagitannins were never reported as proteasome inhibitors,
but their metabolite ellagic acid inhibited 26S proteasome activity (Chang et al.,, 2013), and its
precursor PGG had potential anticancer effects through proteasome inhibition (Chen and Lin, 2004;
Kuo et al., 2009). Giving the anticancer properties of ellagitannins and its metabolites it would be

important to unveil their role as potential drugs to target these proteolytic mechanisms.

43



Chapter 1

1.4. FRAGARIA VESCA L.

Fragaria vesca L. subsp. vesca (that will be referred in this work as Fragaria vesca) is
commonly known as wild strawberry, woodland strawberry or European strawberry and in Portugal
as morangueiro, morangueiro-bravo or morangueiro-silvestre.

The enchantment with wild strawberries dates back as far as 2200 years ago, at the ancient
roman times, when the Roman poets Virgil and Ovid mentioned the strawberry in their verses, and
accordingly with a mythological legend the strawberries were called tears of Venus, because when
her love, Adonis, died, she shed copious tears that reaching on earth were converted into small red
hearts, the strawberries. Even though the wild strawberry consumption dates more than two
millennia only in 1300s, in France, the wild plants were transplanted to the garden, being reported
that in 1368 the King Charles V had 1200 strawberry plants in the royal gardens of the Louvre, in Paris

(Hummer et al., 2011).
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Figure 1.20 - Geographic distribution of Fragaria vesca. A) Worldwide geographic distribution. Adapted
from GBIF Backbone Taxonomy (2013); B)Portugese geographic distribuition. Adapted from Almeida et
al. (2015).

1.4.1. GEOGRAPHIC AND BOTANICAL CHARACTERIZATION

This plant occurs across the northern hemisphere, more specifically in Europe, North America
and Asia, West of the Urals (Figure 1.20-A) (Hummer et al., 2011). It is an autochthonous plant of
continental Portugal (North and Center) (Figure 1.20-B) and of the Portuguese archipelagos, Madeira
and Azores (Figure 1.20) (Sequeira et al., 2011). Fragaria vesca grows spontaneously in grasslands or
forests (usually deciduous), verges of roads, ravines and slopes (“Flora-On: Flora de Portugal

Interactiva,” 2014).
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Fragaria vesca belongs to the family Rosaceae, subfamily Rosoideae, genus Fragaria L. and
species Fragaria vesca L. The Swiss botanist C. Bauhin (Bauhin, 1623) was the first to summarize the
genus Fragaria and after him, others botanists described this genus (Duchesne, 1766; Linnaeus,
1753, 1738). Presently, genus Fragaria comprises 20 wild species, three naturally occurring hybrid
species and two cultivated hybrid species (Table 1.4)(Hummer et al., 2011). Most of the species are

diploid with 14 chromosomes (2n = 2x = 14), but polyploid levels range from diploid to decaploid.

Table 1.4 - Fragaria species, ploydia and geographic distribution. Adapted from Hummer et al. (2011).

Ploidy Species Distribution Area
Fragaria bucharica Losinsk Western Himalayas
Fragaria chinensis Losinsk China
Fragaria daltoniana J. Gay Himalayas
Fragaria iinumae Makino Japan
Fragaria mandshurica Staudt North China
Fragaria nilgerrensis Schlect. Southeastern Asia
2x Fragaria nipponica Makino Japan
Fragaria nubicola Lindl. Himalayas
Fragaria pentaphylla Losinsk North China
Fragaria vesca L. Europe, Asia west of the Urals, disjunct in North America
Fragaria viridis Duch. Europe and Asia
Fragaria x bifera Duch. France, Germany
Fragaria corymbosa Losinsk Russian Far East/China
Fragaria gracilis A. Los. Northwestern China
4x Fragaria moupinensis (French.) Card Northern China
Fragaria orientalis Losinsk Russian Far East
Fragaria tibeca Staudt & Dickoré China
Fragaria X bringhurstii Staudt California
5x (9x) - "
Fragaria sp. Nov China
b6x Fragaria moschata Duch. Euro-Siberia
Fragaria chiloensis (L.) Miller Western N. America, Hawaii, Chile
Fragaria virginiana Miller North America
8x Fragaria X ananassa Duch. ex Lamarck Cultivated worldwide
Fragaria X ananassa subsp. Cuneifolia Northwester, N. America
Fragaria iturupensis Staudt Iturup Island, Kurile Island
10x Fragaria virginiana subsp. platypetala Miller ~ Oregon, United States
Fragaria X vescana R. Bauer & A. Bauer Cultivated in Europe

Fragaria vesca, as the other Fragaria species, is spring-blooming, low-growing, insect-
pollinated and has animal-dispersed fleshy fruits. The species from the genus Fragaria are
herbaceous and perennials. Fragaria vesca (5-25 cm) has a horizontal or oblique rhizome that is
covered by the remains of leaves and stipules from which arises epigeal stolons (or runners). When in
contact with a moist substratum, the stolons generally take roots and form a sympodial network of
stolons above the ground. The fertile stems, erect or ascending are usually higher than the leaves.
The leaves are evergreen, trifoliate and with false rosettes. Flowers are hermaphrodites and

actinomorphic, with five white and orbicular petals. The botanical fruits are dry achenes that are
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embedded in a fleshy receptacle, the strawberry, which is technically considered an aggregate
accessory fruit. When mature, the strawberry (10-17 mm) has an ovoid shape and an intense and

bright red color (Figure 1.21) (Castroviejo, 1998; J.-S. Chen et al., 2004; Liston et al., 2014).

Figure 1.21 - Fragaria vesca L. A) Botanical lllustration adapted from Chaumeton et al. (1830); B) Photography adapted
from Porto (2014).

1.4.2. MEDICINAL PROPERTIES OF FRAGARIA VESCA

Due to the natural appearance, intense taste and olfactory characteristics, wild strawberries
are a highly appreciated product. Though primarily valued for their flavor, Fragaria vesca berries
have also potential health properties, such as free-radical scavenger (Cheel et al., 2007), antioxidant
(Scalzo et al., 2005), anticonvulsant (Patil et al., 2012) and anti-inflammatory (Kanodia et al., 2011)
activities. The health benefits related to wild strawberries consumption could be associated with the
presence of polyphenols. In fact, these fruits have higher polyphenolic content than Fragaria x
ananassa and showed a strong DPPH scavenging. Fragaria vesca berries are also richer in sugars,
citric and malic acids (Crespo et al., 2010; Doumett et al., 2011). These facts are particularly relevant
because the consumption of Fragaria x ananassa, the most commercially diffused strawberry specie
worldwide, may have a beneficial role on inflammation, cardiovascular diseases, oxidative stress,

cancer, metabolic syndrome and neurodegeneration (reviewed in Giampieri et al., 2015, 2012)).
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While the fruits are more appreciated for their taste, the leaves and the rhizomes of Fragaria
vesca are valued for their medicinal properties. Several ethnopharmacological surveys reported the
use of Fragaria vesca, but many of them did not discriminate the part of the plant that was used. The
traditional preparations of non-edible parts of this plant are infusions and decoctions, both used
internally and externally (Fleming, 2000). The dried rhizome is a popular household remedy and is
mainly prepared by decoction. It has diuretic and astringent properties and has been used for several
medicinal purposes, including as anti-dysenteric, antiseptic, detoxifying, emollient, dermatological
protector, antirheumatic, and for the treatment of cough and hemorrhoids (Camejo-Rodrigues et al.,
2003; Kanodia and Das, 2008; Lamari et al., 2007; Neves et al., 2009; Ozldogru et al., 2011; Savo et
al., 2011). Furthermore, it was reported that the roots of Fragaria vesca are also rich in polyphenols
namely proanthocyanidins, ellagitannins and flavonols, showing also a high antioxidant potential
(Dias et al., 2015c).

The leaves are the most reported part of the Fragaria vesca plant, according to the
ethnopharmacological surveys available. They are collected in the spring, preferentially harvested in
the wild and air-dried in a shady place (Fleming, 2000). The leaves are traditionally prepared as
infusion or decoction and their applications are very broad. These preparations have been used
externally as a dermatological protector and for the treatment of skin diseases, including compresses
for rashes or as a antiseptic, emollient and anti-inflammatory (Fleming, 2000; Kiselova et al., 2006;
Neves et al., 2009; Sari¢-Kundali¢ et al., 2010). It has also been applied in the treatment of stomatitis,
pharyngitis, blepharitis and hemorrhoids, among other inflammatory related diseases of mucosal
surfaces (Cabral et al., 2014; Jari¢ et al., 2007). The leaves are very popular as detox herbs, with
diuretic, diaphoretic and cholagogue properties (Spiridonov, 2008; Zaurov et al., 2013). This herbal
medicine is also used to treat respiratory ailments, including cough, catarrh and sore throats
(Fleming, 2000; Popovi¢ et al., 2014; Zlatkovi¢ et al., 2014), heart and circulatory pathologies by
lowering blood pressure and heart rate and also for hematological diseases, namely anemia (Camejo-
Rodrigues et al., 2003; Manolova, 2003; Spiridonov, 2008). One of the most described benefits of
Fragaria vesca leaves is on gastrointestinal and liver diseases (Jari¢ et al., 2007; Kiselova et al., 2006;
Menkovi¢ et al., 2011), especially as antidiarrheal medicine, which is probably due to the presence of
ellagitannins and its astringents properties (Cabral et al., 2014). This herb was used in the treatment
of diabetes, renal stones, jaundice, arthritis and gout (Fleming, 2000; Spiridonov, 2008), being also
reported its use on leukemia, and kidney and breast cancers (Patil, 2013; Spiridonov, 2008).

Even though Fragaria vesca leaf has been used for the treatment of several complaints,
scientific reports validating its biologic effects are very scarce. Some scientific studies highlighted the
high antioxidant potential of both aqueous and ethanolic extracts obtained from the leaves of

Fragaria vesca (Buricova et al., 2011; Dias et al., 2015c; Kiselova et al., 2006) and this property was
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correlated with their polyphenolic content (Batista and Amaral, 2000; Ivanov et al., 2015). A study
performed by Mudnic et al. (2009) evaluated the cardiovascular effects of an aqueous extract of
Fragaria vesca. This extract appeared to be an effective direct endothelium-dependent vasodilator
and NO and cyclooxygenase products were critical mediators of this effect. Furthermore, the leaves
of Fragaria vesca demonstrated to have antimicrobial properties (Borah et al.,, 2012) and the
glycoconjugates isolated from them (essentially constituted of polyphenolic and polysaccharide
components) owned anticoagulant activities (Pawlaczyk et al., 2013).

Moreover, as it happens in many plants, the phenolic content of the strawberry leaves may
vary with the development stage and growing environmental conditions of the plant. Accordingly, it
was demonstrated that the wild plants of Fragaria vesca have higher amounts of total phenolic
compounds than the commercial (cultivated) ones (Dias et al., 2015c). The same investigation group
showed that the infusion and decoction of Fragaria vesca leaves may also have a nutritional value,
being a source of macro and micronutrients, namely tocoferols, vitamin By, mineral elements, soluble
sugars and organic acids (Dias et al., 2015b).

From our knowledge there are no toxicology/safety studies regarding the use of these
preparations. Indeed, individuals with allergy to strawberry should not take this herbal medicine
(Fleming, 2000). Actually, its efficacy and safety is currently being evaluated by the European
Medicines Agency.

Overall, the reported traditional uses, the high phenolic content along with the biological
activities reported in both in vitro and in chemico studies point out Fragaria vesca leaf as a promising

source of compounds with relevant pharmacological activity.
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1.5. THESIS AIMS

Natural products and in particular, plant-derived compounds, are important sources of new
drugs and drug leads for many diseases. Ethnopharmacological studies reported a widespread use of
Fragaria vesca leaves namely for the treatment of dermatological, gastrointestinal, cardiovascular
and urinary disorders. Polyphenols are phytoconstituents to which have been assigned biological
properties related to its antioxidant and anti-inflammatory potential, which can be on basis of these
diseases. Scientific reports validating the biologic effects of the Fragaria vesca leaves are scarce. As
far as we know, until the beginning of this work there were no studies with a detailed
characterization of the polyphenols of the leaves of this species. In a first approach, this work aimed
to:

- disclose the bioactivity and the underlying action mechanisms of an extract from
Fragaria vesca leaves, using a cell line of macrophages stimulated with LPS, in order to
support its traditional uses;

- evaluate the effect of the extract in the two main intracellular protein degradation
pathways in eukaryotic cells, UPS and autophagy, which dysregulation has been
implicated in the pathogenesis of different diseases, including in cancer, thus constituting
privileged targets for anticancer therapies;

- characterize the polyphenols through HPLC-PDA-ESI/MS".

Since Fragaria vesca leaves are especially rich in ellagitannins, which recently have been
gathering much attention for their chemopreventive potential, other aims were to:
- evaluate the anticancer potential of an ellagitannin-enriched fraction (EEF) derived from
Fragaria vesca leaves extract, on human hepatocellular carcinoma cells;
- elucidate the molecular mechanisms behind EEF bioactivity, with a special focus on
autophagy and proteasome;

- disclose proteins differentially modulated by EEF based in a proteomic approach.

Given the low bioavailability of ellagitannins and their metabolization in the gastrointestinal
tract into ellagic acid and consequently into urolithins, the systemic health benefits of their
consumption may rely on a direct effect of ellagitannins metabolites. Therefore we also aimed to:

- evaluate the antiproliferative effect of ellagic acid and urolithins A, B and C in several

human cell lines representative of different types of cancer;
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- investigate the role of each compound in the mechanisms associated to cell proliferation,
namely cell cycle, cell death and PI3K/Akt and MAPKs intracellular signaling pathways;
- establish a structure-activity relationship that may constitute valuable information in the

design of urolithin derivatives presenting potent antiproliferative activity.

Altogether, this study aims to shed light in the medicinal properties of a traditional herbal
medicine from Fragaria vesca leaves, identifying molecules with pharmacological activity and
understanding their cellular mechanisms of action. Finally, the anticancer potential of urolithins was
envisioned, constituting the starting point for their further exploitation in order to disclose fine-

tuned effective therapeutic strategies against cancer.
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Bioactivity of Fragaria vesca leaves through inflammation, proteasome and autophagy modulation

ABSTRACT

Ethnopharmacological relevance: Fragaria vesca leaves have been used in folk medicine for the
treatment of several diseases, namely gastrointestinal, cardiovascular and urinary disorders, which
could be related with the potential anti-inflammatory properties of the extract. This work aims to
disclose the bioactivity and the underlying action mechanism of an extract from Fragaria vesca

leaves in order to support its traditional uses.

Materials and Methods: A hydroalcoholic extract was prepared from Fragaria vesca leaves and its
anti-inflammatory potential was evaluated through inhibition of nitric oxide production and
expression of several pro-inflammatory proteins in lipopolysaccharide-triggered macrophages. Nitric
oxide scavenger activity was also assessed using a standard nitric oxide donor. Since numerous
inflammatory proteins are tightly regulated by ubiquitination and proteasomal degradation, the
putative effect of the extract on these cellular proteolytic pathways was also disclosed. The
phytochemical characterization was performed by HPLC-PDA-ESI/MSn and compared with an

infusion prepared according to the traditional method.

Results: For non-cytotoxic concentrations (80 and 160 ug/ml) the extract inhibited nitrite
production, probably due to a direct nitric oxide scavenging. Furthermore, inhibition of proteasome
activity was verified, leading to the accumulation of ubiquitinated proteins. The extract also
increased the conversion of the microtubule-associated protein light chain LC3-I to LC3-Il, a marker of
autophagy. Polyphenols, namely ellagitannins, proanthocyanidins, and quercetin and kaempferol
glucuronide derivatives were identified in Fragaria vesca leaves extract. Most of the identified

phenolic compounds matched with those found in traditional preparation, the infusion.

Conclusions: The extract has a direct nitric oxide scavenging activity giving support to the traditional
use of this plant for the treatment of inflammatory disorders. Furthermore, the extract affects the

proteolytic systems but its role in cancer treatment requires further studies.

Keywords

Fragaria vesca leaves; Polyphenols; Inflammation; Nitric Oxide scavenger; Ubiquitin-Proteasome

system; Autophagy
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2.1. INTRODUCTION

Natural products are important sources of new drugs and it has been widely shown that many
plant-derived phytochemicals have considerable anti-inflammatory and anticancer effects (Newman
and Cragg, 2012). Many plant polyphenols have anti-inflammatory properties, acting through
different molecular mechanisms (Costa et al., 2012). For example, polyphenols can down-regulate
inducible transcription factors that control inflammatory gene expression, such as nuclear factor kB
(NFkB), a process that is tightly regulated by ubiquitination and proteasomal degradation (Liu and
Chen, 2011). Importantly, some recent studies have also ascribed a role for natural compounds in the
regulation of proteolytic pathways, including the proteasome activity (Bonfili et al., 2011; Milacic et
al., 2008), and autophagy (Qian et al.,, 2011), which may constitute relevant findings for the
development of new anticancer agents. Both the ubiquitin-proteasome system (UPS) and autophagy,
constitute essential players of the cellular quality control systems, contributing for the removal of
potentially toxic damaged, unfolded or obsolete proteins (Wong and Cuervo, 2010). Although initially
described as two independent proteolytic pathways, recent studies have exquisitely shown that UPS
and autophagy cross talk. Indeed, it has been established that the impairment of the UPS up-
regulates autophagy (Du et al., 2009), whereas the blockage of autophagy compromises UPS
degradation (Korolchuk et al., 2009). Thus, autophagy and the UPS are critical in the maintenance of
cellular homeostasis, suggesting that their activities need to be carefully orchestrated.

Fragaria vesca L. (checked with www.theplantlist.org in 07-05-2014), commonly known as wild
strawberry, is a perennial rosette plant, belonging to the genus Fragaria and Rosaceae family and is
usually found in Europe, Asia West of the Urals and North America (Folta and Gardiner, 2009).
Several health benefits have been attributed to Fragaria vesca berries, such as free-radical scavenger
(Cheel et al., 2007), antioxidant (Scalzo et al., 2005) and anti-inflammatory (Kanodia et al., 2011)
activities. Moreover, ethnobotanical studies reported a widespread use of the vegetative parts from
wild growing Fragaria 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 (Fleming, 2000). Preparations of Fragaria vesca leaves have been used externally as
antiseptic, emollient and dermatologic protector, as well as to treat inflammation of cutaneous and
mucosal surfaces (Cunha et al., 2003; Neves et al., 2009). Internally, this herbal medicine has been
used for respiratory system complaints, such as cough, catarrh and sore throats (Popovi¢ et al.,
2014; Zlatkovi¢ et al., 2014), cardiovascular diseases, including lowering of blood pressure and heart
rate (Camejo-Rodrigues et al., 2003; Manolova, 2003), urinary ailments as the renal stones (Fleming,
2000), and as complementary treatment for diabetes (Spiridonov, 2008). It is also very popular in folk

medicine in the treatment of gastrointestinal disorders, especially due to the astringent, antidiarrheic
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and antidysenteric properties (Jari¢ et al., 2007; Kiselova et al., 2006; Sari¢-Kundali¢ et al., 2010).
Moreover, it was also reported the use of Fragaria vesca leaves to treat leukemia and kidney and
breast cancers (Patil, 2013; Spiridonov, 2008). Thus, the etnopharmacological applications of
Fragaria vesca are wide but most of these pathologies have in common a relevant inflammatory
background. However, scientific reports validating the biologic properties of the leaves are still
scarce. Previously we demonstrated a robust relationship between the strong antioxidant capacity of
the Fragaria vesca leaves extract and the presence of polyphenols (Batista and Amaral, 2000). These
evidences along with the reported traditional uses make Fragaria vesca leaf a potential source of
bioactive compounds. Therefore, the aim of this work is to disclose the bioactivity of an extract
obtained from Fragaria vesca leaves on inflammation and proteolysis and to characterize the

phenolic compounds present in the preparation.

55



Chapter 2

2.2. MATERIALS AND METHODS

2.2.1. PLANT MATERIAL

Wild plants (with flowers and fruits) of Fragaria vesca were sustainably collected from Granja
de Figueira do Lorvao, Penacova, Portugal (May, 2011). The plant material was identified by Dr. Célia
Cabral, plant taxonomist. A voucher specimen (ID-180611) was deposited at the Herbarium of

Medicinal Plants, Faculty of Pharmacy, University of Coimbra.

2.2.2. EXTRACTS PREPARATION

The leaves were selected and dried in the dark, using an oven at 30 2C, with air circulation.
The dehydrated leaves were powdered, sieved and treated with dichloromethane (1:10, w/v - 2
times). The extraction was performed with ethanol absolute (2 times) and 50% aqueous ethanol (3
times) (1:10, w/v) at room temperature using an Ultra-Turrax homogenizer for 5 min at 8000-9500
rpm. After each extraction, the extracts were filtered under vacuum. The ethanol was removed using
a rotary evaporator, and the aqueous extract was lyophilized and stored at -20 °C until the time for
testing. A yield of 30% expressed in dry plant was obtained. The hydroalcoholic extract was
solubilized in phosphate buffered saline (PBS) for in vitro biological assays.

The infusion is the most common herbal remedy from Fragaria vesca leaves reported in
ethnobotanical studies. According with the recommendations of Physicians' Desk Reference for
Herbal Medicines, the infusion was prepared by adding 4 gr of dried leaves to 150 mL of boiling
water. Traditionally this preparation is taken several times a day (Fleming, 2000).

In order to compare the phenolic profile of the traditional preparation with the
hydroalcoholic extract the infusion was prepared in a similar way. Therefore, the dried and chopped
leaves were poured over boiled water (4 g: 150 mL, w/v) in a porcelain laboratory cup and left at
room temperature for 15 min without additional heating. The infusion was filtrated and lyophilized.

A yield of 23% expressed in dried plant was obtained.

2.2.3. CELL CULTURE

The mouse leukemic monocyte macrophage cell line, Raw 264.7, was kindly supplied by Dr.
Otilia Vieira (Center for Neurosciences and Cell Biology, University of Coimbra, Portugal) and cultured
in Iscove’s Modified Dulbecco’s Eagle Medium containing 10% (v/v) non heat-inactivated fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin. The cells were maintained at 37 C
and 5% CO,/95% air in a humidifier incubator.
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2.2.4. ASSESSMENT OF CELL VIABILITY

The cells (3x10° cells/well) were plated in 48-well plates for 12 hours and incubated with the
hydroalcoholic extract 1 hour prior to stimulation with lipopolysaccharide (LPS) (1 ug/mL) for 24
hours. The viability of Raw 264.7 cells exposed to the extracts was measured using the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, MTT solution (5 mg/mL)
prepared in PBS was added to the cells. The plates were incubated at 37 2C for 15 min in a humidifier
atmosphere of 95% air and 5% CO, Supernatants were removed and acidified isopropanol (0.004 N
HCI in isopropanol) was added to adherent cells, in order to dissolve the dark blue crystals of
formazan produced by metabolically active cells. Formazan was quantified by measuring the
absorbance of the samples using an ELISA automatic microplate reader (SLT, Austria) at 570 nm, with

a reference wavelength of 620 nm.

2.2.5. MEASUREMENT OF NITRITE PRODUCTION

Nitrite concentration in culture supernatants was measured using a colorimetric reaction
with Griess reagent. The cells were plated and treated as described above. After 24 hours of LPS
incubation, the cell-free supernatants were collected and diluted with equal volumes of Griess
reagent (0.1% [w/v] N-(1-naphthyl)-ethylenediamine dihydrocloride and 1% [w/v] sulphanilamide
containing 5% [w/v] H3PQ,) in the dark. After 30 min, samples absorbance was registered in ELISA
automatic microplate reader (SLT, Austria) at 550 nm. Nitrite concentration was established from a

sodium nitrite standard curve and the culture medium was used as blank.

2.2.6. DETERMINATION OF NO SCAVENGING ACTIVITY

The NO scavenging activity of plant extracts were evaluated using S-nitroso-N-
acetylpenicillamine (SNAP) as NO donor. Fragaria vesca hydroalcoholic extract (160 pug/mL) and SNAP
(300 uM) were added to culture medium and maintained in a humidifier incubator at 37 2C for 3
hours. The medium was collected and the levels of nitrite were determined by Griess reaction, as

described above.

2.2.7. WESTERN BLOT ANALYSIS

Raw 264.7 macrophages (12x10° cells/well) were cultured in 12-well plates for 12 hours and
further incubated alone with Fragaria vesca hydroalcoholic extract (160 ug/mL) or with LPS (1 ug/mL)
for different time points, according to the proteins studied. Whole-cell lysates were obtained with

RIPA buffer (50 mM Tris-HCI, pH 8.0, 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate,
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0.1% sodium dodecyl sulfate and 2 mM ethynediamine tetraacetic acid) supplemented with 1 mM
dithiothreitol, protease and phosphatese inhibitor cocktails. Immediately, the cells were scraped,
sonicated (four times for 4 s at 40 um peak to peak) in Vibra Cell sonicator (Sonics & Materil INC.)
and centrifuged at 12,000 rpm for 10 min at 4 °C to remove cell debris. The protein concentration of
each sample was determined by the bicinchoninic acid protein assay. The lysates were denatured in
sample buffer (0,125 mM Tris pH 6.8, 2% (w/v) sodium dodecyl sulphate, 100 mM dithiothreitol, 10%
glycerol and bromophenol blue) and heated for 5 min at 95 2C. In brief, equivalent amounts of
proteins were separated by 4-10% (v/v) SDS-PAGE and transferred to PVDF membranes (Amersham
Biosciences, Uppsala, Sweden). The membranes were incubated, overnight at 4 eC, with the primary
antibodies for: ciclo-oxigenase-2 (COX-2) (1:10000; Abcam, Cambridge, UK), inducible nitric oxide
synthase (iNOS) (1:10,000; R&D Systems, Minneapolis, MN, USA), inhibitory kBa (IkBa), (1:1000; Cell
Signaling Technologies, Danvers, USA), phospho-lkBa (p-IkBa) (1:1000; Cell Signaling Technologies,
Danvers, USA), ubiquitin (1:500; provided by Dr. Fu Shang from Tufts University Boston, MA, USA)
and microtubule-associated protein light chain 3 (LC3) (1:2000; Thermo Scientific, Rockford, IL, USA).
The immunoreactive bands were visualized using the ECF substrate and the imaging system
ThyphoonTM FLA 9000 (GE Healthcare). The bands densitometry was quantified using the Image
Quant 5.0 software (Molecular Dynamics, Amersham Biosciences). The membranes were reprobed
and tested for anti-actin antibody (1:20000; Millipore, Bedford, USA) to demonstrate that similar

amounts of protein were loaded in the gels.

2.2.8. PROTEASOME CHYMOTRYPSIN-LIKE ACTIVITY

Raw 264.7 cells were suspended in 50 mM Tris—HCI buffer (pH 7.6) containing 1 mM
ditiotreitol. Equal amounts of protein were incubated with the proteasome substrate (fluorogenic)
Suc-Leu-Leu-Val-Tyr-AMC (Suc-LLVY-AMC). Enzymatic kinetic was measured with a temperature-
controlled microplate fluorometric reader (37 °C). Excitation/emission wavelengths were 380/440

nm, and the results corresponding to 30 min, were analyzed.

2.2.9. HPLC-PDA-ESI/MS" ANALYSIS

Polyphenols structural identification of Fragaria vesca leaves extracts was carried out on a
Surveyor liquid chromatograph equipped with a PDA detector (Surveyor) and interfaced with a
Finnigan LCQ Advantage lon Max MS" mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with an API-ES ionization chamber. Separation occurred on a Spherisorb ODS-2
column (150 x 2.1 mm i.d.; particle size, 3 um; Waters Corp., Milford, USA) and a Spherisorb ODS-2

guard cartridge (10 x 4.6 mm i.d.; particle size, 5 um; Waters Corp., Milford, USA) at 25 9C, using 1%
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aqueous formic acid (v/v) (A) and methanol (B) as mobile phase. The gradient profile was 5-15% B
(0—10 minutes), 15-25% B (10—-15 minutes), 25-50% B (15-50 minutes), 50-80% B (50—60 minutes),
80-100% B (60—70 min) and an isocratic elution for 5 minutes, at a flow rate of 200 uL.min-1. The
first detection was performed on a PDA detector in a wavelength range 200-450 nm, followed by a
second detection in the mass spectrometer. Mass analyses were acquired in negative ion mode. The
mass spectrometer was programmed to perform three consecutive scans: full mass (m/z 125-2000),
MS’ of the most abundant ion in the full mass and MS® of the most abundant ion in the MS’. Source
voltage was 4.7 kV and the capillary voltage and temperature were -7 V and 275 2C, respectively.
Nitrogen was used as sheath and auxiliary gas at 20 and 7 Finnigan arbitrary units, respectively. The
normalized energy of collision was 49%, using helium as collision gas. Data treatment was carried out

with XCALIBUR software (Thermo Scientific, Waltham, USA).

2.2.10. STATISTICAL ANALYSIS

The results are expressed as mean + standard error of the mean (SEM). The data were analyzed
using one-way analysis of variance (ANOVA), followed by Dunnett’s post-hoc test or Student’s t-test.
The differences between the means were considered significant for values of p < 0.05. The statistical

analysis was performed using Prism 5.0 Software (GraphPad Software, San Diego, USA).
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2.3. RESULTS AND DISCUSSION

2.3.1. EFFECT OF FRAGARIA VESCA LEAVES HYDROALCOHOLIC EXTRACT ON CELL
VIABILITY, NO PRODUCTION AND NO SCAVENGING ACTIVITY

Fragaria vesca leaves has been used for the treatment of several inflammatory disorders
(Fleming, 2000; Sari¢-Kundali¢ et al., 2010). Hence, we studied the effect of the extract on NO
production. NO, a bioactive free radical that has been implicated in many physiological functions,
plays a critical role during inflammation and therefore constitutes a potential target for developing
therapeutics for inflammatory diseases (Hofseth, 2008). Accordingly, it was evaluated the effect of
non-cytotoxic concentrations (80 ug/mL and 160 ug/mlL) of the extract (Figure 2.1-A) on NO
production by macrophages, cultured in the presence or in the absence of LPS, a bacterial endotoxin
known to easily induce NO production in macrophages. As expected, control cells (untreated)
produced very low NO levels (0.35 + 0.23 uM), while the culture medium of the cells treated with the
inflammation inductor, LPS, for 24 hours showed an increase of NO content (28.64 + 2.10 uM).
Strikingly, in cells pre-treated with the plant extract, for both concentrations (160 ug/mL and 80
ug/mL), there was a significant decrease of nitrite production comparing to LPS treated cells (40%
and 31% of inhibition, respectively). Cells incubation with the extract alone, in the absence of LPS, did
not change the levels of nitrites when compared with control cells (Figure 2.1-B). Thus, the
concentration that had the higher inhibitory effect (160 ug/mL) without cytotoxicity was selected to
perform the succeeding experiments. To further elucidate the mechanism whereby the extract leads
to a decreased production of nitrites, was investigated the NO scavenging capacity of the extract.
Using SNAP as NO donor, Fragaria vesca extract promoted a significant decrease of nitrite content
(23% of inhibition) in the culture medium (Figure 2.1-C). NO scavenging has protective effect for the
cells, because excessive amounts of NO can react with superoxide radical (02e-) to form
peroxynitrite (ONOO-), a powerful oxidant with many harmful biological effects (Radi, 2013). The
antioxidant properties of strawberry leaves were also previously observed in an extract from the
leaves of garden strawberry, which retarded lipid oxidation from fish oil (Raudonitté et al., 2011).
Another work using leaves of Fragaria x ananassa demonstrated that the extract has high
antioxidant capacity being detected a linear correlation between phenolic content and oxygen radical

absorbance capacity (Wang and Lin, 2000).
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Figure 2.1 - Fragaria vesca leaves extract decreases nitrite production in macrophages stimulated with LPS and has NO
scavenging activity. (A) Cell viability was assessed by the MTT reduction assay as described in 2.5. section. Groups treated
only with the plant extract were compared with control group, while groups co-treated with LPS were compared with LPS
alone. Data are presented as percentage of control (non-treated cells/medium); (B) Cells were pre-treated with plant
extracts for 1 hour, followed by the addition of LPS (1ug/ml) for 24 hours. Cell culture supernatants were collected and
nitrite concentration was measured by Griess reaction; (C) To evaluate the scavenging properties of the extract SNAP was
used as NO donor. The mediums were collected after an incubation of 3 hours with SNAP and/or the extract and nitrite
concentration was measured by the Griess reaction. Data represent the mean + SEM from at least 3 independent
experiments. ###p<0.001, significantly different from control; *** p<0.001 and **p<0.01, significantly different from
LPS/SNAP, as determined by one-way ANOVA followed by Dunnet’s post hoc test.
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2.3.2. EFFECT OF FRAGARIA VESCA LEAVES HYDROALCOHOLIC EXTRACT ON INOS AND
COX-2 PROTEIN EXPRESSION

The iNOS is responsible for the production of NO in response to inflammatory stimulus
(Forstermann and Sessa, 2012). Thus, the inhibition of NO production in cells exposed to LPS and pre-
treated with plant extract could be also due to a down-regulation of iNOS protein expression. By
western blot, a significant iNOS increase in cells treated with LPS (299 + 30% of control) was
detected, however there were no differences between cells treated with LPS alone and cells co-
treated with the extract (Figure 2.2). These results suggest that inhibition of NO production is not
due to a decrease of iINOS expression. Macrophages release other pro-inflammatory mediators such
as prostaglandin E, via the cyclooxygenase (COX) pathway during host-defense mechanism (Lee et
al.,, 1992). COX has two main isoforms: COX-1 that is constitutively expressed in a wide variety of
tissues; and COX-2 that is induced by inflammatory mediators such as LPS, interleukin-1 (IL-1) and
tumor necrosis factor-alpha (TNF-a), in several cells and tissues (Rouzer and Marnett, 2009). COX-2
immunoreactivity was also visibly induced upon stimulation by LPS (Figure 2.2), however the pre-
treatment with the extract did not inhibit LPS-induced COX-2 protein levels compared with LPS alone

(1480 + 499% of control).
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Figure 2.2 - Fragaria vesca leaves extract does not change iNOS and COX-2 protein content in Raw 264.7
macrophages. Cells were pre-incubated with plant extract for 1 hour and then were stimulated with LPS for 24 hours.
Representative immunoblots are presented above the graphs; #p<0.05, ##p<0.01, significantly different from control,
as determined by one-way ANOVA followed by Dunnett’s post hoc test.

Evaluation of mMRNA levels of iNOS and IL-1B (a pro-inflammatory cytokine that is secreted by
macrophages activated by a number of pro-inflammatory stimuli, including LPS) was also performed;
however the extract did not prevent the effect of LPS on mouse macrophages (Supplementary Figure
2.1). Taken together, the results obtained up to this point suggest that the anti-inflammatory effect of

the extract relies on its NO scavenging property.
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2.3.3. EFFECT OF FRAGARIA VESCA LEAVES HYDROALCOHOLIC EXTRACT ON NFKB
PATHWAY

In several studies it has been shown that NFkB transcription factor enhances or represses the
expression of genes implicated in inflammation, and their activation involves the phosphorylation of
IkBa, which results in IkBa ubiquitination and degradation by the UPS (Skaug et al., 2009). As
expected, in cells treated only with LPS (15 min) the protein levels of IkBa significantly decreased
(29.62 * 6.44% of control) while phosphorylated IkBa strongly increased (228.62 = 18.25% of
control), indicating that IkBa proteins are being phosphorylated and degraded by the proteasome. In
cells co-treated with plant extracts, p-IkBa content increased (306.76 + 16.01% of control) and even
if were not statistically significant, the results suggest either an increase in the expression or a

decrease in the degradation of IkBa (Figure 2.3).
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Figure 2.3 - Effect of Fragaria vesca leaves extract on LPS-activation of NFkB signaling. Cells were pre-incubated with plant
extract for 1 hour and then were stimulated with LPS for 15 min. Data are presented as mean + SEM of, at least, 3
independent experiments and are expressed as percentage of control. Representative immunoblots are presented above
the graphs. ## p<0.01, ### p<0.001, significantly different from control; * p<0.05, significantly different from LPS as
determined by one-way ANOVA followed by Dunnett’s post hoc test.

2.3.4. EFFECT OF FRAGARIA VESCA LEAVES HYDROALCOHOLIC EXTRACT ON

PROTEOLYTIC MECHANISMS

Since IkBa is a substrate of the proteasome, we hypothesized that an accumulation of IkBa in
the cell could be consequence of the reduction of proteasome activity. To evaluate the effect of the
extract in the proteasome activity the chymotrypsin-like activity of the proteasome was measured
for 1, 3, 6, 12 and 24 hours after macrophages treatment with Fragaria vesca extract, and for all time
points studied a decrease of the proteasome activity was observed (Figure 2.4-A). Since proteasome
degradation of ubiquitinated substrates requires the removal of ubiquitin moieties from the proteins

before their entrance into the proteasome catalytic core, a decrease in proteasome would lead to an
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accumulation of polyubiquitinated proteins. Accordingly, an increase of ubiquitin conjugates after 24
hours of cells treatment with the plant extract was found (Figure2.4-B).

It is now well established the crosstalk between UPS and autophagy, suggesting a
synchronized function between these proteolytic systems (Du et al.,, 2009). Recent studies also
demonstrate that polyphenols consumption plays a role in autophagic process, most of them
promoting an induction, which can be advantageous to prevent ageing diseases, like cancer and
neurodegeneration (Pallauf and Rimbach, 2013). Therefore, we evaluated the conversion of LC3-I to
LC3-Il, which has been widely used as a hallmark of autophagy and a common experimental strategy
to evaluate autophagic activity. LC3-l is a cytoplasmic protein, however upon autophagy induction it
is conjugated with phosphatidylethanolamine in the autophagic membranes to form LC3-Il, and this
conversion is easily identified by the increased mobility on sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE). Curiously Fragaria vesca extract increased the conversion of LC3-|
into LC3-Il for all time points studied, with a more prominent effect after 6 hours (Fig. 4C), strongly
suggesting that the extract is activating autophagy. However, this data has to be analyzed prudently.
Indeed the increase in LC3-1l may also be a consequence of an interruption of the autophagic flux (for
example when the lysosomal proteases are inhibited or if the autophagosome-lysosome fusion is
blocked). Therefore, at this stage, our data demonstrates, for the first time, that Fragaria vesca

extract modulates autophagy, but the mechanism underlying such effect needs further clarification.
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Figure 2.4 - Fragaria vesca leaves extract decreases proteasome activity, increases ubiquitin conjugates and increases
the conversion of LC3-I into LC3-II. Cells were treated with plant extract for 1, 3, 6, 12 and 24 hours and it was evaluated
the (A) chymotrypsin-like activity of the proteasome and (B) the ubiquitin conjugates by western blot using an antibody
against ubiquitin; Data are presented as mean + SEM of, at least, 3 independent experiments and are expressed as
percentage of control. Representative immunoblots are presented above the graphs. ** p<0.01, ***p<0.001 significantly
different from control as determined by one-way ANOVA followed by Dunnett’s post hoc test. (C) Cells were treated with
plant extract for 1, 3, 6, 12 and 24 hours and the blot was performed for a protein involved in autophagy, LC3. A
representative immunoblot of three independent experiments is shown.
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2.3.5. PHYTOCHEMICAL CHARACTERIZATION

HPLC-PDA phenolic profiles were recorded at 280 nm (Figure 2.5). The hydroalcoholic extract
evidenced the presence of proanthocyanidins, flavonols, and ellagic acid and its derivatives (Figure

2.5-A). Twenty compounds were tentatively identified by HPLC-PDA-ESI/MS" (Table 2.1).
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Figure 2.5 - HPLC polyphenolic profile of Fragaria vesca leaves extracts, recorded at 280 nm. The identification of the
peaks is shown in Table 1. (A) Hydroalcoholic extract; (B) Infusion.
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Table 2.1 - UV-vis and MS spectra, and identification of the compounds of Fragaria vesca leaves extracts.

Rt [M-H]

Peak (min) Amax (M) (m/2) ms® m/z* ms® m/z* Compound tentatively identified
1 3.65 235, 247, 254(sh) 783 481, 301, 275 257 Bis-HHDP-hexose
2 8.09 235, 248, 254(sh) 783 481, 301, 275 247,229 Bis-HHDP-hexose
3 16.47 246,278 577 451, 425, 407, 289 407, 273 (Epi)catechin-(epi)catechin
4 18.82 245,278 849 723, 696, 679, 561, 559, 541, 433, 407, 300, 280, 245 (Epi)catechin-(epi)catechin-
407 (epi)afzelechin
5 19.10 246, 278 561 543, 435, 425, 407, 289, 417,329, 273, 271, 219, 179, 175 (Epi)afzelechin-(epi)catechin
329
6 19.92 235, 247, 275(sh) 933 451 433, 408, 407, 395, 377, 328, 327, Castalagin/Vescalagin
301
7 20.75 272 833 707, 561, 543, 434, 289 525, 436, 417, 407, 309, 271, 255, (Epi)catechin-(epi)afzelechin-
203 (epi)afzelechin
8 22.11 236, 247, 272(sh) 933 631, 451, 433, 301 405, 351, 335, 307, 301, 285 Castalagin/Vescalagin
9 24.16 240, 246, 269(sh), 757 595, 461 461, 447, 301 Ellagic acid derivative
365(sh)
10 26.35 247, 270(sh), 639 463, 301 343, 301 Quercetin hexosyl-glucuronide
290(sh), 351
11 27.26 240, 247, 285(sh) 935 633, 301 597,301 Casuarictin/Potentillin
12 28.41 240,250 1869 1567, 1265, 1103, 933, 1265, 962, 935, 933, 897, 633, Sanguiin H-6/Agrimoniin
915, 898, 897, 631 631, 613
13 37.58 255, 267sh, 623 459, 301 273, 257, 229,179, 151 Quercetin glucuronyl-rhamnoside
295(sh), 353
14 38.89  247,270(sh), 595 461, 447, 301 271,257 Ellagic acid derivative
290(sh), 355
15 42.16 240, 246(sh), 264, 607 321, 285 267, 257, 241, 229, 213, 151 Kaempferol glucuronyl-rhamnoside
295sh, 349
16 42.86 258, 295sh, 354 477 301 273,179,151 Quercetin glucuronide
17 46.80 237, 253, 305(sh), 301 283, 257, 229 - Ellagic acid
350(sh), 366
18 48.55 246, 264, 295(sh), 461 285 267, 257, 241, 229, 213 Kaempferol glucuronide
346
19 51.41 236, 249, 262 (sh), 461 446, 315 300 Methyl ellagic acid rhamnoside
290sh, 359 (sh), 375
20 58.79 246, 266, 296(sh), 593 447, 285 267, 257, 229, 151 Kaempferol coumaroyl-hexoside
313

! The most abundant ions are shown in bold

Proanthocyanidins: Peaks 3-5 and 7 occur as minor polyphenols and showed UV absorption
maxima and spectral profiles of flavan-3-ols. The molecular ions [M-H] at m/z 561, 577, 833 and 849
correspond to (epi)afzelechin- and (epi)catechin-based proanthocyanidin dimers and trimers,
respectively, MS® presenting signals with a typical fragmentation pattern of flavan-3-ol derivatives,
according to Correia et al. (2007). Peaks 3 and 5 with [M-H]" at m/z 577 and 561 were identified as
dimers differing 16 amu between them. These compounds exhibited, in MS?, signals at m/z 425 (-152
from peak 3, and -136 amu from peak 5), which correspond to the Retro Diels-Alder (RDA) fission of
flavan-3-ols with the B ring di- and mono-hydroxylated, respectively. To corroborate this hypothesis a
fragment at m/z 407 (-170 and -154 amu for peaks 3 and 5, respectively) was also observed, which
matches the RDA fragmentation and a loss of water. Signal at m/z 289 (-288 and -272 amu) resulting
of an interflavanic cleavage, suggests that an (epi)catechin unit exists in both compounds, however
different units were lost. This fragmentation pattern has led to the identification of the (epi)catechin-
(epi)catechin (peak 3) and (epi)afzelechin-(epi)catechin (peak 5). Peaks 4 and 7 presented [M-H] at

m/z 849 and 833, which differ 16 amu, the same difference being registered for main signals of their
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fragmentation, at m/z 559 and 543, respectively, both resulting of a 290 amu lost, probably a
(epi)catechin unit. MS® of those ions exhibited the fragment at m/z 407 ([M-H-290-152] and ([M-H-
290-136]), corresponding to the RDA fission of a di- and mono-hydroxylated B ring, for peak 4 and 7,
respectively. These data suggest that these compounds are trimmers, with two units of (epi)catechin
and one of (epi)afzelechin (peak 4) or one (epi)catechin and two (epi)afzelechin (peak 7).

Flavonols: Six quercetin and kaempferol derivatives were detected (peaks 10, 13, 15-16, 18,
20). These compounds were characterized on the basis of their UV spectra profiles and absorption
maximum, at 352+1 nm for quercetin glycosides and 346+1 nm for kaempferol glycosides, and by MS
spectra, aglycone fragments occurring at m/z 301 (quercetin) and 285 (kaempferol). Peak 10 had a
molecular ion at m/z 639 with a MS/MS fragmentation ion at m/z 463 (-176 amu), corresponding to
the loss of a glucuronyl group and a MS3 fragment of 301 (-162 amu), which matches the loss of a
hexose residue. The spectral data are consistent with a quercetin hexosyl-glucuronide. Peak 13
exhibited a [M-H] of 623, leading to MS* fragments of 301 (-322 amu) and 459 (-164 amu), which
corresponds to the loss of glucuronyl-rhamnoside and rhamnoside residues, respectively. Hence, this
compound was tentatively identified as quercetin glucuronyl-rhamnoside. Peak 16 presented a
molecular ion of 447, which lead to a MS® spectrum with a fragment at m/z 301 (-176 amu),
corresponding to the loss of a glucuronyl residue. The purposed structure for this compound is
quercetin glucuronide. Peaks 15, 18 and 20 were identified as kaempferol derivatives. Peak 15
showed a [M-H] ion at m/z 607 and the loss of a glucuronyl-rhamnoside residue (-322 amu), having
been characterized as kaempferol glucuronyl-rhamnoside. Peak 18 exhibited a molecular ion of 461,
and a MS2 fragment at m/z 285 (-176 amu), corresponding to the loss of a glucuronyl residue. This
compound was identified as kaempferol glucuronide. Peak 20 eluted later, showing that it was more
lipophilic, and presented a UV spectrum characteristic of kaempferol p-coumaroyl glucosides,
indicating that the sugar moiety on the flavonol was acylated with a hydroxycinnamic acid (most
probably p-coumaric acid). The MS analysis showed ions at m/z 593 ([M-H]) and MS” fragments at
m/z 447 (loss of a coumaroyl residue) and 285 (loss of a coumaroyl hexosyl residue). This peak was
tentatively identified as kaempferol p-coumaroyl glucoside, previously reported in strawberries
(Navindra P. Seeram et al., 2006).

Ellagic acid and derivatives: These compounds (peaks 1-2, 6, 8-9, 11-12, 14, 17 and 19) were
identified on basis of their UV and MS spectra. In the mass spectra of most of these compounds, a
signal at m/z 301 matches to that of ellagic acid. Peaks 1 and 2 presented characteristic mass spectra,
with the molecular ion at 783, and MS? fragments at m/z 481 ([M-H-302]’), 301, corresponding to
ellagic acid residue, as a result of spontaneous lactonization of hexahydroxydiphenoyl (HHDP)
fragment after cleavage and a characteristic fragment of this ellagic acid residue cleavage, at m/z 275

(Arapitsas et al., 2007). These peaks were both identified as bis-HHDP-glucose isomers
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(pedunculagin) according to fragmentation pattern proposed by Simirgiotis et al. (2010) Peaks 6 and
8 showed a [M-H] ion at m/z 933. Peak 8 exhibited a MS? fragments at m/z 451 from the cleavage of
tri-galloyl unit and spontaneous lactonization, at m/z 631 from the loss of the HHDP group and at
m/z 301 attributed to ellagic acid, such as the fragmentation pattern referred by Hager et al. (2008).
Peak 6 showed a similar fragmentation profile as peak 8, which is in accordance with previous
findings described in the literature for this species (Del Bubba et al., 2012). Therefore, these
compounds were identified as isomeric forms of castalagin/vescalagin. Peaks 9 and 14 showed [M-H]
ions at m/z 757 and 595, respectively, differing 162 amu between them. Both compounds have UV
spectra profiles similar to peaks 6 and 8, and one fragment at m/z 301, which matches with the
presence of an ellagic acid unit. The major fragment at m/z 595 [M-162] in MS* of peak 9 suggests
the additional presence of a hexosyl group in this compound. Despite the fragmentation profile being
common to two peaks, it has not been possible to establish their structure. Therefore peaks 9 and 14
were identified as ellagic acid derivatives, peak 9 probably containing more one hexosyl unit than
peak 14. Peak 11 showed a molecular ion at m/z 935 and MS® fragments at m/z 633(-302 amu) and
301 originated from lactonization of fragment 302. On the basis of this information and according to
Hager et al. (2008) the compound was identified as casuarictin or potentillin (ellagitannin
monomers). Peak 12, which was the major compound of the extract, presented a mono charged
molecular ion at m/z 1869, which originated, in MS* a fragment at m/z 1567 (-302 amu, a loss of an
HHDP unit), 1265 (-302 amu, a further loss of HHDP), 1103 (-162, a loss of a glucosyl group), 933 (-
170 amu, a loss of a gallic acid) and 631 (-302 amu, a loss of HHDP). The third order fragmentation
pattern of fragment m/z 1567 originated a peak at m/z 935 resulting from the loss of galloyl-HHDP
glucose moiety (Hager et al., 2008). On the basis of these fragmentation patterns and other results
previously published, we may suggest that this compound is an isomeric form of sanguiin H-
6/agrimoniin (Vrhovsek et al., 2012). The similar mass spectra fragments of these ellagitannins
(Hanhineva et al., 2008), together with the absence of commercial available standards limit the
identification of this peak. Peak 17 presented a retention time, and UV and MS spectra similar to that
of ellagic acid reference. A molecular ion at m/z 301 and its fragments at m/z 283, 257 and 229
confirmed the identity of ellagic acid (Mullen et al., 2003). Peak 19 exhibited a molecular ion at m/z
461, and MS’ fragments at m/z 315 (-146 amu) and 446 (-15 amu), which suggests the loss of a
deoxyhexose and a methyl group, respectively. In the MS?® the fragment at m/z 300 [M-H-146-157,
which possibly matches the ellagic acid molecule, suggests that the methyl group must be linked to
the ellagic acid (Sun and Chen, 2012). The putative structure for this compound is methyl ellagic acid
rhamnoside.

Ethnopharmacological studies report the use of Fragaria vesca infusion for the treatment of

inflammation-related diseases and in this study, phytochemical analysis revealed that the
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hydroalcoholic extract and the infusion have several compounds in common, predominantly the
flavonoids (peaks 10, 13, 15, 16 and 19) (Figure 2.5). The antioxidant and anti-inflammatory
properties of flavonoids are well-known (Kumar and Pandey, 2013; Reddy et al., 2014). As flavonoids
may inhibit NO production through modulation of pro-inflammatory signaling pathways or by NO
scavenging (Duarte et al., 2014), these compounds may be the responsible for the NO scavenging
activity of the extract. Further work is required to evaluate the contribution of flavonoids on this
effect.

Apart from the anti-inflammatory properties, ethnopharmacological studies also report the
use of Fragaria vesca in cancer treatment. The impairment of UPS has been implicated in different
diseases (Schwartz and Ciechanover, 2009), including cancer (Hoeller and Dikic, 2009) and
inflammatory-related disorders (Wang and Maldonado, 2006). Some polyphenols have been referred
as inhibitors of the chymotrypsin-like activity of proteasome, namely ester bond-containing
polyphenols such as(-)-epigallocatechin-3-gallate (Nam et al., 2001) and pentagalloylglucose (Chen
and Lin, 2004) and the flavonoids - quercetin and apigenin (Chen et al., 2005). Reinforcing the role of
proteasome as a therapeutic target in oncology, recently the proteasome synthetic inhibitor,
bortezomib, has been investigated for cancer therapy and was approved for clinical use in patients
with multiple myeloma (Chen et al., 2011). However, natural proteasome inhibitors with similar

pharmacological activity and with less toxicity are strongly desired.
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2.4. CONCLUSIONS

This work evaluated the biological effects and polyphenol composition of a hydroalcoholic
extract from Fragaria vesca leaves. The traditional preparation (the infusion) contained several
polyphenols also identified in the hydroalcoholic extract, including the ellagitannin sanguiin H-
6/agrimoniin isomer and glucuronide derivatives of quercetin and kaempferol.

In traditional medicine, Fragaria vesca leaves have been used in the treatment of pathologies
with a strong inflammatory component. This study concludes that Fragaria vesca extract decreases
NO levels, one of the most relevant mediators of the inflammatory response. However, we do not
find changes in signaling molecules upstream iNOS expression, suggesting that the NO decrease was
probably due to a direct scavenging effect. Additionally, ethnopharmacological reports also ascribe
to Fragaria vesca leaves anticancer properties. These properties could be related to the effect of the
extract on proteolytic mechanisms that are currently considered promising molecular targets in
cancer therapy.

Herein we disclose the molecular action mechanism of Fragaria vesca leaves and provide
evidences to understand its therapeutic effects, thus supporting the traditional use of this plant for
the treatment of inflammatory disorders. Further experiments are required to evaluate the effect of
the extract in the field of oncology, with special focus in the identification of the molecules
responsible for proteolysis modulation, as well as the putative cellular mechanisms of action behind

these effects.
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Supplementary Figure 2.1 - Fragaria vesca leaves extract does not change iNOS and IL-1B mRNA levels in Raw
264.7 macrophages. Cells were treated with plant extract for 1 hour and then were stimulated with LPS for 6
hours. Data are presented as mean = SEM of, at least, 3 independent experiments and are expressed as
percentage of control. ###p<0.001, significantly different from control, as determined by one-way ANOVA
followed by Dunnett’s post hoc test.
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Chemical characterization and cytotoxic potential of an ellagitannin-enriched fraction from Fragaria
vesca leaves

ABSTRACT

The hepatocellular carcinoma, a primary malignancy of the liver, has a very poor prognosis
and a lower survival rate. Moreover, the inefficacy of conventional therapies emphasizes the
importance of discovering new bioactive compounds. Several studies clearly state that plant-derived
polyphenols, namely ellagitannins, have several health benefits. Fragaria vesca leaves contain high
amounts of polyphenols, being especially rich in ellagitannins. Therefore, this study aimed to
characterize an ellagitannin-enriched fraction (EEF) from Fragaria vesca leaves and to unveil the
anticancer potential of this fraction on human hepatocellular carcinoma cells.

The analysis of EEF by HPLC-PDA-ESI/MS" allowed the detection of 12 ellagitannins. The cell
viability of both EEF and crude extract was determined after 24 h of cells treatment and the half-
maximal inhibitory concentration (ICs) was evaluated. The ICs, of the EEF (113 pg/mL) was about 6
times lower than the ICs; of the crude extract (690 pg/mL). Furthermore, EEF induced cell cycle arrest
at G2/M checkpoint and decreased cell proliferation in a dose-dependent way. This fraction also
induced an accumulation of LC3-ll protein through blockage of autophagic flux, and inhibited
chymotrypsin-like activity of 26S proteasome. These results showed, for the first time, that EEF from
Fragaria vesca leaves inhibits both, autophagic and ubiquitin-proteasome system pathways, two
main intracellular protein degradation systems that are targets for anticancer therapies. Additionally,
a proteomic analysis allowed the identification of 914 proteins, among which 133 were modulated
after cells treatment with EEF, most of them related to metabolic pathways. Overall, this study shows
that the EEF from Fragaria vesca leaves decreased cell proliferation, inhibited the proteolytic
mechanisms and modulated the metabolic pathways of the cell.

Additionally this study points out Fragaria vesca as a source of valuable molecules with
anticancer potential, suggesting that ellagitannins, the polyphenols identified in this fraction, could

be useful in the development of new fine-tuned therapeutic strategies against carcinogenesis.
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Cancer; HepG2; Proteolytic pathways; Proteome; Cell proliferation; Cell cycle
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3.1. INTRODUCTION

Liver cancer is the sixth most frequent neoplasia and the third cause of cancer-related death
worldwide (Center and Jemal, 2011). Hepatocellular carcinoma accounts for between 85% and 90%
of primary liver cancers and generally occurs in patients with underlying chronic liver disease,
especially with chronic hepatitis B virus (El-Serag and Rudolph, 2007). Hepatocellular carcinoma has a
very poor prognosis because diagnosis is usually made at an advanced stage, when treatment
options are limited and less effective (Lin et al.,, 2012). Therefore, the discovery of new bioactive
molecules to overcome the inefficacy and the side effects of conventional therapies is still a hotspot
of anticancer research.

Cancer cells are characterized by unbalanced control of cellular proliferation and an
immortalized life span (Feitelson et al., 2015). Accordingly, any molecule capable of suppressing
cancer cell proliferation may be valuable as a potential chemopreventive/chemotherapeutic agent.
Several polyphenols have shown the capacity to block the initiation of the carcinogenic process and
to suppress both promotion and progression of cancer (Ramos, 2008). Apart from the well-known
antioxidant properties of polyphenols, their role on cell growth (Kampa et al., 2007), apoptosis
(Fresco et al., 2010) and cell proliferation (Giovannini and Masella, 2012) is also well established,
being those effects usually cell type- and dose-dependent.

Ellagitannins (hydrolysable tannins) are bioactive polyphenols composed by moieties of
hexahydroxydiphenoyl (HHDP) esterified to a sugar, usually the glucose, that release ellagic acid
upon hydrolysis (Aguilera-Carbo et al., 2008). They are distributed in the plant kingdom (Okuda et al.,
1993) and are commonly found in herbal preparations (Quideau, 2009), fruits (Aaby et al., 2007) and
beverages (Lee and Talcott, 2002). Multiple biological activities have been ascribed to ellagitannins,
namely antioxidant, antiatherosclerotic, anti-inflammatory and antiviral (Ascacio-Valdes et al., 2011).
Furthermore, there is a wealth of information indicating the potent anticancer activities of
ellagitannins (Auzanneau et al., 2012; Sartippour et al., 2008). Accordingly, some ellagitannins were
able to inhibit cell proliferation, which was in part due to their ability to arrest cell cycle (Cho et al.,
2015; Vassallo et al., 2013). Additionally, these molecules have been shown to induce apoptotic cell
death in different cell lines, modulating several molecular pathways and the expression of apoptotic
regulators (Li et al., 2013; Wang et al., 2013).

Fragaria vesca L., commonly known as wild strawberry, is an herbaceous perennial plant that
is primarily valued for its fruits, the strawberries. However, the leaf has a great pharmacological
potential considering traditional uses (Camejo-Rodrigues et al., 2003; Neves et al., 2009) and the
presence of high amounts of bioactive compounds (Buricova et al., 2011; Ivanov et al., 2015). In fact,

our group previously demonstrated that a crude extract obtained from Fragaria vesca L. was
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enriched in polyphenols, namely ellagitannins, proanthocyanidins, and quercetin and kaempferol
glucuronide derivatives, being ellagitannins the main phenolic compounds. In addition, we proved
that this extract modulated the activity of the proteolytic mechanisms of the cells, the ubiquitin-
proteasome system (UPS) and autophagy-lysosomal system (Liberal et al., 2014). These processes are
responsible for the degradation of dysfunctional and damaged cellular components and their
dysregulation is implicated in wide a range of pathological conditions (Vilchez et al., 2014).
Moreover, given their association with the carcinogenic process, these proteolytic pathways
constitute privileged targets for anticancer therapies (Driscoll and Chowdhury, 2012).

In this study, we aimed to obtain an ellagitannin-enriched fraction (EEF) from the crude
extract previously reported and to further explore the molecular mechanisms behind EEF bioactivity.
Briefly, the polyphenols of this fraction were characterized and its cytotoxic effect on human
hepatocellular carcinoma cells (HepG2) was evaluated. Then, we investigated the effect of EEF on cell
proliferation, cell cycle and cell death, as well as its effect in the proteolytic mechanisms.
Furthermore, a proteomic based approach was used to disclose differentially expressed proteins

following cell treatment with this fraction, evaluating the main cellular processes modulated by EEF.
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3.2. MATERIAL AND METHODS

3.2.1. MATERIALS

Fetal calf serum was obtained from GIBCO (Paisley, UK). Protease and phosphatase inhibitor
cocktail tablets were acquired from Roche (Basel, Switzerland). Polyvinylidene fluoride (PVDF)
membranes were obtained from Millipore Iberica (Madrid, Spain) and acrylamide from BioRad
(Hercules, CA, USA) The following antibodies were used: anti-ubiquitin, clone P4D1 (Biolegend, San
Diego, CA, USA), anti-microtubule-associated protein light chain 3 (LC3) (Cell Signaling Technologies,
Danvers, MA, USA), anti-insulin-like growth factor-binding protein 1 (IGFBP1) (Abcam, Cambridge,
UK), anti-fatty acid synthase (FAS) (Cell Signaling Technologies, Danvers, MA, USA) and anti-B-tubulin
antibody (Sigma Chemical Corporation, St. Louis, MO, USA). Enhanced chemifluorescence (ECF)
substrate, anti-mouse and anti-rabbit alkaline phosphatase-conjugated secondary antibodies were
purchased from GE Healthcare (Chalfont St. Giles, UK). Suc-Leu-Leu-Val-Tyr-AMC (Suc-LLVY-AMC)
was from Enzo Life Sciences (Farmingdale, NY, USA). Click-iT® EdU Alexa Fluor® 488 Flow Cytometry
Assay Kit was obtained from Molecular Probes, Invitrogen (Eugene, OR, USA) and propidium iodide
(P1) with RNase solution and annexin V-fluorescein isothiocyanate (FITC)/PI from Immunostep
(Salamanca, Spain). All other reagents were acquired from Sigma Chemical Corporation (St. Louis,

MO, USA) and Merck (Darmstadt, Germany).

3.2.2. PLANT MATERIAL

Fragaria vesca wild plants (with flowers and fruits) were sustainably collected from Granja de
Figueira do Lorvdo, Penacova, Portugal (May, 2011). A voucher specimen (ID-180611) was deposited
at the Herbarium of Medicinal Plants, Faculty of Pharmacy, University of Coimbra.

The leaves were separated from stems, flowers and fruits and dried in a drying oven during

24 h, at 30 2C with forced air circulation. They were powdered and sieved before extraction.

3.2.3. EXTRACT FRACTIONATION

A hydroalcoholic extract from Fragaria vesca leaves was prepared as previously described
(Liberal et al., 2014). Briefly the dry and powdered leaves were treated with dichloromethane (2
times) and the extraction was performed with ethanol (2 times) and 50% aqueous ethanol (3 times)
at room temperature using an Ultra-Turrax homogenizer for 5 min at 8000-9500 rpm. The ethanol
and hydroalcoholic extracts were combined and concentrated on a rotatory evaporator to a small

volume and lyophilized. This extract was stored at -20 °C until the time for testing.
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The lyophilized extract (3 g) was recovered with 50% aqueous methanol and fractionated by
gel chromatography on a Sephadex® LH-20 (Sigma-Aldrich) column (25 cm x 5 cm) by elution
successively with 50% (2 L) and 75% aqueous methanol (2.5 L) and 70% aqueous acetone (1 L).

All the fractionation process was monitored by high-performance liquid chromatography
(HPLC) providing 8 major fractions: F1 (174 mL; phenolic acids), F2 (320 mL; phenolic acids and
flavonoids;), F3 (710 mL; flavonoids), F4 (1198 mL; gallotannins and ellagic acid), F5 (704 mL;
proanthocyanidins and ellagic acid), F6 (1087 mL; proanthocyanidins and ellagic acid), F7 (383 mL;
proanthocyanidins) and F8 (946 mL; ellagitannins). The polyphenol-rich fractions were then taken to
dryness under reduced pressure on a rotatory evaporator, at 40 2C, lyophilized and weighted in
sterilized and humidity-controlled conditions.

Since ellagitannins were one of the main phenolic compounds of the hydroalcoholic extract,
an EEF was selected to evaluate the effect of these polyphenols in the hepatocellular carcinoma cell
line. Ellagitannins were only identified in this fraction, which was obtained with 70% aqueous
acetone (yield of 14% of 100 g of the Fragaria vesca extract). The yields of the remaining fractions

were the following: F1 —48%, F2 — 19%, F3 — 8%, F4 — 3%, F5 — 3%, F6 —3% and F7 — 1%.

3.2.4. HPLC-PDA-ESI/MS" ANALYSIS

Polyphenols structural identification of EEF was carried out on a Surveyor liquid
chromatograph equipped with a PDA detector (Surveyor) and interfaced with a Finnigan LCQ
Advantage lon Max MS" mass spectrometer (Thermo Fisher Scientific) equipped with an API-ES
ionization chamber. Separation occurred on a Spherisorb ODS-2 column (150 x 2.1 mm i.d.; particle
size, 3 um; Waters Corp.) and a Spherisorb ODS-2 guard cartridge (10 x 4.6 mm i.d.; particle size, 5
um; Waters Corp.) at 25 2C, using 2% aqueous formic acid (v/v) (A) and methanol (B) as mobile
phase. The gradient profile was 5-15% B (0—10 min), 15—-25% B (10—15 min), 25-50% B (15-50 min),
50-80% B (50—60 min), 80—100% B (60—-70 min) and an isocratic elution for 5 min, at a flow rate of
200 pL.min™. The first detection was performed on PDA detector in a wavelength range 200-450 nm,
followed by a second detection in the mass spectrometer. Mass spectra were acquired in negative
ion mode. The mass spectrometer was programmed to perform four consecutive scans: full mass
(m/z 125-2000), MS® of the most abundant ion in the full mass, MS® of the most abundant ion in the
MS? and MS* of the most abundant ion in the MS>. Source voltage was 4.7 kV and the capillary
voltage and temperature were -7 V and 275 2C, respectively. Nitrogen was used as sheath and
auxiliary gas at 20 and 7 Finnigan arbitrary units, respectively. The normalized energy of collision was
49%, using helium as collision gas. Data treatment was carried out with XCALIBUR software (Thermo

Scientific).
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3.2.5. CELL CULTURE

Human hepatic carcinoma cell line (HepG2 - ATCC HB-8065) was kindly supplied by Professor
Conceicdo Pedroso Lima (Center for Neurosciences and Cell Biology, University of Coimbra, Portugal)
and cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 10% (v/v) heat-inactivated
fetal bovine serum, 100 U/mL penicillin, and 100 ug/mL streptomycin. Cells were maintained at 37 C

and 5% CO, in a humidified incubator.

3.2.6. ASSESSMENT OF CELL VIABILITY

The effect of EEF on cell viability/metabolic activity was evaluated by resazurin assay (O’Brien
et al., 2000). Cells (8x10* cells/well) were plated in 96-well plates, in duplicates, for 12 h and
incubated with serial concentrations of EEF for 24 h. Resazurin (50 uM) was added to the cells 1 h
before recording fluorescence. Absorbance was recorder at 570 nm, with a reference wavelength of
620 nm, using a standard spectrophotometer (SLT, Austria). In this assay, metabolic active cells
reduce resazurin (blue dye) into resorufin (pink colored); therefore, their number correlates with the
magnitude of dye reduction. Cell viability was evaluated based on a comparison with untreated cells.
The half-maximal inhibitory concentration (ICsy) represents the EEF concentration required to inhibit

50% of cell viability and was determined by nonlinear regression.

3.2.7. CELL PROLIFERATION, CELL CYCLE AND CELL DEATH ANALYSIS

Cells (6.4x10°) were plated in 12-well plates. HepG2 proliferation was assessed by
incorporation of 5-ethynyl-2’-deoxyuridine (EdU), a thymidine analog that is incorporated into DNA
of dividing cells during S phase. Cells were treated with different concentrations of EEF for 24 h and
EdU (10 uM) was added 3 h before cell fixation with 70% aqueous ethanol. Click-iT® EdU Alexa Fluor®
488 Flow Cytometry Assay Kit was performed according to the manufacturer's instructions
(Molecular Probes, Invitrogen).

Cell cycle distribution was analyzed after 24 and 48 h of EEF addition. Cells were harvested by
trypsinization, washed twice and fixed with 70% ice-cold aqueous ethanol overnight and then
incubated with Pl with RNase solution for 15 min at room temperature before analysis. After cells
incubation for 24 h with EEF, apoptosis was detected using an annexin V-fluorescein isothiocyanate
(FITC)/PI double staining, as described by the supplier (Immunostep).

All the flow cytometry measurements were performed on a Becton Dickinson FACSCalibur
cytometer using the Cellquest software (BD Biosciences). Pl histogram modeling was performed in
ModFit LT software (Verity Software House). The flow cytometer was calibrated with fluorescent

standard microbeads (CaliBRITE Beads; BD Biosciences) for accurate instrument setting.
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3.2.8. MORPHOLOGICAL ANALYSIS WITH MAY-GRUNWALD-GIEMSA AND HOECHST

33258

After 24 h of EEF treatment cells were trypsinized, resuspended in 30 ul of FBS and placed on
a slide for microscopic analysis. The cells were stained for 3 min with May—Griinwald solution (0.3%
v/v in methanol, then diluted in distilled water at 1:1 (v/v) ratio) and finally incubated during 15 min
with Giemsa solution (0.75% w/v in glycerol/methanol 1:1) previously diluted in distilled water (8x).
Cells were rinsed with distilled water and then left to dry at room temperature. Cell morphology was
analyzed by light microscopy using an Olympus BX51TF microscope (Olympus Co. Ltd.)

For nuclear Hoechst-33258 staining cells were plated in 8-well chambered slides. After 24 h
of treatment with EEF, cells were washed with PBS and fixed with 4% paraformaldehyde for 10 min,
washed with PBS and incubated with 5 pug/mL Hoechst 33258 for 5 min at room temperature.
Nuclear morphology was visualized under a fluorescence microscope (Leica DM4000B,

Leica Microsystems).

3.2.9. WESTERN BLOT ANALYSIS

Protein samples preparation, quantification and western blot were performed as previously
described (Liberal et al., 2014). The antibodies were used in the following concentrations: anti-
ubiquitin, clone P4D1 (1:2000), anti-LC3 (1:1000), anti-IGFBP1 (1:1000), anti-FAS (1:1000), anti-B-
tubulin (1:20,000), and anti-mouse and anti-rabbit alkaline phosphatase-conjugated secondary

antibodies (1:20,000).

3.2.10. PROTEASOME CHYMOTRYPSIN-LIKE ACTIVITY

HepG2 cells were lysed in 50 mM Tris—HCI buffer (pH 7.6) containing 1 mM dithiothreitol and
2 mM of adenosine triphosphate (ATP). Equal amounts of protein were incubated with the
proteasome substrate (fluorogenic) Suc-Leu-Leu-Val-Tyr-AMC (Suc-LLVY-AMC). Enzymatic kinetic was
measured, during 30 min, in a temperature-controlled microplate fluorometric reader (37 °C), with
excitation/emission wavelengths of 380/440 nm. The proteasome inhibitor MG132 was used as a

positive control for proteasome activity inhibition.
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3.2.11. ISOBARIC TAG FOR RELATIVE AND ABSOLUTE QUANTITATION (ITRAQ)-BASED
PROTEOMICS LABELING

Cells were plated, allowed to stabilize for 12 h and incubated with EEF concentration
corresponding to I1Csp (113 ug/mL) for 24 h. Cells were harvested and resuspended in HEPES-EDTA
buffer (50 mM HEPES, 1mM EDTA, pH 7.4). Then, the samples were sonicated (3 times for 5 s at 30
um peak to peak) in a Vibra Cell sonicator (Sonics & Materials, Inc.) and centrifuged at 14,000 rpm for
10 min at 4 °C to remove cell debris. The supernatant was collected and protein concentration was
assessed by bicinchoninic acid assay. For iTRAQ-based quantitative proteomic analysis, 100 ug of
protein of each sample was prepared. The proteins were precipitated with 6 volumes of cold acetone
at -20°C overnight and centrifuged for 30 min at 14,000 g. Then, pellets were resuspended with
triethylammonium bicarbonate buffer (TEAB) (0.1 M, pH 8.5) and 2% SDS to achieve a final
concentration of 0.05%. Samples were then reduced with 50 mM tris (2-carboxyethyl)phosphine
(TCEP) for 1 h at 37 2C. Following this, samples were alkylated with 10 mM S-methyl
methanethiosulfonate (MMTS) (Sigma-Aldrich) for 10 min at room temperature with agitation.
Trypsin was added to each sample and the digestion was performed for 18 h at 37 2C. Digested
sample peptides were subsequently labeled with the iTRAQ® reagent - 8plex (ABSciex) following the
protocol provided by the manufacturer. Labels were reconstituted in 60% isopropanol, added to each
sample peptides and incubated for 2 h at room temperature with agitation. The reaction was
stopped by adding water and acidified with formic acid (0.1% final concentration). Labeled samples
were then combined and dried in SpeedVac.

Labelled peptides were separated from an adapted multidimensional liquid chromatography
approach, as described by Vitorino et al., 2012 based on high pH for the first dimension peptide
chromatography with a C18 reverse phase HPLC column and acidic pH for the second one. Thus,
sample loading was performed at 200 uL/min with buffers (A) 2% ammonium hydroxide and 0.014%
formic acid in water, pH 10 and (B) 2% ammonium hydroxide and 90% acetonitrile (ACN) in water, pH
10. After 5 min of sample loading and washing, peptide fractionation was performed with linear
gradient to 70% B over 85 min. Sixty fractions were collected, dried in a SpeedVac and resuspended
in 5% ACN and 0.1% trifluoroacetic acid (TFA). Collected fractions were then separated by LC.
Peptides were loaded onto a C18 pre-column (5 mm particle size, 5 mm; Dionex) connected to an RP
column PepMap100 C18 (150 mm_75 mm i.d., 3 mm particle size). The flow-rate was set at 300
nl/min. The mobile phases A and B were 2% ACN and 0.05% TFA in water, and 90% ACN with 0.045%
TFA in water, respectively. The gradient started at 10 min and ramped to 60% B till 50 min and 100%
B at 55 min and retained at 100% B till 65 min. The separation was monitored at 214 nm using a UV
detector (Dionex/LC Packings). Using the micro-collector Probot (Dionex/LC Packings) and, after a lag

time of 15 min, peptides eluting from the capillary column were mixed with a continuous flow of
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alpha-CHCA matrix solution (in internal standard Glu-Fib) and were directly deposited onto the LC-
MALDI plates. The spectra were generated and processed with 4800 MALDI-TOF/TOF. Protein
identification based on MS/MS data was performed with ProteinPilot™ software (v.4.0, ABSciex)
using Paragon search method. SwissProt from homo sapiens (release date 06022013) was used as
protein database. Default search parameters used were as follows: trypsin as the digestion enzyme,
carbamidomethyl modification on cysteine residue and iTRAQ 8-plex. Bias correction was applied and
proteins were identified with a confidence level of 95%. Proteins were found to be differentially

expressed when p<0.05 (FDR-corrected).

3.2.12. STATISTICAL ANALYSIS

The results are expressed as mean * standard error of the mean (SEM). Data were analyzed
using one-way analysis of variance (ANOVA), followed by Dunnett’s post-hoc test. The differences
between the means were considered significant for values of p<0.05. The statistical analysis was

performed using Prism 5.0 Software (GraphPad Software).
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3.3. RESULTS AND DISCUSSION

3.3.1. PHYTOCHEMICAL CHARACTERIZATION OF EEF

HPLC-PDA phenolic profile was recorded at 280 nm (Figure 3.1) and 12 compounds were
tentatively identified by HPLC-PDA-ESI/MS" as ellagitannins (Table 3.1), based on their characteristic
UV and MS spectra. All these compounds exhibit a characteristic UV spectrum with maximum
absorbance below 270 nm such as those referred by Arapitsas et al. (2012). Almost all compounds

presented a maximum at 248-257 nm with a slight shoulder between 280 and 284 nm, a

characteristic UV spectral profile that has been referred as a slope (Hanhineva et al., 2008).
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Figure 3.1 - HPLC polyphenolic profile of EEF recorded at 280 nm. The identification of the peaks is shown in Table 3-1.

Table 3.1 - Structural elucidation of ellagitannins of an enriched fraction obtained from Fragaria vesca leaf.

2

4

Peak Rt Amax (nm) Mw [M-H] MS ms’ MS Compound tentatively
(min) (m/2) m/z identified
1 18.12 250, 282sh 966 965 783 481, 301, 275 - Unknown ellagitannin
2 19.92 255, 283sh 1568 783° 1265, 935, 915, 897, 633, 301 - Sanguiin H-10 isomer
613, 301
3 20.75 250, 283sh 934 933 631, 451, 301 433, 407, 405, 327,283 - Castalagin/vescalagin
isomer
4 21.35 251, 283sh 1104 1103 1059, 935, 915, 897, 782 633, 301 301 Sanguiin H-2 isomer
5 21.97 250, 283sh 934 933 631, 451 434, 407, 405, 351, 348, 377 Castalagin/Vescalagin
301, 283 isomer
6 22.89 257, 282sh 1568 1567 1265, 963, 935, 915, 897, 1097, 963, 935, 897, 633,301 Sanguiin H-10 isomer
783,633,613 783,613
7 23.72 250, 282sh 1104 1103 1059, 935, 757 935, 897, 757,633,613 898,877,633 Sanguiin H-2 isomer
8 24.37 248, 282sh 936 935 633, 301 463, 301 - Casuarictin/Potentillin
isomer
9 26.07 257, 282sh 936 935 633, 301 463, 301 - Casuarictin/Potentillin
isomer
10 27.12 258, 284sh 1870 1869 1567, 1265, 1085, 935, 898, 633, 465, 301 301, 275 Sanguiin H-
963, 897, 633 6/Agrimoniin/
Lambertianin A isomer
11 29.64 252, 280sh, 370 1118 1117 935, 897, 633 633, 301 481, 301 Unknown ellagitannin
12 31.87 250, 284sh 2020 1009° 1717, 1567, 1235, 1085, 897 - Unknown ellagitannin

1065, 935, 897, 783, 451

*The most abundant ions are shown in bold;

b Doubly charged ion [M»ZH]Z'
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Particular fragmentation patterns are described as follows: Peak 1 showed a [M-H] ion at
m/z 965 and the fragmentation originated a third order ion that matches with ellagic acid (m/z 301).
Hanhineva et al. (2008) found similar molecules on stamens of Fragaria ananassa flowers, however
the ellagitannin structure was not elucidated yet (Supplementary Figure 3.1).

Peaks 2 and 6 were identified as sanguiin H-10 isomers. Peak 2 presented a [M-2H]*" at m/z
783 and peak 6 evidenced a [M-H] ion at m/z 1567, giving a molecular mass of 1568. The
fragmentation patterns were slightly different. Peak 2 originated a most intense MS® ion at m/z 633
(corresponding to one galloyl-HHDP-glucose unit) and MS® ion at m/z 301 (loss of galloyl-glucose
residue), whereas peak 6 displayed a main MS* ion at m/z 1265 (loss of HHDP unit), MS® ion at m/z
935 (loss of galloyl-glucose residue), and MS* ions at m/z 633 (loss of other HHDP unit) and 301
(HHDP unit, corresponding to a loss of HHDP-galloyl-glucose) (Mullen et al., 2003).

Peaks 3 and 5 evidenced a [M-H] ion at m/z 933, MS? fragments at m/z 451 from the
cleavage of tri-galloyl unit and spontaneous lactonization, 631 from the loss of HHDP unit and 301
which corresponds to ellagic acid residue. These compounds were tentatively identified as isomers of
vescalagin/castalagin (Simirgiotis and Schmeda-Hirschmann, 2010).

Peaks 4 and 7 were identified, according to Kool et al. (2010), as sanguiin H-2 and presented
a mono charged molecular ion at m/z 1103. The fragmentation pattern of peak 4 and 7 was similar in
MS?, however the most intense fragments differed, showing a fragment at m/z 935 (-44 and -124
amu, a loss of CO, and trihydroxybenzene) and 1059 (-44 amu, a loss of CO,), respectively. In MS?,
the parent MS” ion at m/z 935 (peak 4) produced ions at m/z 633 (- 302 amu, a loss of HHDP) and 301
(- 302 and -332 amu, a loss of HHDP and of galloyl-glucosyl moieties respectively), while the parent
MS® ion of peak 7, at m/z 1059, gave a main fragment at m/z 935 (-124 amu, loss of
trihydroxybenzene) and the ions at 897 (-162 amu, a loss of glucosyl moiety) and 633 (-44, -124 and -
302 amu, a loss of CO,,trihydroxybenzene and HHDP moieties).

Peaks 8 and 9 were identified as the isomeric forms of casuarictin or potentillin and
presented a molecular ion at m/z 935 and MS? main fragments at m/z 633 (-302 amu) corresponding
to one galloyl-HHDP-glucose unit and the ion at m/z 301 originated from lactonization of fragment
302 (Hanhineva et al., 2008). In the MS®the fragments at m/z 463 and 301 suggest the successive loss
of the galloyl and galloylglucose residues.

Peak 10 is the major compound of this fraction and was also the main component of the
crude extract. It showed a [M-H] ion at m/z 1869 and MS” ions at m/z 1567 (loss of an HHDP unit),
1265 (loss of bis-HHDP), 1085 (loss of bis-HHDP-glucose) and 935, the main fragment, corresponding
to one galloyl-bis-glucose unit. This fragmentation matched with sanguiin  H-
6/agrimoniin/lambertianin A isomers, previously identified in the leaves of Fragaria species

(Simirgiotis and Schmeda-Hirschmann, 2010). The third and fourth orders of fragmentation pattern
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confirmed the identification as evidenced, respectively by ions at m/z 633 (935-302 amu, loss of
HHDP unit) and 301 (633-332, loss of galloyl-glucose residue).

Peak 11 displayed a [M-H] ion at m/z 1117, giving a molecular mass of 1118. The structure of
this molecule was not fully elucidated. However, the fragmentation pattern is consistent with an
ellagitannin as evidenced by the main MS? ion at m/z 935 (corresponding to a galloyl-bis-HHDP-
glucose), MS? ion at m/z 633 (loss of HHDP) and MS* at m/z 301 (loss of galloyl-glucose residue)
(Supplementary Figure 3.11).

Peak 12 presented a [M-2H]*" at m/z 1009, giving a molecular mass of 2020 Da, and MS?
fragments at m/z 1717, 1567, 1235, 1085, 1065, 935, 897, 783 and 451 (Supplementary Figure 3.1II).
An ellagitannin with the same molecular mass and a similar fragmentation pattern was also
previously reported in Fragaria spp. (Gasperotti et al., 2013).

Several ellagitannins identified in the EEF were also previously disclosed in strawberries
(Gasperotti et al., 2013; Simirgiotis and Schmeda-Hirschmann, 2010; Vrhovsek et al., 2012) - fruits
well-known for their anticarcinogenic, antioxidant and genoprotective properties (reviewed in
(Giampieri et al., 2012). The major peak of the fraction, identified as sanguiin H-6, agrimoniin or
lambertianin A isomer, was also the major compound of the crude extract. Although there are still
few studies with the isolated molecules, the anticancer activities of these proposed compounds were
previously addressed in other cells. For example, it was demonstrated that agrimoniin induces
apoptosis in human gastric cancer cells (SGC-7901) (Wang and Jin, 2011) and sanguiin-H6 isolated
from blackberry seed extracts protects the DNA of human lymphocytes (Godevac et al., 2011). These

results suggest the importance of the ellagitannins as anticancer natural molecules.

3.3.2. EFFECT OF FRAGARIA VESCA LEAVES CRUDE EXTRACT AND EEF ON CELL

VIABILITY

Once identified the compounds present in the EEF we proceeded to evaluate the biologic
effects of this fraction on HepG2 cells. We started to determinate the ICs, for cell viability of both, the
EEF and the crude extract of Fragaria vesca leaves. Resazurin reduction colorimetric assay was used
to assess the cell viability after 24 h of treatment with increasing concentrations of the extract and
fraction (up to 10,000 pg/mL). In order to determine cell sensitivity to treatments, data points of the
dose-response curves were fitted with a sigmoid function for the calculation of the ICs, values. Data
showed that both treatments reduce cell viability in a dose-dependent manner as represented in
Figure 3.2-A. In fact, the ICs, of EEF was 6 times lower (113 + 1 ug/mL) than the ICs, of the crude
extract (690 + 1 pug/ml), suggesting that ellagitannins could be responsible for the
cytostatic/cytotoxic effect of the extract. Based on the high effect of the fraction relatively to the

extract, all the subsequent experiments were performed only with EEF.
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Figure 3.2 - Effect of EEF on HepG2 viability, cell cycle and cell proliferation.A) Evaluation of cell viability after
incubation with different concentrations of the extract or EEF for 24 h. Data-points correspond to the mean *
standard deviation of at least three independent assays performed in duplicate. The ICsy values were fitted to a

sigmoidal function from the dose-response curves. B) Cell cycle distribution of cells treated with different
concentrations of EEF for 24 h. Data are expressed as percentage of Pl-positive cells and are given as the means +

SEM of at least three independent experiments. C) EdU incorporation after the treatment with different

concentrations of EEF. Data

represent the mean + SEM percentage of EdU-labelled cells from three independent

experiments (* p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001 when compared to control; the symbols *, #, $, *
were used for G1, S, G2/M and EdU, respectively).
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Since ellagitannins yield ellagic acid on neutral and alkaline conditions (Daniel et al., 1991;
Ross et al., 2007) it would be conceivable that ellagitannins hydrolysis could occur in the culture
medium, thus generating ellagic acid that could be responsible for the antiproliferative effect of EEF.
However, the absence of any effect on cell viability after cells treatment with concentrations up to
250 pg/mL of ellagic acid (data not shown) led us to suggest that cytotoxic effects could be ascribed

to ellagitannins.

3.3.3. CELL CYCLE AND CELL PROLIFERATION AFTER TREATMENT WITH EEF

Defects in cell cycle checkpoints are associated with an uncontrolled cellular proliferation
and, as such, targeting cell cycle could be an important strategy for cancer therapy. To further
investigate alterations in the cell cycle of HepG2 cells exposed to EEF we used flow cytometry.

Cells were incubated with different concentrations of EEF during 24 h (ICsq= 113 ug/mL; ICys5=
80 ug/mL; 1Cy = 56 ug/mL; ICys = 23 ug/mlL; ICs = 9 ug/mlL) and subsequently analyzed for the
distribution of GO/G1, S and G2/M phases. EEF was able to interfere with cell cycle distribution, being
the effect dependent on the concentrations used. In fact, higher concentrations of the EEF clearly
induced an increase in cells in the G2/M phase whereas lower doses promoted a significant increase
in cells in G1 when compared to control cells (Figure 3.2-B). Since tumor cells commonly adapt to
toxic insults and recover over time we further evaluated whether EEF effects are sustained over time.
For that, cells were treated with the same concentrations of EEF for 48 h and a markedly G2/M cell
cycle arrest was disclosed for the three higher concentrations tested (Supplementary Figure 3.IV).
We may therefore point out that the inhibition of cell proliferation by EEF occurs, at least in part,
through cell cycle arrest in G2/M phases.

We further evaluated HepG2 cell proliferation by the incorporation of EdU, determined by
flow cytometry, after 24 h of EEF treatment. The results presented in Figure 3.2-C show that the
incorporation of EdU is decreased for all the concentrations studied in a dose-dependent way, thus
confirming and supporting the previous described effects on cell cycle.

As far as we know, the effect of the ellagitannins herein tentatively identified on cell cycle
was never addressed. However, others ellagitannins were reported to modulate cell cycle
distribution and cell cycle regulators, such as casuarinin (Kuo et al., 2005a, 2005b) and geraniin

(Vassallo et al., 2013).
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3.3.4. APOPTOSIS/NECROSIS DETECTION IN EEF-TREATED CELLS

In order to evaluate cell death and to discriminate between apoptosis and necrosis triggered
by the EEF treatment, cells were incubated with different concentrations of EEF for 24 h and then
stained with annexin V-FITC/PIl. The two higher concentrations of EEF promoted an increase in
necrotic cells (annexin V-negative/Pl-positive cells). This increase was accompanied by a rise,
although not statistically significant, of annexin V-positive/Pl-positive cells that correspond to late
apoptotic/necrotic cells (Figure 3.3-A). To further clarify the mechanism of cell death, changes in cell
morphology were evaluated through May-Grunwald-Giemsa staining. Cells treated with EEF for 24 h
showed both features of necrosis (swelling, loss of membrane integrity) and apoptosis (membrane
bleeding and cell shrinkage), with a predominance of a necrotic cell death (Figure 3.3-B).
Furthermore, nuclear morphology of HepG2 cells was assessed with Hoechst 33258. The results
indicated that most of the nuclei are similar to those of control. Nevertheless, larger nuclei that could
be related to necrotic cell death were occasionally observed (Figure 3.3-C).

Previous studies indicated that ellagitannins induce apoptotic cell death in in vitro and in vivo
models (Li et al., 2013; Wang et al., 2014). Therefore, it was expected that cells end up dying by
apoptosis. However, we did not detect an increase in apoptotic cells, neither through the analysis
with PI, nor with annexin V/PI experiment and although the May-Grunwald-Giemsa staining allowed
the visualization of apoptotic cells, necrosis was clearly the predominant mechanism of cell death.
Accordingly, several studies demonstrated that the induction of apoptotic cell death evoked by
ellagitannins was accompanied by an increase of necrosis (Cho et al., 2015; Kasimsetty et al., 2010).
Importantly, while initially described as a nonregulated mechanism of death, necrosis is currently
considered a consequence of the crosstalk between several biochemical and molecular events
(Festjens et al., 2006). Necrosis occurs in both physiological and pathophysiological processes and in
contrast to apoptosis, typically promotes an inflammatory response, which may contribute for the
tumor regression. On the other hand, during tumor development, the inflammation due to the
excessive spontaneous necrosis may stimulate the growth and aggressiveness of the tumor

(Proskuryakov and Gabai, 2010).
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Figure 3.3 - Detection of Apoptosis/Necrosis after EEF treatment. Cells were incubated with different concentrations of
EEF for 24 h. A) Annexin V-FITC/PI labelling was detected by FACSCalibur flow cytometer. The populations of early apoptotic
cells (annexin V-positive/Pl negative), late apoptotic cells (annexin V positive/Pl positive), necrotic cells (annexin V
negative/PI positive) and viable cells (annexin V negative/Pl negative) were evaluated as a percentage of total cells and are
given as the means + SEM of at least three independent experiments (* p<0.05, ** p<0.01, *** p<0.001 when compared to
control; the symbols * and # were used for viable and necrotic cells respectively). B) Evaluation of the morphology of cells
stained with May-Grunwald-Giemsa and observed under light microscopy. Cells were visualized at 40x and 100x
magnification; C) Evaluation of the nuclear morphology of cells stained with Hoechst 33258 and visualized under
fluorescent microscopy at 40x magnification. Arrowheads show nuclear swelling.
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3.3.5. EEF EFFECT ON THE CELLULAR PROTEOLYTIC MECHANISMS

Our previous data established that Fragaria vesca leaves crude extract modulates
chymotrypsin-like activity of proteasome and autophagy (Liberal et al., 2014). Consequently, in this
work we sought to evaluate whether the EEF displays similar bioactivity.

Cells were treated with different concentrations of EEF and the proteasome inhibitor MG132
was used as control. EEF significantly decreased chymotrypsin-like activity of the 26S proteasome
after 6 and 24 h of treatment in a dose-dependent way (Figure 3.4-A and 3.4-B, respectively). A
decrease in proteasome degradation would lead to an accumulation of polyubiquitinated proteins.
Accordingly, for the highest EEF concentrations tested during 24 h, an accumulation of ubiquitinated
proteins was disclosed, suggesting an impairment of proteasome degradation (Figure 3.4-C and 3.4-

D), thus corroborating the previous results.
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Figure 3.4 - Effect of EEF on ubiquitin-proteasome system. Chymotrypsin-like activity of the 26S proteasome of cells
treated with the EEF for 6 (A) and 24 (B) Data are presented as mean = SEM of, at least, 3 independent experiments and are
expressed as percentage of control; Ubiquitinated proteins after incubation with EEF for 24 h were evaluated by western
blot using an antibody against ubiquitin (P4D1). A representative immunoblot (C) and densitometric quantification of the
whole lanes are presented (D). Data are presented as mean = SEM of 4 independent experiments and are expressed as
percentage of control (* p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001 when compared to control).
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To evaluate whether EEF affects macroautophagy, we evaluated the levels of LC3-Il after 6 h
of treatment. The conjugation of LC3-I with phosphatidylethanolamine in the autophagic membranes
leads to the formation of LC3-Il, which is usually used as a measure of autophagosomes number and,
at a certain point, constitutes a reliable marker of autophagic activity. However, besides the increase
in autophagosomes formation, the increased amounts of LC3-Il may also reflect the blockage of
autophagosomes fusion with the lysosome (Klionsky et al., 2012), thus leading to an accumulation of
these structures. Our data clearly demonstrate that EEF increased the expression of LC3-1l in a dose-
dependent way (Figure 3.5) but, to further clarify the molecular mechanism behind autophagy
modulation by EEF, we used chloroquine to measure the autophagic flux. Chloroquine is an inhibitor
of autophagy that raises the lysosomal pH leading to the blockage of the fusion between
autophagosomes and lysosomes and to the inhibition of lysosomal enzymes, thus decreasing protein
degradation (Klionsky et al.,, 2012). As expected, cells treated with chloroquine elicited an
accumulation of LC3-Il. If the EEF was able to increase basal autophagy, cells co-incubated with
chloroquine should present higher levels of LC3-ll than cells treated with chloroquine alone.
However, data show that the levels of LC3-Il of cells treated with chloroquine or co-treated with EEF
were similar (Figure 3.5), suggesting that the effect of EEF on autophagy relies on the inhibition of
autophagosomes degradation. Still, the mechanism underlying such effects needs further

clarification, in order to understand how EEF impairs the autophagic clearance.
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Figure 3.5 - Effect of EEF on autophagy. Cells were treated with EEF alone or co-treated with chloroquine. A representative

immunoblot is shown above the graph. Data are presented as mean = SEM of, at least, 3 independent experiments and are
expressed as percentage of control (* p<0.01, **** p<0.0001 when compared to control).
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Recent studies demonstrated that polyphenols have a dual effect on autophagy, acting as
either activators or inhibitors and it is widely accepted that an up-regulation of autophagy is
beneficial in preventing ageing and age-related diseases (Pallauf and Rimbach, 2013). However, given
the dependence of tumor cells on autophagy for their growth, the activation of this proteolytic
pathway can promote the survival of cancer cells (Degenhardt et al., 2006). Accordingly, the
inhibition of autophagy or the combination of autophagy inhibitors with anticancer agents has been
proposed as a therapeutic strategy in cancer therapy (Amaravadi, 2009).

Regarding ellagitannins, there is very few information about the potential of these
compounds to modulate the clearance mechanisms of the cells. To the best of our knowledge
ellagitannins have not been reported as proteasome inhibitors, although their precursor,
pentagalloylglucose, demonstrated anticancer effects through proteasome inhibition (Kuo et al.,
2009) and ellagic acid was shown to inhibit 26S proteasome activity (Chang et al., 2013). Additionally,
ellagic acid inhibited autophagy in ovarian cancer cells (Chung et al., 2013), while the ellagitannin

punicalagin was able to induce autophagy in human glioma cells (Wang et al., 2013).

3.3.6. IDENTIFICATION OF DIFFERENTIALLY EXPRESSED PROTEINS IN EEF-TREATED

HEPG2 CELLS

To further unveil other molecular targets of EEF, we evaluated changes induced by EEF in the
proteome of HepG2 cells. For this purpose, we performed a comparative proteomics study using
iTRAQ in cells incubated in the presence or absence of EEF (113 ug/mL for 24 h). Overall, this
approach allowed the identification of 914 proteins, being 133 differentially expressed in EEF-treated
cells (Figure 3.6) (Supplementary Table I). Looking at the biological processes and according to
PANTHER classification system, those proteins are involved in metabolic pathways (39.5%), in cellular
(18.4%) and developmental (7.9%) processes and also in cellular component organization or
biogenesis (12.3%) (Figure 3.7-A).

A protein interaction network was generated with Cytoscape (ClueGO plugin), allowing the
identification of proteins and biological processes which are either up- or down-regulated by EEF
(Figure 3.7-B). The major clusters of interacting proteins are related to the regulation of translational
elongation, de novo post translational protein folding and several metabolic processes, as NADPH
regeneration and glycolysis. It was also observed a down-regulation of several proteasome subunits,
namely proteasome subunits alpha type-1 and -4, beta type -4 and 26S protease regulatory subunit
4, which are implicated in the regulation of cellular amine metabolic process, thus corroborating the
inhibition of proteasome function, previously detected (Figure 3.7-B). The most significant cluster -
cell metabolism, mainly covers the protein, nuclease-containing compound, carbohydrate and lipid

metabolic processes. It is well established that cancer cells have altered metabolism, enabling its
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rapid proliferation and continuous growth (DeBerardinis et al., 2008). Hence, drugs that perturb

cancer cell metabolism may open a perspective in cancer treatment.
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Figure 3.7 - Effect of EEF on HepG2 proteome. A) Distribution of differentially regulated proteins according to biological
processes based on gene ontology annotation, after cells treatment with EEF; B) Protein-protein interaction network
generated with Cytoscape. Green nodes represent upregulated proteins while red nodes demonstrate downregulated
proteins after 24 h of treatment with EEF.
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Two of the most differently expressed proteins (FAS and IGFBP1) were chosen to validate the
iTRAQ experiment by western blot. Besides the concentration used in proteomic experiments, lower
concentrations were also tested in order to check whether the effects are dose-dependent. The
results confirmed that EEF decreased FAS (Figure 3.8-A) and increased IGFBP1 (Figure 3.8-B), being
those effects dependent on EEF concentration. IGFBPs interact with insulin-growth factors (IGF) I-1I
limiting their bioavailability. Since increased levels of insulin and IGF have been linked to cancer
progression (Yu, 2000), Fragaria vesca leaves and particularly its EEF may be an important source of
molecules able to disturb cancer cells metabolism and therefore represent an attractive therapeutic
strategy for cancer. Increased fatty acid biosynthesis is also characteristic of cancer cells. FAS is a key
enzyme for de novo fatty acid synthesis, catalyzing the conversion of acetyl-CoA and malonyl-CoA to
palmitic acid. It was reported that enhanced FAS expression and activity confer both growth and
survival advantages in human tumors, including the hepatocellular carcinoma (Hao et al., 2014),
being considered a metabolic oncogene. Moreover, several FAS inhibitors have shown antitumor
activity, such as cerulenin (Pizer et al., 1996), the plant derived polyphenol curcumin (Fan et al.,
2014) and epigallocatechin gallate (Brusselmans et al., 2003). In this work, we showed that EEF
decreases FAS protein expression in a hepatocellular carcinoma cell line. Accordingly, Liu et al. (2009)
reported that several ellagitannins were strong inhibitors of FAS activity. Taken together,

ellagitannins might be potential anticancer molecules through the inhibition of FAS expression and

activity.
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Figure 3.8 - Effect of EEF on FAS and IGFBP1 protein levels. HepG2 cells were incubated with different concentrations of
EEF fraction for 24 h and FAS (A) and IGFBP1 (B) protein levels were evaluated by western blot. Data are presented as mean
+ SEM of, at least, 3 independent experiments and are expressed as percentage of control (* p<0.05, ** p<0.01 when
compared to control). Representative immunoblots are presented above the graphs.
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3.4. CONCLUSION

The potential of polyphenols for cancer therapeutics has gained increased attention in the last
years. Particularly, ellagitannins have been indicated as antiproliferative, antiangiogenic and pro-
apoptotic compounds. In this study the phenolic characterization of an ellagitannin- enriched fraction
from Fragaria vesca leaves was performed. This fraction was more active than the crude extract in
inhibiting HepG2 cell viability. Additionally, EEF also decreased cell proliferation, and induced the cell
cycle arrest in G2/M. Our previous results strongly suggested that autophagy was modulated by the
crude extract of Fragaria vesca leaves. Herein, we demonstrated that EEF impairs autophagic flux,
possibly leading to the cytoplasmic accumulation of autophagosomes that are not efficiently
degraded. Along with the inhibition of autophagy, EEF also promoted the accumulation of
ubiquitinated proteins, inhibited chymotrypsin-like activity of 26S proteasome and decreased the
expression of several proteasome subunits, indicating an impairment of UPS degradation.
Furthermore, the proteomic analysis allowed the identification of differentially expressed proteins
from several functional clusters, primarily affecting metabolic processes.

Overall, several cellular and molecular targets of EEF, and most probably of ellagitannins, were
unveiled, suggesting that these compounds could be potential therapeutic agents against
hepatocellular carcinoma. However, future studies should be considered in order to dissect the
effect of EEF isolated compounds and also to investigate the synergism between ellagitannins and

conventional chemotherapeutic agents.
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Supplementary Table 3.1 - List of all proteins identified in HepG2 cells.

Protein name Accession Mass Ratio Hit Score
10 kDa heat shock protein, mitochondrial CH10_HUMAN 14575 1,403474903 33 526
116 kDa U5 small nuclear ribonucleoprotein component U5S1_HUMAN 127619 - 40,2 96
14-3-3 protein beta/alpha 1433B_HUMAN 34453 0,707920792 69,1 327
14-3-3 protein epsilon 1433E_HUMAN 34935 0,544927536 69,5 216
14-3-3 protein gamma 1433G_HUMAN 33761 0,735384615 69,3 270
14-3-3 protein sigma 1433S_HUMAN 33232 0,739255014 69,6 179
14-3-3 protein theta 1433T_HUMAN 33831 0,739255014 69,4 235
14-3-3 protein zeta/delta 1433Z_HUMAN 34116 0,79787234 69,2 305
2',3'-cyclic-nucleotide 3'-phosphodiesterase CN37_HUMAN 59717 - 664 33
2,4-dienoyl-CoA reductase, mitochondrial DECR_HUMAN 43954 - 532 45
26S protease regulatory subunit 10B PRS10_HUMAN 53575 - 521 47
26S protease regulatory subunit 4 PRS4_HUMAN 63147 0,763358779 493,1 50
26S protease regulatory subunit 6A PRS6A_HUMAN 60428 - 549 44
26S protease regulatory subunit 7 PRS7_HUMAN 58642 - 284 91
26S protease regulatory subunit 8 PRS8_HUMAN 55940 - 493,2 45
26S proteasome non-ATPase regulatory subunit 1 PSMD1_HUMAN 127367 - 705 30
26S proteasome non-ATPase regulatory subunit 13 PSD13_HUMAN 50219 - 755 26
26S proteasome non-ATPase regulatory subunit 2 PSMD2_HUMAN 115954 - 160 168
26S proteasome non-ATPase regulatory subunit 4 PSMD4_HUMAN 48316 = 673 33
26S proteasome non-ATPase regulatory subunit 6 PSMD6_HUMAN 53716 - 559 43
28S ribosomal protein S2, mitochondrial RT02_HUMAN 36574 - 802 22
28S ribosomal protein $23, mitochondrial RT23_HUMAN 26016 - 457 54
28S ribosomal protein $28, mitochondrial RT28_HUMAN 25089 - 551 44
28S ribosomal protein S7, mitochondrial RTO7_HUMAN 35721 - 834 19
28S ribosomal protein S9, mitochondrial RT09_HUMAN 55845 - 773 24
2-oxoglutarate dehydrogenase, mitochondrial ODO1_HUMAN 131376 - 678 32
39S ribosomal protein L14, mitochondrial RM14_HUMAN 19588 - 703 30
39S ribosomal protein L19, mitochondrial RM19_HUMAN 40206 - 340 76
39S ribosomal protein L38, mitochondrial RM38_HUMAN 48523 - 508 48
39S ribosomal protein L4, mitochondrial RMO04_HUMAN 39156 - 305 85
39S ribosomal protein L41, mitochondrial RM41_HUMAN 19023 - 756 26
39S ribosomal protein L44, mitochondrial RM44_HUMAN 44204 - 290 89
39S ribosomal protein L49, mitochondrial RM49_HUMAN 21924 - 341 76
3-ketoacyl-CoA thiolase, peroxisomal THIK_HUMAN 50348 - 596 39
3-mercaptopyruvate sulfurtransferase THTM_HUMAN 36504 - 327 79
40S ribosomal protein S10 RS10_HUMAN 23145 0,857908847 90 263
40S ribosomal protein S11 RS11_HUMAN 25112 0,804674457 515 47
40S ribosomal protein S12 RS12_HUMAN 19677 0,807073955 287 90
40S ribosomal protein S13 RS13_HUMAN 22992 0,842696629 188 135
40S ribosomal protein S14 RS14_HUMAN 20217 - 246 107
40S ribosomal protein S15 RS15_HUMAN 22201 - 817 20
40S ribosomal protein S15a RS15A_HUMAN 18480 - 433 57
40S ribosomal protein S16 RS16_HUMAN 21607 0,805031447 187 135
40S ribosomal protein S17-like RS17L_HUMAN 19799 - 362 70
40S ribosomal protein S18 RS18_HUMAN 22879 - 112 225
40S ribosomal protein S19 RS19_HUMAN 20918 0,830564784 118 216
40S ribosomal protein S2 RS2_HUMAN 38910 0,858995138 338 77
40S ribosomal protein S20 RS20_HUMAN 17623 - 307 84
40S ribosomal protein S21 RS21_HUMAN 11235 - 618 38
40S ribosomal protein S23 RS23_HUMAN 22186 0,69771529 215 120
40S ribosomal protein S25 RS25_HUMAN 22251 - 445 55
40S ribosomal protein S28 RS28_HUMAN 9053 0,741935484 91 261
40S ribosomal protein S29 RS29_HUMAN 8193 - 524 47
40S ribosomal protein S3 RS3_HUMAN 33060 0,761609907 142 182
40S ribosomal protein S30 RS30_HUMAN 10903 - 593 40
40S ribosomal protein S3a RS3A_HUMAN 41790 0,90060241 50 405
40S ribosomal protein S4, X isoform RS4X_HUMAN 38097 0,721568627 152,1 171
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Protein name Accession Mass Ratio Hit Score
40S ribosomal protein S4, Y isoform 1 RS4Y1_HUMAN 37651 - 152,2 116
40S ribosomal protein S5 RS5_HUMAN 28034 - 333 77
40S ribosomal protein S6 RS6_HUMAN 39919 0,779661017 225 115
40S ribosomal protein S7 RS7_HUMAN 29718 0,799007444 174 149
40S ribosomal protein S8 RS8_HUMAN 33925 0,665016502 296 87
40S ribosomal protein S9 RS9_HUMAN 28662 0,755639098 203 126
40S ribosomal protein SA RSSA_HUMAN 36484 - 44 443
45 kDa calcium-binding protein CAB45_HUMAN 48777 - 744 27
4F2 cell-surface antigen heavy chain 4F2_HUMAN 77078 - 314 83
5'-3' exoribonuclease 2 XRN2_HUMAN 125549 - 239 111
5'-nucleotidase domain-containing protein 2 NT5D2_HUMAN 67372 - 655 34
60 kDa heat shock protein, mitochondrial CH60_HUMAN 77443 1,422735346 4 1645
60S acidic ribosomal protein PO RLAO_HUMAN 40336 - 399 63
60S acidic ribosomal protein P1 RLA1_HUMAN 13940 0,927480916 421 59
60S acidic ribosomal protein P2 RLA2_HUMAN 15004 - 336 77
60S ribosomal protein L10 RL10_HUMAN 31889 0,75862069 259 101
60S ribosomal protein L10a RL10A_HUMAN 34550 - 505 48
60S ribosomal protein L11 RL11_HUMAN 25411 = 785 23
60S ribosomal protein L12 RL12_HUMAN 22675 - 581 40
60S ribosomal protein L13 RL13_HUMAN 32156 0,838495575 113 224
60S ribosomal protein L13a RL13A_HUMAN 32384 0,991596639 499 49
60S ribosomal protein L14 RL14_HUMAN 34977 = 309 84
60S ribosomal protein L15 RL15_HUMAN 29607 0,711340206 210 122
60S ribosomal protein L17 RL17_HUMAN 29293 0,794871795 448 55
60S ribosomal protein L18 RL18_HUMAN 27705 - 171 152
60S ribosomal protein L18a RL18A_HUMAN 26225 0,681547619 588 40
60S ribosomal protein L19 RL19_HUMAN 33490 - 207 123
60S ribosomal protein L21 RL21_HUMAN 26158 - 638 36
60S ribosomal protein L22 RL22_HUMAN 20862 1,016194332 81 282
60S ribosomal protein L23 RL23_HUMAN 19723 - 592 40
60S ribosomal protein L23a RL23A_HUMAN 27115 0,890196078 480 52
60S ribosomal protein L24 RL24_HUMAN 26286 - 430 57
60S ribosomal protein L26 RL26_HUMAN 24853 0,822147651 244 107
60S ribosomal protein L27 RL27_HUMAN 23089 - 737 27
60S ribosomal protein L27a RL27A_HUMAN 22635 - 424 58
60S ribosomal protein L28 RL28_HUMAN 20301 - 835 19
60S ribosomal protein L29 RL29_HUMAN 27780 - 294 88
60S ribosomal protein L3 RL3_HUMAN 63419 0,757425743 232 113
60S ribosomal protein L30 RL30_HUMAN 17339 - 686 32
60S ribosomal protein L31 RL31_HUMAN 19625 0,954248366 444 56
60S ribosomal protein L34 RL34_HUMAN 18456 0,802631579 720 29
60S ribosomal protein L35 RL35_HUMAN 22756 0,943342776 625 37
60S ribosomal protein L35a RL35A_HUMAN 16180 - 722 28
60S ribosomal protein L38 RL38_HUMAN 13384 - 579 41
60S ribosomal protein L4 RL4_HUMAN 65311 - 159 168
60S ribosomal protein L5 RL5_HUMAN 45292 0,906976744 238 111
60S ribosomal protein L6 RL6_HUMAN 48331 0,75255102 176 146
60S ribosomal protein L7 RL7_HUMAN 39854 0,832460733 170 155
60S ribosomal protein L7a RL7A_HUMAN 42145 0,846666667 277 94
60S ribosomal protein L8 RL8_HUMAN 36221 - 199 129
6-phosphofructokinase, liver type K6PL_HUMAN 96524 - 414 60
6-phosphogluconate dehydrogenase, decarboxylating 6PGD_HUMAN 64057 0,571428571 146 176
78 kDa glucose-regulated protein GRP78_HUMAN 91149 1,279816514 2,1 2360
7-dehydrocholesterol reductase DHCR7_HUMAN 60234 1,351648352 439 56
Acetyl-CoA acetyltransferase, cytosolic THIC_HUMAN 48017 - 830 19
Acetyl-CoA acetyltransferase, mitochondrial THIL_HUMAN 54601 - 80 283
Acidic leucine-rich nuclear phosphoprotein 32 family member A AN32A_HUMAN 33740 0,455026455 346,1 75
Acidic leucine-rich nuclear phosphoprotein 32 family member B AN32B_HUMAN 34246 0,449197861 346,2 36
Aconitate hydratase, mitochondrial ACON_HUMAN 102407 - 240 109
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Protein name Accession Mass Ratio Hit Score
Actin, alpha cardiac muscle 1 ACTC_HUMAN 48076 1,169230769 1,2 1918
Actin, cytoplasmic 1 ACTB_HUMAN 47794 1,174603175 1,1 2848
Actin-related protein 2 ARP2_HUMAN 52642 0,5 1,4 65
Actin-related protein 2/3 complex subunit 3 ARPC3_HUMAN 26313 - 604 39
Actin-related protein 3 ARP3_HUMAN 54642 - 489 50
Activated RNA polymerase Il transcriptional coactivator p15 TCP4_HUMAN 20471 - 702 30
Activator of 90 kDa heat shock protein ATPase homolog 1 AHSA1_HUMAN 46768 - 316 82
Activin receptor type-1B ACV1B_HUMAN 64071 - 808 21
Acylamino-acid-releasing enzyme ACPH_HUMAN 89995 - 379 67
Acyl-coenzyme A thioesterase 1 ACOT1_HUMAN 52028 1,031746032 140 184
Adenine phosphoribosyltransferase APT_HUMAN 22333 - 367 70
Adenosylhomocysteinase SAHH_HUMAN 56811 - 64 346
Adenylate kinase 2, mitochondrial KAD2_HUMAN 32545 1,080357143 217 118
Adenylate kinase isoenzyme 4, mitochondrial KAD4_HUMAN 29815 1,138461538 233 113
Adipocyte plasma membrane-associated protein APMAP_HUMAN 51622 - 482 52
ADP/ATP translocase 3 ADT3_HUMAN 39842 - 253 102
ADP-ribosylation factor 3 ARF3_HUMAN 24847 - 763 25
ADP-sugar pyrophosphatase NUDT5_HUMAN 29180 - 609 38
AFG3-like protein 2 AFG32_HUMAN 107693 = 658 34
Aflatoxin B1 aldehyde reductase member 2 ARK72_HUMAN 43823 - 777 24
Agmatinase, mitochondrial SPEB_HUMAN 40678 1,063829787 403 63
Alanine aminotransferase 2 ALAT2_HUMAN 66993 - 520 a7
Alanine--tRNA ligase, cytoplasmic SYAC_HUMAN 127125 - 467 53
Aldehyde dehydrogenase X, mitochondrial AL1B1_HUMAN 66905 - 181 141
Aldehyde dehydrogenase, mitochondrial ALDH2_HUMAN 65472 - 103,1 235
Aldo-keto reductase family 1 member C1 AK1C1_HUMAN 44979 - 204 125
Alpha-1-antitrypsin A1AT_HUMAN 57354 1,477941176 273 96
Alpha-2-HS-glycoprotein FETUA_HUMAN 44471 - 469 53
Alpha-2-macroglobulin A2MG_HUMAN 190566 = 605 39
Alpha-2-macroglobulin receptor-associated protein AMRP_HUMAN 52088 - 446 55
Alpha-actinin-1 ACTN1_HUMAN 119724 - 30,2 291
Alpha-actinin-4 ACTN4_HUMAN 122737 1,100334448 30,1 572
Alpha-aminoadipic semialdehyde dehydrogenase AL7A1_HUMAN 67880 - 317 82
Alpha-enolase ENOA_HUMAN 59003 0,573913043 8 1231
Alpha-fetoprotein FETA_HUMAN 81714 1,264637002 380 67
Aminoacylase-1 ACY1_HUMAN 50723 - 687 32
Aminopeptidase N AMPN_HUMAN 123464 - 793 23
Amyloid-like protein 2 APLP2_HUMAN 99981 - 408 62
Ankyrin repeat domain-containing protein 35 ANR35_HUMAN 128151 - 601 39
Annexin A1l ANX11_HUMAN 61960 - 428 57
Annexin A3 ANXA3_HUMAN 44566 - 271 96
Annexin A4 ANXA4_HUMAN 42857 - 111 226
Annexin A5 ANXA5_HUMAN 42911 0,539735099 61 354
Annexin A6 ANXA6_HUMAN 91948 - 303 86
Annexin A7 ANXA7_HUMAN 57269 - 281 92
AP-1 complex subunit beta-1 AP1B1_HUMAN 123735 - 633 37
AP-1 complex subunit sigma-1A AP1S1_HUMAN 23284 - 460 54
AP-2 complex subunit alpha-2 AP2A2_HUMAN 119714 - 728 28
Apolipoprotein A-l APOA1_HUMAN 37756 = 818 20
Apolipoprotein E APOE_HUMAN 40391 - 401 63
Apoptosis regulator BAX BAX_HUMAN 24213 - 494 50
Apoptosis-inducing factor 2 AIFM2_HUMAN 46890 - 757 26
Apoptotic chromatin condensation inducer in the nucleus ACINU_HUMAN 181279 - 353 73
Arginine--tRNA ligase, cytoplasmic SYRC_HUMAN 92366 - 789 23
Asialoglycoprotein receptor 1 ASGR1_HUMAN 37424 - 436 56
Aspartate aminotransferase, cytoplasmic AATC_HUMAN 52911 0,687272727 286 91
Aspartate aminotransferase, mitochondrial AATM_HUMAN 56613 1,308300395 70 315
Aspartate--tRNA ligase, cytoplasmic SYDC_HUMAN 66226 0,853125 423 58
Ataxin-2-like protein ATX2L_HUMAN 126993 - 845 17
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Protein name Accession Mass Ratio Hit Score
ATP synthase subunit alpha, mitochondrial ATPA_HUMAN 69144 1,197612732 26 676
ATP synthase subunit beta, mitochondrial ATPB_HUMAN 63826 1,205607477 16 869
ATP synthase subunit d, mitochondrial ATP5H_HUMAN 24868 - 667 33
ATP synthase subunit delta, mitochondrial ATPD_HUMAN 19000 - 224 115
ATP synthase subunit e, mitochondrial ATP5I_HUMAN 10362 - 500 49
ATP synthase subunit f, mitochondrial ATPK_HUMAN 14257 1,125 552 43
ATP synthase subunit gamma, mitochondrial ATPG_HUMAN 41189 - 572 41
ATP synthase subunit O, mitochondrial ATPO_HUMAN 29043 - 491 50
ATP synthase-coupling factor 6, mitochondrial ATP5J_HUMAN 15926 - 368 69
ATPase family AAA domain-containing protein 3A ATD3A_HUMAN 82580 - 740 27
ATPase inhibitor, mitochondrial ATIF1_HUMAN 15588 - 635 36
ATP-binding cassette sub-family F member 1 ABCF1_HUMAN 126895 - 610 38
ATP-citrate synthase ACLY_HUMAN 142969 - 779 24
ATP-dependent RNA helicase A DHX9_HUMAN 160947 1 32 528
ATP-dependent RNA helicase DDX3X DDX3X_HUMAN 83237 0,940092166 84,3 203
ATP-dependent RNA helicase DDX42 DDX42_HUMAN 122989 - 443 56
ATP-dependent RNA helicase DDX50 DDX50_HUMAN 100158 - 71,2 128
Basic leucine zipper and W2 domain-containing protein 1 BZW1_HUMAN 61398 = 651 34
Basigin BASI_HUMAN 47650 - 200 129
Bcl-2-associated transcription factor 1 BCLF1_HUMAN 134350 - 746 27
Beta-1-syntrophin SNTB1_HUMAN 68368 - 514 47
Beta-catenin-like protein 1 CTBL1_HUMAN 76388 - 574 41
Beta-hexosaminidase subunit alpha HEXA_HUMAN 66748 - 813 20
z;::::;;;al ATP-dependent dihydroxyacetone kinase/FAD-AMP lyase DHAK_HUMAN 67732 0,447228312 114 223
Bifunctional glutamate/proline--tRNA ligase SYEP_HUMAN 215810 - 220 117
:::tlj‘:\ccl:ioc:‘r:’a"li::ethylenetetrahydrofolate dehydrogenase/cyclohydrolase, MTDC_HUMAN 144868 _ 509 8
Bifunctional purine biosynthesis protein PURH PUR9_HUMAN 76135 - 117 218
BolA-like protein 1 BOLA1_HUMAN 15497 - 848 16
BolA-like protein 2 BOLA2_HUMAN 11935 - 458 54
C-1-tetrahydrofolate synthase, cytoplasmic C1TC_HUMAN 120660 - 412 60
Calmodulin CALM_HUMAN 19565 - 133 192
Calnexin CALX_HUMAN 84561 1,291566265 382 67
Calreticulin CALR_HUMAN 61193 1,425474255 94 259
Calumenin CALU_HUMAN 46210 1,172413793 157 169
cAMP-dependent protein kinase type Il-beta regulatory subunit KAP3_HUMAN 53270 - 836 18
Carcinoembryonic antigen-related cell adhesion molecule 1 CEAM1_HUMAN 63609 - 700 31
Casein kinase Il subunit beta CSK2B_HUMAN 27968 - 713 29
Catalase CATA_HUMAN 69149 - 804 22
Catenin alpha-1 CTNA1_HUMAN 122824 - 293 88
Catenin beta-1 CTNB1_HUMAN 93656 - 280 93
Catenin delta-1 CTND1_HUMAN 124835 - 533 45
Cathepsin B CATB_HUMAN 42664 1,336206897 258 101
Cathepsin D CATD_HUMAN 51825 1,266094421 291 89
CDKN2AIP N-terminal-like protein C2AIL_HUMAN 15317 - 568 42
Cell division cycle 5-like protein CDC5L_HUMAN 115922 - 776 24
Chloride intracellular channel protein 1 CLICI_HUMAN 32686 - 585 40
Chloride intracellular channel protein 4 CLIC4A_HUMAN 36663 - 483 52
Chromobox protein homolog 3 CBX3_HUMAN 28708 - 721 29
Chromodomain-helicase-DNA-binding protein 8 CHD8_HUMAN 342357 - 815 20
Citrate synthase, mitochondrial CISY_HUMAN 59893 1,044444444 123 202
Citron Rho-interacting kinase CTRO_HUMAN 277829 - 645 35
Clathrin heavy chain 1 CLH1_HUMAN 221000 - 137 185
Clathrin light chain A CLCA_HUMAN 31015 0,964285714 504 49
Cleavage and polyadenylation specificity factor subunit 5 CPSF5_HUMAN 30774 - 708 30
Cleavage stimulation factor subunit 2 CSTF2_HUMAN 65179 - 617 38
Coatomer subunit alpha COPA_HUMAN 163811 0,846590909 391 65
Coatomer subunit beta’ COPB2_HUMAN 119458 - 573 41
Cocaine esterase EST2_HUMAN 67851 - 580 40
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Cofilin-1 COF1_HUMAN 26400 0,693679092 163 166
Coiled-coil domain-containing protein 124 CC124_HUMAN 34033 - 569 41
Coiled-coil-helix-coiled-coil-helix domain-containing protein 2, mitochondrial CHCH2_HUMAN 16720 - 697 31
Cold shock domain-containing protein E1 CSDE1_HUMAN 107385 - 803 22
Cold-inducible RNA-binding protein CIRBP_HUMAN 20766 - 501 49
Complement C3 CO3_HUMAN 221709 - 183 140
Complement component 1 Q subcomponent-binding protein, mitochondrial C1QBP_HUMAN 36514 - 661 33
COP9 signalosome complex subunit 7b CSN7B_HUMAN 35688 - 843 17
Copine-1 CPNE1_HUMAN 66322 - 780 24
Coproporphyrinogen-Ill oxidase, mitochondrial HEM6_HUMAN 57117 - 487 51
Core histone macro-H2A.1 H2AY_HUMAN 54499 - 205 124
Coronin-1C COR1C_HUMAN 64471 = 347 75
Coxsackievirus and adenovirus receptor CXAR_HUMAN 48826 - 541 44
Creatine kinase B-type KCRB_HUMAN 49310 - 677 32
C-terminal-binding protein 1 CTBP1_HUMAN 52069 - 748 26
CUB and sushi domain-containing protein 2 CSMD2_HUMAN 408391 - 823 20
Cystatin-B CYTB_HUMAN 14175 0,562700965 684 32
Cystatin-C CYTC_HUMAN 18223 = 308 84
Cysteine desulfurase, mitochondrial NFS1_HUMAN 57161 - 696 31
Cysteine-rich protein 1 CRIP1_HUMAN 11873 - 750 26
Cytochrome b5 CYB5_HUMAN 18058 - 120 209
Cytochrome b-c1 complex subunit 2, mitochondrial QCR2_HUMAN 56018 - 324 80
Cytochrome b-c1 complex subunit 8 QCR8_HUMAN 11421 - 798 22
Cytochrome c CYC_HUMAN 17521 - 442 56
Cytochrome c oxidase subunit 2 COX2_HUMAN 27069 - 704 30
Cytochrome c oxidase subunit 4 isoform 1, mitochondrial COX41_HUMAN 25952 - 261 100
Cytochrome c oxidase subunit 5B, mitochondrial COX5B_HUMAN 15816 - 544 44
Cytochrome c oxidase subunit 6C COX6C_HUMAN 11209 - 831 19
Cytoplasmic dynein 1 intermediate chain 2 DC112_HUMAN 83885 - 426 57
Cytoskeleton-associated protein 4 CKAP4_HUMAN 78455 1,214788732 105 233
Cytosol aminopeptidase AMPL_HUMAN 67386 - 321 81
Cytosolic acyl coenzyme A thioester hydrolase BACH_HUMAN 48766 - 778 24
D-3-phosphoglycerate dehydrogenase SERA_HUMAN 64828 0,736585366 279 94
DAZ-associated protein 1 DAZP1_HUMAN 49136 - 400 63
DBIRD complex subunit KIAA1967 K1967_HUMAN 116831 - 627 37
DBIRD complex subunit ZNF326 ZN326_HUMAN 77781 - 801 22
D-dopachrome decarboxylase DOPD_HUMAN 14225 - 450 55
Dehydrogenase/reductase SDR family member 2 DHRS2_HUMAN 31680 1,104615385 107 232
Delta(24)-sterol reductase DHC24_HUMAN 69797 - 172 151
Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial ECH1_HUMAN 41269 1,180451128 56 373
Delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial AL4A1_HUMAN 72936 1,247272727 62 353
Delta-1-pyrroline-5-carboxylate synthase P5CS_HUMAN 99112 1,277486911 59 363
DENN domain-containing protein 4B DEN4B_HUMAN 175607 - 847 16
Deoxyuridine 5'-triphosphate nucleotidohydrolase, mitochondrial DUT_HUMAN 30197 - 799 22
Desmoplakin DESP_HUMAN 406099 1,005882353 180 141
Developmentally-regulated GTP-binding protein 1 DRG1_HUMAN 52077 - 598 39
Diablo homolog, mitochondrial DBLOH_HUMAN 31373 - 631 37
Dihydrolipoyl dehydrogenase, mitochondrial DLDH_HUMAN 66007 - 393 65
le:‘\;czrs;z?‘\:slzsi:::::u;i:zz;i:::;:sferase component of 2-oxoglutarate 0DO2_HUMAN 57242 1,291457286 178 142
Dihydropyrimidinase-related protein 2 DPYL2_HUMAN 72293 - 710 30
Dimethyladenosine transferase 1, mitochondrial TFBIM_HUMAN 47123 - 639 36
Dipeptidyl peptidase 1 CATC_HUMAN 59730 - 409 62
DNA fragmentation factor subunit alpha DFFA_HUMAN 42584 - 718 29
DNA replication licensing factor MCM2 MCM2_HUMAN 115217 - 736 27
DNA topoisomerase 1 TOP1_HUMAN 131737 - 495 50
DNA-(apurinic or apyrimidinic site) lyase APEX1_HUMAN 44658 - 416 59
DNA-binding protein A DBPA_HUMAN 44629 0,93040293 257,1 102
DNA-dependent protein kinase catalytic subunit PRKDC_HUMAN 553053 1,06870229 78 287
Dnal homolog subfamily A member 1 DNJA1_HUMAN 56095 - 490 50
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DnaJ homolog subfamily A member 3, mitochondrial DNJA3_HUMAN 62798 - 473 53
Dnal homolog subfamily B member 11 DJB11_HUMAN 48398 - 530 46
DnaJ homolog subfamily C member 8 DNJC8_HUMAN 40775 - 599 39
Dolichol-phosphate mannosyltransferase DPM1_HUMAN 35396 - 760 25
l;:;t::i\:l-diphosphooligosaccharide--protein glycosyltransferase 48 kDa 0ST48_HUMAN 57461 _ 245 107
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 RPN1_HUMAN 80999 - 58 369
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 RPN2_HUMAN 78367 1,028776978 674 33
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3A STT3A_HUMAN 89299 - 292 89
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3B STT3B_HUMAN 106999 - 434 57
Double-stranded RNA-binding protein Staufen homolog 1 STAU1_HUMAN 78353 - 266 98
Double-stranded RNA-specific adenosine deaminase DSRAD_HUMAN 163359 - 398 64
Drebrin DREB_HUMAN 78382 - 837 18
Dynein light chain roadblock-type 1 DLRB1_HUMAN 13348 - 471 53
E3 ubiquitin-protein ligase UHRF1 UHRF1_HUMAN 105576 - 806 21
Echinoderm microtubule-associated protein-like 4 EMAL4_HUMAN 129230 - 230 114
ELAV-like protein 1 ELAV1_HUMAN 41849 1,004784689 150 171
Electron transfer flavoprotein subunit alpha, mitochondrial ETFA_HUMAN 43271 1,428571429 96 252
Electron transfer flavoprotein subunit beta ETFB_HUMAN 35735 1,186206897 144 181
Elongation factor 1-alpha 1 EF1A1_HUMAN 64711 0,640569395 46 424
Elongation factor 1-beta EF1B_HUMAN 31745 0,908256881 299 86
Elongation factor 1-delta EF1D_HUMAN 37491 - 141 183
Elongation factor 1-gamma EF1G_HUMAN 60126 0,916666667 128 198
Elongation factor 2 EF2_HUMAN 115355 0,692307692 40,1 478
Elongation factor G, mitochondrial EFGM_HUMAN 98933 - 749 26
Elongation factor Tu, mitochondrial EFTU_HUMAN 58941 1,118589744 36 498
Emerin EMD_HUMAN 31105 - 365 70
Endoplasmic reticulum resident protein 29 ERP29_HUMAN 37493 1,037037037 175 147
Endoplasmin ENPL_HUMAN 116444 1,334916865 6,2 1281
Endothelial differentiation-related factor 1 EDF1_HUMAN 22747 - 730 28
Enhancer of rudimentary homolog ERH_HUMAN 14685 - 827 19
Enoyl-CoA delta isomerase 1, mitochondrial ECI1_HUMAN 36750 - 682 32
Enoyl-CoA delta isomerase 2, mitochondrial ECI2_HUMAN 53900 - 733 28
Enoyl-CoA hydratase, mitochondrial ECHM_HUMAN 38972 1,073732719 86 267
Epiplakin EPIPL_HUMAN 595130 1,315151515 73,1 305
Erlin-1 ERLN1_HUMAN 48636 - 221 116
ERO1-like protein alpha ERO1A_HUMAN 63484 - 550 44
ES1 protein homolog, mitochondrial ES1_HUMAN 33628 - 510 48
Espin ESPN_HUMAN 103235 - 800 22
Estradiol 17-beta-dehydrogenase 2 DHB2_HUMAN 50971 - 650 35
Ethanolamine-phosphate cytidylyltransferase PCY2_HUMAN 50196 - 385 67
Ethylmalonyl-CoA decarboxylase ECHD1_HUMAN 41282 - 819 20
Eukaryotic initiation factor 4A-1 IFAA1_HUMAN 52513 - 132,1 194
Eukaryotic initiation factor 4A-lll IFAA3_HUMAN 54142 1,114035088 132,2 146
Eukaryotic peptide chain release factor subunit 1 ERF1_HUMAN 60560 - 531 46
Eukaryotic translation elongation factor 1 epsilon-1 MCA3_HUMAN 23753 - 498 49
Eukaryotic translation initiation factor 1A, X-chromosomal IF1IAX_HUMAN 21622 - 644 35
Eukaryotic translation initiation factor 2 subunit 1 IF2A_HUMAN 42782 - 850 16
Eukaryotic translation initiation factor 2 subunit 2 IF2B_HUMAN 52966 - 519 47
Eukaryotic translation initiation factor 3 subunit A EIF3A_HUMAN 192934 - 394 65
Eukaryotic translation initiation factor 3 subunit B EIF3B_HUMAN 108851 - 608 38
Eukaryotic translation initiation factor 3 subunit C EIF3C_HUMAN 128702 - 464 54
Eukaryotic translation initiation factor 3 subunit G EIF3G_HUMAN 44715 - 415 60
Eukaryotic translation initiation factor 3 subunit K EIF3K_HUMAN 28998 - 603 39
Eukaryotic translation initiation factor 3 subunit L EIF3L_HUMAN 78244 - 358 71
Eukaryotic translation initiation factor 4 gamma 1 IFAG1_HUMAN 204890 - 805 22
Eukaryotic translation initiation factor 4 gamma 2 IFAG2_HUMAN 124808 0,834782609 462 54
Eukaryotic translation initiation factor 4B IFAB_HUMAN 81279 - 275 95
Eukaryotic translation initiation factor 4H IFAH_HUMAN 31019 - 459 54
Eukaryotic translation initiation factor 5A-1 IF5A1_HUMAN 21080 0,518987342 274 96
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Eukaryotic translation initiation factor 5B IF2P_HUMAN 194715 - 699 31
Exosome component 10 EXOSX_HUMAN 123887 - 742 27
Exportin-2 XPO2_HUMAN 128294 - 304 86
Extended synaptotagmin-1 ESYT1_HUMAN 139207 - 486 51
Ezrin EZRI_HUMAN 86405 1,006711409 131,1 195
FACT complex subunit SPT16 SP16H_HUMAN 152693 - 577 41
FACT complex subunit SSRP1 SSRP1_HUMAN 104448 - 413 60
F-actin-capping protein subunit alpha-2 CAZA2_HUMAN 39621 - 334 77
F-actin-capping protein subunit beta CAPZB_HUMAN 37719 0,815217391 692 31
Far upstream element-binding protein 1 FUBP1_HUMAN 76340 0,966824645 68,2 193
Far upstream element-binding protein 2 FUBP2_HUMAN 82805 1,063063063 68,1 333
Far upstream element-binding protein 3 FUBP3_HUMAN 69207 - 68,3 91
Farnesyl pyrophosphate synthase FPPS_HUMAN 55241 - 688 32
Fatty acid synthase FAS_HUMAN 299416 0,565868263 23 713
Fibronectin FINC_HUMAN 286492 1,661654135 125 200
Filamin-A FLNA_HUMAN 329541 0,76284585 53,1 387
Filamin-B FLNB_HUMAN 330922 0,665480427 53,2 157
Fragile X mental retardation syndrome-related protein 2 FXR2_HUMAN 82696 - 784 24
Frataxin, mitochondrial FRDA_HUMAN 27380 - 567 42
Fructose-bisphosphate aldolase A ALDOA_HUMAN 47609 0,493307839 11 1026
Fumarate hydratase, mitochondrial FUMH_HUMAN 64641 - 265 98
Galectin-1 LEG1_HUMAN 17444 = 528 46
Galectin-3 LEG3_HUMAN 28874 - 229 114
Galectin-3-binding protein LG3BP_HUMAN 71373 - 330 78
GDP-mannose 4,6 dehydratase GMDS_HUMAN 50137 0,506459948 546 44
Glucose-6-phosphate 1-dehydrogenase G6PD_HUMAN 68345 - 255 103
Glucose-6-phosphate isomerase G6PI_HUMAN 74059 - 226 115
Glucosidase 2 subunit beta GLU2B_HUMAN 69731 1,209150327 106 232
Glutamate dehydrogenase 1, mitochondrial DHE3_HUMAN 71702 1,344444444 9 1146
Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 1 GFPT1_HUMAN 92750 - 477 52
Glutamine--tRNA ligase SYQ_HUMAN 102041 - 364 70
Glutaredoxin-related protein 5, mitochondrial GLRX5_HUMAN 19964 - 311 83
Glutathione reductase, mitochondrial GSHR_HUMAN 66868 - 235 113
Glutathione S-transferase omega-1 GSTO1_HUMAN 34849 - 370 69
Glutathione synthetase GSHB_HUMAN 59349 - 441 56
Glyceraldehyde-3-phosphate dehydrogenase G3P_HUMAN 44244 0,586872587 17 809
Glycine dehydrogenase [decarboxylating], mitochondrial GCSP_HUMAN 127259 - 356 72
Glycylpeptide N-tetradecanoyltransferase 1 NMT1_HUMAN 69546 - 662 33
Glypican-3 GPC3_HUMAN 76167 1,135391924 297 87
GMP synthase [glutamine-hydrolyzing] GUAA_HUMAN 91573 - 752 26
Golgi apparatus protein 1 GSLG1_HUMAN 160929 - 587 40
Golgi resident protein GCP60 GCP60_HUMAN 69986 - 222 116
G-rich sequence factor 1 GRSF1_HUMAN 60089 - 668 33
Growth/differentiation factor 6 GDF6_HUMAN 56105 - 792 23
GrpE protein homolog 1, mitochondrial GRPE1_HUMAN 31869 - 392 65
GTP:AMP phosphotransferase, mitochondrial KAD3_HUMAN 30721 - 619 38
GTP-binding nuclear protein Ran RAN_HUMAN 30188 0,67953668 243 107
GTP-binding protein SAR1a SAR1IA_HUMAN 26307 - 689 32
Guanine nucleotide-binding protein subunit beta-2-like 1 GBLP_HUMAN 40530 0,934579439 237 111
H/ACA ribonucleoprotein complex subunit 4 DKC1_HUMAN 76803 - 715 29
Heat shock 70 kDa protein 1A/1B HSP71_HUMAN 85524 0,929347826 2,4 521
Heat shock 70 kDa protein 4 HSP74_HUMAN 119216 - 206 124
Heat shock cognate 71 kDa protein HSP7C_HUMAN 87586 0,867276888 2,3 1225
Heat shock protein 105 kDa HS105_HUMAN 121444 - 302 86
Heat shock protein 75 kDa, mitochondrial TRAP1_HUMAN 93749 1,157575758 52 395
Heat shock protein HSP 90-alpha HS90A_HUMAN 109247 0,567669173 6,3 1179
Heat shock protein HSP 90-beta HS90B_HUMAN 106332 0,556701031 6,1 1529
Hematological and neurological expressed 1-like protein HN1L_HUMAN 24310 - 425 58
Hemoglobin subunit alpha HBA_HUMAN 18898 - 774 24
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Hepatoma-derived growth factor HDGF_HUMAN 35290 - 724 28
Heterochromatin protein 1-binding protein 3 HP1B3_HUMAN 85506 - 345 75
Heterogeneous nuclear ribonucleoprotein A/B ROAA_HUMAN 45329 - 219 117
Heterogeneous nuclear ribonucleoprotein A0 ROAO_HUMAN 36602 - 121 209
Heterogeneous nuclear ribonucleoprotein Al ROA1_HUMAN 44503 1,598290598 5,2 1532
Heterogeneous nuclear ribonucleoprotein A3 ROA3_HUMAN 46263 1,48427673 27 669
Heterogeneous nuclear ribonucleoprotein DO HNRPD_HUMAN 48449 1,286324786 179,1 142
Heterogeneous nuclear ribonucleoprotein D-like HNRDL_HUMAN 55231 1,081799591 179,2 64
Heterogeneous nuclear ribonucleoprotein F HNRPF_HUMAN 50814 1,176470588 21,3 440
Heterogeneous nuclear ribonucleoprotein H HNRH1_HUMAN 54370 1,260204082 21,1 759
Heterogeneous nuclear ribonucleoprotein H2 HNRH2_HUMAN 54404 1,345489443 21,2 498
Heterogeneous nuclear ribonucleoprotein H3 HNRH3_HUMAN 39641 1,179566563 99 246
Heterogeneous nuclear ribonucleoprotein K HNRPK_HUMAN 57941 1,071428571 38 484
Heterogeneous nuclear ribonucleoprotein L HNRPL_HUMAN 73219 1,211991435 189 135
Heterogeneous nuclear ribonucleoprotein M HNRPM_HUMAN 89937 1,049450549 20 769
Heterogeneous nuclear ribonucleoprotein Q HNRPQ_HUMAN 83857 1,085858586 57,2 141
Heterogeneous nuclear ribonucleoprotein R HNRPR_HUMAN 84588 1,21025641 57,1 371
Heterogeneous nuclear ribonucleoprotein U HNRPU_HUMAN 112127 1,331983806 37 492
Heterogeneous nuclear ribonucleoprotein U-like protein 1 HNRL1_HUMAN 106935 - 455 55
Heterogeneous nuclear ribonucleoprotein U-like protein 2 HNRL2_HUMAN 99654 - 331 78
Heterogeneous nuclear ribonucleoproteins A2/B1 ROA2_HUMAN 43491 1,628620102 51 1623
Heterogeneous nuclear ribonucleoproteins C1/C2 HNRPC_HUMAN 42776 1,578457447 256 102
Hexokinase-2 HXK2_HUMAN 119349 0,879310345 479 52
High mobility group protein B2 HMGB2_HUMAN 36491 - 797 23
High mobility group protein HMG-I/HMG-Y HMGA1_HUMAN 16841 1,323873122 328 79
High mobility group protein HMGI-C HMGA2_HUMAN 16084 - 223 115
Histidine triad nucleotide-binding protein 1 HINT1_HUMAN 16835 - 357 71
Histidine triad nucleotide-binding protein 2, mitochondrial HINT2_HUMAN 19585 - 582 40
Histidine--tRNA ligase, cytoplasmic SYHC_HUMAN 70759 - 747 27
Histone deacetylase 2 HDAC2_HUMAN 67801 - 781 24
Histone H1.0 H10_HUMAN 38190 - 319 81
Histone H1.2 H12_HUMAN 39604 1,074010327 34,2 516
Histone H1.4 H14_HUMAN 41017 1,157608696 34,1 519
Histone H1.5 H15_HUMAN 42644 1,103585657 34,3 94
Histone H1x H1X_HUMAN 35250 - 548 44
Histone H2A type 1-C H2A1C_HUMAN 18356 1,313868613 47,1 424
Histone H2A type 2-B H2A2B_HUMAN 18246 1,434931507 47,4 197
Histone H2A.V H2AV_HUMAN 18064 1,139664804 47,3 220
Histone H2A.x H2AX_HUMAN 19394 1,346863469 47,2 287
Histone H2B type 1-C/E/F/G/] H2B1C_HUMAN 20286 1,208722741 28,2 610
Histone H2B type 2-E H2B2E_HUMAN 20300 1,22 28,1 632
Histone H3.1t H31T_HUMAN 19757 1,347619048 101 239
Histone H4 H4_HUMAN 15011 1,231974922 10 1079
Histone-binding protein RBBP4 RBBP4_HUMAN 54927 - 525 46
Homeobox protein SIX5 SIX5_HUMAN 79687 - 840 18
Hsp90 co-chaperone Cdc37 CDC37_HUMAN 57217 - 488 50
Hydroxysteroid dehydrogenase-like protein 2 HSDL2_HUMAN 57838 - 612 38
Hypoxia up-regulated protein 1 HYOU1_HUMAN 134994 1,09771987 147 175
Importin subunit alpha-2 IMA2_HUMAN 66648 - 268 97
Importin subunit beta-1 IMB1_HUMAN 110493 0,682432432 192 134
Inorganic pyrophosphatase IPYR_HUMAN 41461 - 503 49
Inosine-5'-monophosphate dehydrogenase 2 IMDH2_HUMAN 67329 0,728 344 75
Insulin-like growth factor 2 mRNA-binding protein 1 IF2B1_HUMAN 78043 0,935582822 43,1 446
Insulin-like growth factor 2 mRNA-binding protein 2 IF2B2_HUMAN 78857 - 759 25
Insulin-like growth factor 2 mRNA-binding protein 3 IF2B3_HUMAN 78267 - 43,2 211
Insulin-like growth factor-binding protein 1 IBP1_HUMAN 30927 2,462140992 247 106
Integrin alpha-V ITAV_HUMAN 131783 0,673076923 783 24
Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2_HUMAN 126474 - 485 51
Intercellular adhesion molecule 1 ICAM1_HUMAN 65090 - 547 44

109



Chapter 3

Protein name Accession Mass Ratio Hit Score
Lnterferon-inducible double stranded RNA-dependent protein kinase activator PRKRA_HUMAN 21683 . 653 31
Interleukin enhancer-binding factor 2 ILF2_HUMAN 48511 - 269 97
Interleukin enhancer-binding factor 3 ILF3_HUMAN 115357 1,141630901 74 304
Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial IDH3B_HUMAN 50066 - 366 70
Isocitrate dehydrogenase [NADP] cytoplasmic IDHC_HUMAN 58189 0,602836879 75,1 301
Isocitrate dehydrogenase [NADP], mitochondrial IDHP_HUMAN 62132 - 75,2 92
Isoleucine--tRNA ligase, cytoplasmic SYIC_HUMAN 169959 0,892857143 248 106
Isoleucine--tRNA ligase, mitochondrial SYIM_HUMAN 135622 - 378 68
Keratin, type | cytoskeletal 10 K1C10_HUMAN 66093 - 14,3 23
Keratin, type | cytoskeletal 18 K1C18_HUMAN 54721 1,28685259 14,1 931
Keratin, type | cytoskeletal 19 K1C19_HUMAN 48642 1,362204724 14,2 860
Keratin, type Il cytoskeletal 1 K2C1_HUMAN 74821 1,367088608 136 189
Keratin, type Il cytoskeletal 8 K2C8_HUMAN 63710 1,307692308 3,1 1727
KH domain-containing, RNA-binding, signal transduction-associated protein 1 KHDR1_HUMAN 55802 1,059259259 456 54
Kinesin-1 heavy chain KINH_HUMAN 139733 - 824 19
Lactoylglutathione lyase LGUL_HUMAN 26544 - 714 29
Ladinin-1 LAD1_HUMAN 71090 - 709 30
Lamina-associated polypeptide 2, isoforms beta/gamma LAP2B_HUMAN 62199 - 637 34
Lamin-B receptor LBR_HUMAN 81609 - 288 90
Lamin-B1 LMNB1_HUMAN 78536 0,926829268 25,2 180
Lamin-B2 LMNB2_HUMAN 79816 - 25,3 157
Laminin subunit beta-1 LAMB1_HUMAN 224070 - 406 62
Laminin subunit gamma-1 LAMC1_HUMAN 202433 - 447 55
Lanosterol 14-alpha demethylase CP51A_HUMAN 66808 - 727 28
LDLR chaperone MESD MESD_HUMAN 34882 - 754 26
Leucine-rich PPR motif-containing protein, mitochondrial LPPRC_HUMAN 189138 1,022624434 29 579
Leucine-rich repeat-containing protein 47 LRC47_HUMAN 74081 - 375 68
Leucine-rich repeat-containing protein 59 LRC59_HUMAN 46469 - 767 24
Leucine--tRNA ligase, cytoplasmic SYLC_HUMAN 168450 - 769 24
LIM and SH3 domain protein 1 LASP1_HUMAN 36391 - 228 115
LIM domain only protein 7 LMO7_HUMAN 229385 - 786 23
L-lactate dehydrogenase A chain LDHA_HUMAN 45487 0,542094456 76 297
Long-chain-fatty-acid--CoA ligase 3 ACSL3_HUMAN 98621 - 529 46
Long-chain-fatty-acid--CoA ligase 4 ACSL4_HUMAN 98910 - 241 109
Long-chain-fatty-acid--CoA ligase 5 ACSL5_HUMAN 90848 - 820 20
Lupus La protein LA_HUMAN 65669 - 841 17
Lysine-specific demethylase 2B KDM2B_HUMAN 185676 - 832 19
Lysine-specific histone demethylase 1A KDM1A_HUMAN 108663 - 732 28
Lysine--tRNA ligase SYK_HUMAN 82911 - 735 27
Lysosomal alpha-glucosidase LYAG_HUMAN 110124 - 306 84
Lysosome-associated membrane glycoprotein 1 LAMP1_HUMAN 50634 - 348 74
Lysozyme C LYSC_HUMAN 18656 - 481 52
Malate dehydrogenase, cytoplasmic MDHC_HUMAN 46138 - 169 155
Malate dehydrogenase, mitochondrial MDHM_HUMAN 43694 1,440318302 65 340
Malectin MLEC_HUMAN 37689 - 461 54
MARCKS-related protein MRP_HUMAN 25297 1,116207951 359 71
Matrin-3 MATR3_HUMAN 114947 1,228571429 85 273
Membrane-associated progesterone receptor component 1 PGRC1_HUMAN 25612 - 272 96
Membrane-associated progesterone receptor component 2 PGRC2_HUMAN 27758 - 517 47
Methionine aminopeptidase 2 AMPM2_HUMAN 66547 - 669 33
Methionine--tRNA ligase, cytoplasmic SYMC_HUMAN 115350 - 622 37
Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial MCCB_HUMAN 70116 - 381 67
Methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial MMSA_HUMAN 68450 - 263 99
Microsomal triglyceride transfer protein large subunit MTP_HUMAN 120583 - 695 31
Microtubule-associated protein RP/EB family member 1 MARE1_HUMAN 36977 - 395 64
Mitochondrial import inner membrane translocase subunit TIM44 TIM44_HUMAN 64100 - 685 32
Mitochondrial import receptor subunit TOM22 homolog TOM22_HUMAN 17337 - 706 30
Mitochondrial-processing peptidase subunit alpha MPPA_HUMAN 64908 - 683 32
Mitochondrial-processing peptidase subunit beta MPPB_HUMAN 60416 - 791 23
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Mitogen-activated protein kinase kinase kinase kinase 4 M4K4_HUMAN 165133 - 666 33
Monocarboxylate transporter 4 MOT4_HUMAN 54608 1,170568562 542 44
Monofunctional C1-tetrahydrofolate synthase, mitochondrial C1TM_HUMAN 123368 - 583 40
Multifunctional protein ADE2 PUR6_HUMAN 58001 - 208 123
Myosin light polypeptide 6 MYL6_HUMAN 19961 1,546137339 79 285
Myosin regulatory light chain 12A ML12A_HUMAN 24345 - 575 41
Myosin-10 MYH10_HUMAN 288786 0,987261146 216 119
Myosin-9 MYH9_HUMAN 289666 1,395348837 127 198
Myristoylated alanine-rich C-kinase substrate MARCS_HUMAN 40358 2,104821803 377 68
Na(+)/H(+) exchange regulatory cofactor NHE-RF1 NHRF1_HUMAN 45841 0,645631068 173 151
N-acetylglucosamine-6-sulfatase GNS_HUMAN 70560 - 561 42
N-acetyltransferase 10 NAT10_HUMAN 138168 - 343 76
NAD(P)H dehydrogenase [quinone] 1 NQO1_HUMAN 38453 0,604203152 124 200
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2 NDUA2_HUMAN 13044 - 656 34
NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 NDUB9_HUMAN 26380 - 738 27
NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial NDUV1_HUMAN 58694 - 641 36
NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial NDUV2_HUMAN 32546 - 719 29
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2, mitochondrial NDUS2_HUMAN 59508 - 734 27
NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial NDUS3_HUMAN 34177 - 418 59
NADH-cytochrome b5 reductase 3 NB5R3_HUMAN 39384 - 313 83
NADPH:adrenodoxin oxidoreductase, mitochondrial ADRO_HUMAN 59583 - 252 103
NADPH--cytochrome P450 reductase NCPR_HUMAN 87897 1,257425743 168 155
Nascent polypeptide-associated complex subunit alpha NACA_HUMAN 28541 - 227 115
NEDDS8 NEDD8_HUMAN 12108 - 717 29
Neuron navigator 1 NAV1_HUMAN 244023 = 839 18
Neurotensin receptor type 1 NTR1_HUMAN 49879 - 795 23
Neutral alpha-glucosidase AB GANAB_HUMAN 115324 1,028037383 155 171
Neutral amino acid transporter B(0) AAAT_HUMAN 60821 - 796 23
NHP2-like protein 1 NH2L1_HUMAN 17511 1,306451613 186 139
Nicalin NCLN_HUMAN 69627 - 725 28
Nicotinamide mononucleotide adenylyltransferase 1 NMNA1_HUMAN 40126 - 828 19
Nicotinate-nucleotide pyrophosphorylase [carboxylating] NADC_HUMAN 34781 - 474 52
Non-histone chromosomal protein HMG-17 HMGN2_HUMAN 16384 1,392931393 298 86
Non-POU domain-containing octamer-binding protein NONO_HUMAN 62715 1,04778157 42,1 469
NSFL1 cofactor p47 NSF1C_HUMAN 46024 - 126 199
Nuclear migration protein nudC NUDC_HUMAN 48866 - 476 52
Nuclear pore complex protein Nup93 NUP93_HUMAN 105598 - 821 20
Nuclear receptor coactivator 5 NCOA5_HUMAN 70060 - 846 17
Nuclease-sensitive element-binding protein 1 YBOX1_HUMAN 41074 1,01497006 257,2 83
Nucleobindin-1 NUCB1_HUMAN 62972 - 634 37
Nucleolar and coiled-body phosphoprotein 1 NOLC1_HUMAN 107631 - 468 53
Nucleolar GTP-binding protein 1 NOG1_HUMAN 95212 - 856 14
Nucleolar protein 56 NOP56_HUMAN 86086 - 138 185
Nucleolar protein 58 NOP58_HUMAN 81748 1,149659864 342 76
Nucleolar protein 7 NOL7_HUMAN 39447 - 535 45
Nucleolar RNA helicase 2 DDX21_HUMAN 115277 1,02 71,1 314
Nucleolar transcription factor 1 UBF1_HUMAN 121596 - 502 49
Nucleolin NUCL_HUMAN 104251 1,181003584 13 965
Nucleolysin TIA-1 isoform p40 TIA1_HUMAN 49020 - 794 23
Nucleophosmin NPM_HUMAN 42898 1,246376812 39 482
Nucleoprotein TPR TPR_HUMAN 320975 0,970930233 194 132
Nucleoside diphosphate kinase B NDKB_HUMAN 21546 0,508130081 130 195
Nucleosome assembly protein 1-like 4 NP1L4_HUMAN 52836 - 218 118
Obg-like ATPase 1 OLA1_HUMAN 58405 0,578616352 404 62
Olfactory receptor 52N2 052N2_HUMAN 39566 - 855 14
Ornithine aminotransferase, mitochondrial OAT_HUMAN 57326 - 198 131
Palmitoyl-protein thioesterase 1 PPT1_HUMAN 39647 - 295 88
Paraspeckle component 1 PSPC1_HUMAN 66311 - 538 45
Parathymosin PTMS_HUMAN 15782 - 283 92
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PDZ and LIM domain protein 1 PDLI1_HUMAN 43046 - 161 167
Peptidyl-prolyl cis-trans isomerase A PPIA_HUMAN 22564 0,558746736 54 381
Peptidyl-prolyl cis-trans isomerase B PPIB_HUMAN 31941 1,283536585 51 402
Peptidyl-prolyl cis-trans isomerase FKBP10 FKB10_HUMAN 70288 - 739 27
Peptidyl-prolyl cis-trans isomerase FKBP1A FKB1A_HUMAN 14681 - 213 121
Peptidyl-prolyl cis-trans isomerase FKBP2 FKBP2_HUMAN 19594 - 623 37
Peptidyl-prolyl cis-trans isomerase FKBP3 FKBP3_HUMAN 36113 - 516 47
Peroxiredoxin-1 PRDX1_HUMAN 28180 0,48540146 41,1 472
Peroxiredoxin-2 PRDX2_HUMAN 26441 - 41,2 224
Peroxiredoxin-4 PRDX4_HUMAN 34780 0,685446009 41,3 180
Peroxiredoxin-6 PRDX6_HUMAN 30799 - 211 121
Peroxisomal sarcosine oxidase SOX_HUMAN 49818 - 354 72
Pescadillo homolog PESC_HUMAN 85300 0,944954128 417 59
PHD finger-like domain-containing protein 5A PHF5A_HUMAN 16352 - 716 29
Phenylalanine--tRNA ligase alpha subunit SYFA_HUMAN 66349 - 437 56
Phenylalanine--tRNA ligase beta subunit SYFB_HUMAN 80371 - 410 61
Phosphate carrier protein, mitochondrial MPCP_HUMAN 47978 1,140939597 282 92
Phosphatidylethanolamine-binding protein 1 PEBP1_HUMAN 25911 0,470588235 276 95
Phosphoacetylglucosamine mutase AGM1_HUMAN 71070 - 743 27
Phosphoenolpyruvate carboxykinase [GTP], mitochondrial PCKGM_HUMAN 77986 0,984293194 162 166
Phosphoglucomutase-1 PGM1_HUMAN 72666 - 422 58
Phosphoglycerate kinase 1 PGK1_HUMAN 57667 0,582677165 95 257
Phosphoglycerate mutase 1 PGAM1_HUMAN 34566 0,479289941 129 196
Phosphoserine aminotransferase SERC_HUMAN 48915 - 646 35
Plasminogen activator inhibitor 1 RNA-binding protein PAIRB_HUMAN 55890 0,758853288 88 265
Platelet-activating factor acetylhydrolase IB subunit gamma PA1B3_HUMAN 27848 - 652 34
Plectin PLEC_HUMAN 606605 1,018867925 73,2 75
Poly [ADP-ribose] polymerase 1 PARP1_HUMAN 151646 1,165289256 108 228
Poly(rC)-binding protein 1 PCBP1_HUMAN 42037 0,774590164 82,1 281
Poly(rC)-binding protein 2 PCBP2_HUMAN 44031 0,832653061 82,2 248
Poly(U)-binding-splicing factor PUF60 PUF60_HUMAN 69876 - 675 32
Polyadenylate-binding protein 1 PABP1_HUMAN 83402 - 87 266
Polypyrimidine tract-binding protein 1 PTBP1_HUMAN 67529 1,392473118 329 79
Polyribonucleotide nucleotidyltransferase 1, mitochondrial PNPT1_HUMAN 100803 - 853 15
Porimin PORIM_HUMAN 24256 - 564 42
POTE ankyrin domain family member E POTEE_HUMAN 148056 0,980263158 1,3 1655
Prefoldin subunit 1 PFD1_HUMAN 19069 - 586 40
Prefoldin subunit 2 PFD2_HUMAN 21201 - 553 43
Prelamin-A/C LMNA_HUMAN 86567 1,152173913 25,1 695
Pre-mRNA 3'-end-processing factor FIP1 FIP1_HUMAN 76221 - 254 103
Pre-mRNA-processing factor 6 PRP6_HUMAN 128761 - 351 73
Pre-mRNA-processing-splicing factor 8 PRP8_HUMAN 319970 - 363 70
Pre-mRNA-splicing factor 38A PR38A_HUMAN 45059 - 647 35
pre-rRNA processing protein FTSJ3 RRMJ3_HUMAN 122965 - 396 64
Presequence protease, mitochondrial PREP_HUMAN 137153 - 497 49
Probable ATP-dependent RNA helicase DDX17 DDX17_HUMAN 89957 1,095588235 84,2 274
Probable ATP-dependent RNA helicase DDX23 DDX23_HUMAN 121990 - 782 24
Probable ATP-dependent RNA helicase DDX27 DDX27_HUMAN 116245 - 540 44
Probable ATP-dependent RNA helicase DDX5 DDX5_HUMAN 79752 0,970238095 84,1 277
Probable rRNA-processing protein EBP2 EBP2_HUMAN 48520 - 629 37
Probable serine carboxypeptidase CPVL CPVL_HUMAN 62647 - 680 32
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 PLOD1_HUMAN 94753 - 325 80
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 PLOD2_HUMAN 100754 - 139 184
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 PLOD3_HUMAN 92641 - 770 24
Profilin-1 PROF1_HUMAN 18391 0,608455882 49 419
Programmed cell death protein 5 PDCD5_HUMAN 17927 - 300 86
Prohibitin PHB_HUMAN 33741 1,114649682 92 261
Prohibitin-2 PHB2_HUMAN 39360 1,166666667 262 100
Proliferating cell nuclear antigen PCNA_HUMAN 33922 0,516042781 193 133
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Proliferation-associated protein 2G4 PA2G4_HUMAN 56840 - 332 78
Prolyl 4-hydroxylase subunit alpha-1 P4HA1_HUMAN 74700 - 536 45
Prostaglandin E synthase 3 TEBP_HUMAN 22640 - 534 45
Proteasome activator complex subunit 2 PSME2_HUMAN 34381 - 640 36
Proteasome activator complex subunit 3 PSME3_HUMAN 36180 - 387 66
Proteasome subunit alpha type-1 PSA1_HUMAN 33492 0,73089701 165 161
Proteasome subunit alpha type-2 PSA2_HUMAN 30445 0,839805825 369 69
Proteasome subunit alpha type-3 PSA3_HUMAN 34195 0,986206897 562 42
Proteasome subunit alpha type-4 PSA4_HUMAN 37679 0,748031496 320 81
Proteasome subunit alpha type-5 PSA5_HUMAN 30653 - 578 41
Proteasome subunit alpha type-6 PSA6_HUMAN 33466 - 389 66
Proteasome subunit alpha type-7-like PSA7L_HUMAN 36117 - 606 39
Proteasome subunit beta type-1 PSB1_HUMAN 30731 0,899497487 134 191
Proteasome subunit beta type-4 PSB4_HUMAN 31011 0,796052632 249 106
Proteasome subunit beta type-6 PSB6_HUMAN 26862 - 465 54
Protein AMBP AMBP_HUMAN 44754 - 584 40
Protein BUD31 homolog BUD31_HUMAN 22160 - 768 24
Protein canopy homolog 2 CNPY2_HUMAN 23681 - 451 55
Protein CutA CUTA_HUMAN 21234 = 492 50
Protein DEK DEK_HUMAN 63334 - 556 43
Protein disulfide-isomerase PDIA1_HUMAN 71683 1,373695198 15,1 877
Protein disulfide-isomerase A3 PDIA3_HUMAN 71653 1,266558966 12 967
Protein disulfide-isomerase A4 PDIA4_HUMAN 92965 1,206060606 31 553
Protein disulfide-isomerase A6 PDIA6_HUMAN 57217 1,272321429 22 735
Protein DJ-1 PARK7_HUMAN 25050 0,469061876 122 204
Protein dpy-30 homolog DPY30_HUMAN 13676 - 787 23
Protein ERGIC-53 LMAN1_HUMAN 66943 - 854 15
Protein ETHE1, mitochondrial ETHE1_HUMAN 29680 - 518 47
Protein HEXIM1 HEXI1_HUMAN 47899 = 526 46
Protein NipSnap homolog 1 NIPS1_HUMAN 38765 - 326 80
Protein phosphatase 1G PPM1G_HUMAN 70186 - 745 27
Protein RCC2 RCC2_HUMAN 66392 - 764 24
Protein Red RED_HUMAN 85944 - 844 17
Protein S100-A6 S10A6_HUMAN 13215 - 616 38
Protein SET SET_HUMAN 40770 0,689981096 145 180
Protein transport protein Sec31A SC31A_HUMAN 153009 - 545 44
Protein transport protein Sec61 subunit gamma SC61G_HUMAN 9866 - 852 15
Protein YIPF5 YIPF5_HUMAN 29796 - 771 24
Protein-L-isoaspartate(D-aspartate) O-methyltransferase PIMT_HUMAN 29792 - 615 38
Prothrombin THRB_HUMAN 79118 - 663 33
Prothymosin alpha PTMA_HUMAN 14934 0,630508475 234 113
Puratrophin-1 PKHG4_HUMAN 140150 - 822 20
Puromycin-sensitive aminopeptidase PSA_HUMAN 120855 - 470 53
Putative 40S ribosomal protein S26-like 1 RS26L_HUMAN 16949 - 420 59
Putative 60S ribosomal protein L39-like 5 R39L5_HUMAN 9969 - 614 38
Putative ATP-dependent Clp protease proteolytic subunit, mitochondrial CLPP_HUMAN 33203 - 758 25
Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 DHX15_HUMAN 105477 1,024096386 270 96
Putative RNA-binding protein 3 RBM3_HUMAN 18377 0,986547085 167 156
Putative ubiquitin-conjugating enzyme E2 N-like UE2NL_HUMAN 20712 - 523 47
Putative uncharacterized protein C170rf82 CQ082_HUMAN 26595 0,982565041 807 21
Pyrroline-5-carboxylate reductase 1, mitochondrial P5CR1_HUMAN 38815 - 151 171
Pyruvate carboxylase, mitochondrial PYC_HUMAN 146891 1,166037736 156 170

Pyruvate dehydrogenase E1 component subunit alpha, somatic form,

mitochondrial ODPA_HUMAN 50569 - 788 23
Pyruvate dehydrogenase E1 component subunit beta, mitochondrial ODPB_HUMAN 45292 - 594 40
Pyruvate kinase isozymes M1/M2 KPYM_HUMAN 69460 0,641025641 55 377
Quinone oxidoreductase QOR_HUMAN 42485 - 496 49
Rab GDP dissociation inhibitor beta GDIB_HUMAN 62191 - 195 131
Radixin RADI_HUMAN 89207 - 131,2 95
Ran-specific GTPase-activating protein RANG_HUMAN 31205 - 729 28
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Ras GTPase-activating protein-binding protein 1 G3BP1_HUMAN 58216 0,783669141 312 83
Ras GTPase-activating protein-binding protein 2 G3BP2_HUMAN 61085 - 624 37
Ras-related protein Rab-10 RAB10_HUMAN 29219 - 429 57
Ras-related protein Rab-11A RB11A_HUMAN 28333 - 352 73
Ras-related protein Rab-1A RAB1A_HUMAN 28139 1,121212121 264 99
Ras-related protein Rab-5B RAB5B_HUMAN 28255 - 576 41
Ras-related protein Rab-6A RAB6A_HUMAN 27837 - 527 46
Ras-related protein Rab-7a RAB7A_HUMAN 28951 - 212 121
Ras-related protein Rap-1b-like protein RP1BL_HUMAN 25171 - 707 30
Regulation of nuclear pre-mRNA domain-containing protein 1B RPR1B_HUMAN 46003 - 613 38
Reticulocalbin-1 RCN1_HUMAN 47384 - 384 67
Reticulocalbin-2 RCN2_HUMAN 42634 - 323 80
Reticulon-4 RTN4_HUMAN 155709 - 563 42
Retinal dehydrogenase 1 AL1A1_HUMAN 66691 - 103,2 169
Retinol dehydrogenase 11 RDH11_HUMAN 40839 - 712 30
Retrotransposon-derived protein PEG10 PEG10_HUMAN 86510 0,663265306 182 140
Rho GDP-dissociation inhibitor 1 GDIR1_HUMAN 29277 0,539215686 166 160
Ribonuclease inhibitor RINI_HUMAN 55113 - 672 33
Ribosomal protein S6 kinase alpha-3 KS6A3_HUMAN 100110 - 812 21
Ribosomal RNA small subunit methyltransferase NEP1 NEP1_HUMAN 32179 - 315 82
Ribosome biogenesis protein BOP1 BOP1_HUMAN 91791 - 826 19
Ribosome-binding protein 1 RRBP1_HUMAN 207746 1,399217221 7 1458
RNA binding protein fox-1 homolog 3 RFOX3_HUMAN 36894 - 851 15
RNA polymerase ll-associated factor 1 homolog PAF1_HUMAN 70891 - 694 31
RNA-binding motif protein, X chromosome RBMX_HUMAN 46565 - 143 182
RNA-binding protein 14 RBM14_HUMAN 75533 1,107594937 148 172
RNA-binding protein 25 RBM25_HUMAN 126894 - 335 77
RNA-binding protein 39 RBM39_HUMAN 70598 = 373 69
RNA-binding protein 4 RBM4_HUMAN 45460 - 310 83
RNA-binding protein 47 RBM47_HUMAN 73184 - 761 25
RNA-binding protein 8A RBM8A_HUMAN 23831 - 657 34
RNA-binding protein EWS EWS_HUMAN 74216 - 676 32
RNA-binding protein FUS FUS_HUMAN 57957 - 654 34
RNA-binding protein Raly RALY_HUMAN 39440 - 484 51
RNA-binding protein with serine-rich domain 1 RNPS1_HUMAN 43314 1,040856031 250 105
rRNA 2'-O-methyltransferase fibrillarin FBRL_HUMAN 39848 0,875722543 209 122
RuvB-like 2 RUVB2_HUMAN 59642 - 388 66
S-adenosylmethionine synthase isoform type-1 METK1_HUMAN 50617 - 339 76
SAP domain-containing ribonucleoprotein SARNP_HUMAN 31870 1,13986014 440 56
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 AT2A2_HUMAN 132326 - 621 38
Sepiapterin reductase SPRE_HUMAN 32594 - 814 20
Serine hydroxymethyltransferase, mitochondrial GLYM_HUMAN 62954 1,086694762 60 358
Serine palmitoyltransferase 1 SPTC1_HUMAN 62141 - 648 35
Serine/arginine repetitive matrix protein 1 SRRM1_HUMAN 133607 - 762 25
Serine/arginine repetitive matrix protein 2 SRRM2_HUMAN 339289 - 660 34
Serine/arginine-rich splicing factor 1 SRSF1_HUMAN 30466 1,155737705 185 140
Serine/arginine-rich splicing factor 10 SRS10_HUMAN 37974 - 260 101
Serine/arginine-rich splicing factor 2 SRSF2_HUMAN 29416 0,971153846 236 112
Serine/arginine-rich splicing factor 3 SRSF3_HUMAN 21143 - 149,2 165
Serine/arginine-rich splicing factor 5 SRSF5_HUMAN 36721 - 679 32
Serine/arginine-rich splicing factor 6 SRSF6_HUMAN 47777 1,278481013 201 128
Serine/arginine-rich splicing factor 7 SRSF7_HUMAN 29784 - 149,1 172
Serine/arginine-rich splicing factor 9 SRSF9_HUMAN 28264 - 322 81
Serine/threonine-protein kinase PRP4 homolog PRP4B_HUMAN 156158 - 670 33
;S;rfi;rer{]threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha 2AAA_HUMAN 75306 : 765 2
Serine/threonine-protein phosphatase 4 catalytic subunit PP4C_HUMAN 39012 - 811 21
Serine/threonine-protein phosphatase PP1-alpha catalytic subunit PP1A_HUMAN 44485 - 602 39
Serine/threonine-protein phosphatase PP1-gamma catalytic subunit PP1G_HUMAN 44261 - 595 40
Serine--tRNA ligase, mitochondrial SYSM_HUMAN 63113 - 591 40
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Serotransferrin TRFE_HUMAN 94962 1,316176471 89 265
Serpin H1 SERPH_HUMAN 57058 - 643 36
Serrate RNA effector molecule homolog SRRT_HUMAN 121899 - 431 57
Serum albumin ALBU_HUMAN 87878 1,589108911 135 190
Serum paraoxonase/arylesterase 2 PON2_HUMAN 45152 - 566 42
S-formylglutathione hydrolase ESTD_HUMAN 38439 0,678571429 511 47
Short/branched chain specific acyl-CoA dehydrogenase, mitochondrial ACDSB_HUMAN 56581 - 659 34
Sialic acid synthase SIAS_HUMAN 50016 - 350 73
Sialidase-1 NEUR1_HUMAN 49089 - 671 33
Signal peptidase complex subunit 3 SPCS3_HUMAN 23951 - 829 19
Signal recognition particle 14 kDa protein SRP14_HUMAN 20949 - 386 67
Signal recognition particle 9 kDa protein SRP09_HUMAN 13147 - 555 43
Single-stranded DNA-binding protein, mitochondrial SSBP_HUMAN 19987 - 438 56
Small nuclear ribonucleoprotein F RUXF_HUMAN 11544 - 371 69
Small nuclear ribonucleoprotein Sm D1 SMD1_HUMAN 16620 - 355 72
Small nuclear ribonucleoprotein Sm D2 SMD2_HUMAN 18994 1,224652087 512 47
Small nuclear ribonucleoprotein Sm D3 SMD3_HUMAN 17254 - 374 69
Small ubiquitin-related modifier 2 SUMO2_HUMAN 13602 - 507 48
SNW domain-containing protein 1 SNW1_HUMAN 77884 = 630 37
Sodium/potassium/calcium exchanger 5 NCKX5_HUMAN 60024 - 849 16
Sodium/potassium-transporting ATPase subunit alpha-1 AT1A1_HUMAN 130164 1,015 98 250
Solute carrier family 2, facilitated glucose transporter member 1 GTR1_HUMAN 59220 - 191,2 86
Solute carrier family 2, facilitated glucose transporter member 3 GTR3_HUMAN 59061 0,858369099 191,1 135
Sorting nexin-1 SNX1_HUMAN 72114 1,390625 723 28
Sorting nexin-3 SNX3_HUMAN 22097 = 751 26
SPATS2-like protein SPS2L_HUMAN 79943 - 600 39
Spectrin alpha chain, non-erythrocytic 1 SPTN1_HUMAN 344901 1,130136986 35 517
Spectrin beta chain, non-erythrocytic 1 SPTB2_HUMAN 329196 1,132947977 24 710
Spermidine synthase SPEE_HUMAN 38366 - 731 28
Spliceosome RNA helicase DDX39B DX39B_HUMAN 58086 - 190 135
Splicing factor 1 SFO1_HUMAN 76804 - 432 57
Splicing factor 3A subunit 1 SF3A1_HUMAN 107083 - 681 32
Splicing factor 3A subunit 2 SF3A2_HUMAN 56221 - 665 33
Splicing factor 3B subunit 1 SF3B1_HUMAN 171596 1,120418848 557 43
Splicing factor 3B subunit 2 SF3B2_HUMAN 126022 - 452 55
Splicing factor 3B subunit 3 SF3B3_HUMAN 151615 1,004032258 301 86
Splicing factor U2AF 35 kDa subunit U2AF1_HUMAN 31201 - 402 63
Splicing factor, proline- and glutamine-rich SFPQ_HUMAN 86445 - 42,2 405
Squalene synthase FDFT_HUMAN 55081 - 753 26
SRA stem-loop-interacting RNA-binding protein, mitochondrial SLIRP_HUMAN 14471 - 289 89
Staphylococcal nuclease domain-containing protein 1 SND1_HUMAN 119882 0,908629442 63 349
Stathmin STMN1_HUMAN 24593 0,529816514 72 310
Stomatin-like protein 2 STML2_HUMAN 43986 - 632 37
Stress-70 protein, mitochondrial GRP75_HUMAN 89758 1,21369863 2,2 1548
Stress-induced-phosphoprotein 1 STIP1_HUMAN 82069 0,776119403 435 56
Structural maintenance of chromosomes protein 1A SMC1A_HUMAN 190904 - 397 64
Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial DHSB_HUMAN 39518 - 810 21
Succinate-semialdehyde dehydrogenase, mitochondrial SSDH_HUMAN 66000 - 318 81
Succinyl-CoA ligase [ADP/GDP-forming] subunit alpha, mitochondrial SUCA_HUMAN 42919 - 628 37
Succinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial SUCB2_HUMAN 57433 - 543 44
Sulfotransferase 1A3/1A4 ST1A3_HUMAN 40562 0,630136986 202 127
Superkiller viralicidic activity 2-like 2 SK2L2_HUMAN 144804 - 411 60
Superoxide dismutase [Mn], mitochondrial SODM_HUMAN 29574 - 472 53
Surfeit locus protein 4 SURF4_HUMAN 34024 - 360 71
Syndecan-4 SDC4_HUMAN 25279 - 642 36
Talin-1 TLN1_HUMAN 319185 - 251 104
TAR DNA-binding protein 43 TADBP_HUMAN 51100 - 372 69
TATA-binding protein-associated factor 2N RBP56_HUMAN 66965 - 607 39
T-complex protein 1 subunit alpha TCPA_HUMAN 72778 0,704347826 231 114
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T-complex protein 1 subunit beta TCPB_HUMAN 69012 0,797413793 100 241
T-complex protein 1 subunit delta TCPD_HUMAN 70056 0,69047619 196 131
T-complex protein 1 subunit epsilon TCPE_HUMAN 73018 0,757763975 390 66
T-complex protein 1 subunit eta TCPH_HUMAN 72106 0,741935484 184 140
T-complex protein 1 subunit gamma TCPG_HUMAN 71751 0,671586716 153 171
T-complex protein 1 subunit theta TCPQ_HUMAN 72359 0,785714286 102 235
T-complex protein 1 subunit zeta TCPZ_HUMAN 71981 0,750798722 154 171
Tether containing UBX domain for GLUT4 ASPC1_HUMAN 68055 - 809 21
Thimet oligopeptidase THOP1_HUMAN 90653 - 453 55
Thioredoxin domain-containing protein 12 TXD12_HUMAN 23452 - 560 43
Thioredoxin domain-containing protein 17 TXD17_HUMAN 17278 - 337 77
Thioredoxin domain-containing protein 5 TXND5_HUMAN 55812 1,247030879 15,2 121
Thioredoxin-dependent peroxide reductase, mitochondrial PRDX3_HUMAN 31934 1,366336634 77 297
Thioredoxin-like protein 1 TXNL1_HUMAN 38011 - 701 30
Thiosulfate sulfurtransferase THTR_HUMAN 37971 - 475 52
THO complex subunit 4 THOC4_HUMAN 30522 - 116 220
Thymidylate kinase KTHY_HUMAN 28976 - 463 54
Thymosin beta-10 TYB10_HUMAN 7760 = 570 41
Thyroid hormone receptor-associated protein 3 TR150_HUMAN 139326 - 267 98
Tight junction protein ZO-2 Z02_HUMAN 154258 - 571 41
Trafficking protein particle complex subunit 3 TPPC3_HUMAN 23303 - 772 24
Transcription elongation factor A protein 3 TCEA3_HUMAN 51723 = 691 31
Transcription factor A, mitochondrial TFAM_HUMAN 38813 - 626 37
Transcription intermediary factor 1-beta TIF1B_HUMAN 101574 - 158 169
Transferrin receptor protein 1 TFR1_HUMAN 100332 1,25 97 251
Transformer-2 protein homolog alpha TRA2A_HUMAN 34799 = 698 31
Transformer-2 protein homolog beta TRA2B_HUMAN 36079 - 565 42
Transforming protein RhoA RHOA_HUMAN 27230 = 558 43
Transgelin TAGL_HUMAN 28072 - 466 54
Transitional endoplasmic reticulum ATPase TERA_HUMAN 103868 0,901785714 45 430
Transketolase TKT_HUMAN 80916 0,528037383 177 143
Translin TSN_HUMAN 30730 - 711 30
Translocon-associated protein subunit alpha SSRA_HUMAN 35866 - 833 19
Translocon-associated protein subunit delta SSRD_HUMAN 20812 - 214 120
Translocon-associated protein subunit gamma SSRG_HUMAN 26543 - 164 164
Transmembrane protein 205 TM205_HUMAN 23009 - 589 40
Transmembrane protein 97 TMM97_HUMAN 25093 - 726 28
Trifunctional enzyme subunit alpha, mitochondrial ECHA_HUMAN 104850 1,073643411 115 220
Trifunctional enzyme subunit beta, mitochondrial ECHB_HUMAN 62213 0,981578947 119 209
Triosephosphate isomerase TPIS_HUMAN 37160 0,514734774 66 338
tRNA (cytosine(34)-C(5))-methyltransferase NSUN2_HUMAN 104060 - 537 45
tRNA methyltransferase 112 homolog TR112_HUMAN 15407 - 383 67
tRNA-splicing ligase RtcB homolog RTCB_HUMAN 65214 - 405 62
Tropomyosin alpha-1 chain TPM1_HUMAN 44553 0,896551724 109,3 132
Tropomyosin alpha-3 chain TPM3_HUMAN 44663 0,915789474 109,2 146
Tropomyosin alpha-4 chain TPM4_HUMAN 36414 0,898876404 109,1 228
Trypsin-1 TRY1_HUMAN 31104 0,942455243 278 94
Tubulin alpha-1A chain TBA1A_HUMAN 56188 0,433009709 19,2 776
Tubulin alpha-1C chain TBA1C_HUMAN 55948 0,435212661 19,1 779
Tubulin beta chain TBB5_HUMAN 54506 0,50623053 18,1 801
Tubulin beta-4B chain TBB4B_HUMAN 54666 0,514382403 18,2 661
Tubulin beta-6 chain TBB6_HUMAN 54388 0,827004219 18,3 310
Tubulin-specific chaperone A TBCA_HUMAN 17410 - 506 48
Tumor necrosis factor receptor superfamily member 6B TNF6B_HUMAN 33571 - 842 17
Twinfilin-1 TWF1_HUMAN 48775 - 649 35
Tyrosine--tRNA ligase, cytoplasmic SYYC_HUMAN 77967 - 620 38
U1 small nuclear ribonucleoprotein 70 kDa RU17_HUMAN 58523 - 407 62
U1 small nuclear ribonucleoprotein A SNRPA_HUMAN 38256 - 554 43
U3 small nucleolar ribonucleoprotein protein IMP3 IMP3_HUMAN 24574 - 690 32
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Protein name Accession Mass Ratio Hit Score
U3 small nucleolar RNA-interacting protein 2 U3IP2_HUMAN 60935 - 790 23
U4/U6.U5 tri-snRNP-associated protein 2 SNUT2_HUMAN 79333 - 775 24
U5 small nuclear ribonucleoprotein 200 kDa helicase U520_HUMAN 286333 - 741 27
Ubiquinone biosynthesis protein COQ9, mitochondrial COQ9_HUMAN 38529 - 693 31
Ubiquitin carboxyl-terminal hydrolase 5 UBP5_HUMAN 111544 - 838 18
Ubiquitin thioesterase OTUB1 OTUB1_HUMAN 36740 - 825 19
Ubiquitin-40S ribosomal protein S27a RS27A_HUMAN 25863 1,256410256 67 336
Ubiquitin-conjugating enzyme E2 variant 1 UB2V1_HUMAN 19526 - 590 38
Ubiquitin-like modifier-activating enzyme 1 UBA1_HUMAN 134201 - 104 234
UDP-glucose 6-dehydrogenase UGDH_HUMAN 66245 0,66875 48 421
UDP-glucose:glycoprotein glucosyltransferase 1 UGGG1_HUMAN 208411 - 376 68
Uncharacterized protein Clorf173 CA173_HUMAN 204868 - 816 20
Unconventional myosin-lb MYO1B_HUMAN 165060 - 427 57
Vacuolar protein sorting-associated protein 35 VPS35_HUMAN 105947 - 197 131
Valacyclovir hydrolase BPHL_HUMAN 39214 - 766 24
Valine--tRNA ligase SYVC_HUMAN 158031 - 349 74
Very long-chain specific acyl-CoA dehydrogenase, mitochondrial ACADV_HUMAN 82818 1,397163121 242 107
Very-long-chain (3R)-3-hydroxyacyl-[acyl-carrier protein] dehydratase 3 HACD3_HUMAN 49824 - 611 38
Vesicle-associated membrane protein 3 VAMP3_HUMAN 13736 - 285 91
Vesicle-associated membrane protein-associated protein A VAPA_HUMAN 35176 - 636 36
Vesicle-trafficking protein SEC22b SC22B_HUMAN 28836 = 539 44
Vigilin VIGLN_HUMAN 174831 - 110 227
Villin-1 VILI_HUMAN 110889 0,837320574 83 278
Voltage-dependent anion-selective channel protein 1 VDAC1_HUMAN 38663 - 449 55
Voltage-dependent anion-selective channel protein 2 VDAC2_HUMAN 38847 - 522 47
Voltage-dependent anion-selective channel protein 3 VDAC3_HUMAN 39157 - 478 52
WD repeat-containing protein 1 WDR1_HUMAN 78624 - 454 55
X-ray repair cross-complementing protein 5 XRCC5_HUMAN 102121 0,936 513 47
X-ray repair cross-complementing protein 6 XRCC6_HUMAN 88051 = 93 260
Zinc finger CCCH domain-containing protein 15 ZC3HF_HUMAN 67433 - 597 39
Zinc finger protein 207 ZN207_HUMAN 58626 - 361 70
Zinc transporter ZIP4 S39A4_HUMAN 70782 - 419 59

117






Chapter 4

In vitro antiproliferative activity of the
ellagitannins metabolites, urolithins, on human
tumor cell lines — emphasis on UMUC3 bladder

cancer cells

Joana Liberal, Analia Carmo, Célia Gomes, Maria Teresa Cruz, Maria Teresa Batista

Submitted to Molecular Nutrition & Food Research

ELLAGITANNINS

METABOLITES
Cell cycle

Apoptosis

Cell
Proliferation
_ Blockage

Akt and ERK

1/2 signaling






In vitro antiproliferative activity of the ellagitannins metabolites, urolithins, on human tumor cell lines
—emphasis on UMUC3 bladder cancer cells

ABSTRACT

Scope

Ellagitannins-containing foods have been gathering attention for their health benefits, namely as
chemopreventive molecules. However, the low bioavailability of ellagitannins and their extensive
metabolization in the gastrointestinal tract into ellagic acid and urolithins, suggest that the systemic
health benefits of ellagitannins consumption would rely on a direct effect of their metabolites. To
gain new insights in the role of urolithins as novel drugs for cancer therapy, this work focused on the

antiproliferative effects of urolithins in different tumour cells.

Methods and results

The results showed that urolithins A, B and C, decreased cell viability in a dose-dependent way, and
in comparison with ellagic acid, urolithins were much more active. However, the sensitivity to
urolithins was quite different among the panel of cell lines studied and the human bladder cancer
cells (UMUC3) were the most susceptible. Furthermore, in UMUC3, urolithin A was the most active
molecule, promoting cell cycle arrest at G2/M checkpoint and increasing apoptotic cell death. In

addition, this molecule was also able to inhibit PI3K/Akt and MAPK signalling.

Conclusions
The present data emphasizes the chemopreventive/chemotherapeutic potential of the ellagitannins
metabolites, urolithins, highlighting the stronger effect of urolithin A and the potential to target

transitional bladder cancer.

Keywords

Apoptosis; Cell cycle; Cell proliferation; Intracellular signaling pathways; UMUC3
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4.1. INTRODUCTION

The discovery of efficient and safe anticancer molecules from natural products is still a current
demand in medical research. Among such compounds, ellagitannins that are found in some fruits and
nuts such as pomegranates, strawberries and walnuts, emerge as promising leads. Ellagitannins are a
subclass of hydrolysable tannins that comprise one or more hexahydroxydiphenic acid unities
esterified to a polyol (usually a-D-glucopyranose) (Niemetz and Gross, 2005). The therapeutic
significance of this group of polyphenols, namely as anticancer, antioxidant and anti-inflammatory
compounds has been demonstrated in vitro and in vivo (Ascacio-Valdes et al., 2011; Liberal et al.,
2015).

It has been established that dietary ellagitannins are partially hydrolyzed in the upper
gastrointestinal tract into ellagic acid, which is also poorly absorbed (Seeram et al., 2004; Whitley et
al., 2006) and, as a consequence, ellagic acid is metabolized by gut microbiota into urolithins (Cerda
et al., 2004; Espin et al., 2007). Urolithins are a subfamily of metabolites generated by the opening
and decarboxylation of ellagic acid lactone rings, followed by a sequential dehydroxylation that
promotes the production of a series of hydroxylated dibenzopyranones derivatives (Larrosa et al.,
2010b; Selma et al., 2014). Importantly, after ellagitannins intake, urolithins or its conjugates (mainly
glucuronides) were found in plasma at micromolar concentrations (Cerda et al., 2004; Seeram et al.,
2008) and were also identified in human tissues, namely prostate gland (Gonzalez-Sarrias et al.,
2010) and colon (Nufiez-Sanchez et al., 2014). Although the concentration of urolithins in plasma,
urine and feces varies considerably between individuals, which is probably related with different gut
microbiota composition (Bialonska et al., 2010; Cerdda et al.,, 2004; Gonzalez-Barrio et al., 2010;
Larrosa et al., 2010b), urolithin A (3,8-dihydroxy-6H-dibenzopyran-6-one) and its monohydroxylated
analog, urolithin B, were the main ones reported in different mammals, including humans (Cerda et
al., 2004; Espin et al., 2007; Gonzalez-Barrio et al., 2011). Urolithins remain in the body for long
periods of time due to enterohepatic recirculation and are found in urine up to 4 days after
consumption of ellagitannin-containing foods (Cerda et al., 2004; Navindra P Seeram et al., 2006).
Considering these evidences and the very low bioavailability of ellagitannins, urolithins have been
proposed to be responsible for the biological activity and the systemic health effects related to the
intake of ellagitannins.

Corroborating these observations, several studies highlight the antioxidant (Ishimoto et al.,
2011), the estrogenic and/or anti-estrogenic activities (Larrosa et al.,, 2006a) and the anti-
inflammatory properties (Larrosa et al., 2010b) of urolithins. Furthermore, in vitro chemopreventive
and chemotherapeutic effects were also recently ascribed to urolithins and their derivatives

(Kasimsetty et al., 2009; Qiu et al., 2013; Seeram et al., 2007; Vicinanza et al., 2013), although the

122



In vitro antiproliferative activity of the ellagitannins metabolites, urolithins, on human tumor cell lines
—emphasis on UMUC3 bladder cancer cells

knowledge of the urolithins action mechanisms remain scarce. Therefore, to gain new insights in the
putative role of urolithins as novel drugs for cancer therapy we proposed to investigate the
antiproliferative effects of the urolithins most produced in humans, urolithins A and B, and its
trihydroxylated precursor, urolithin C (Figure 4.1) in different tumour cell lines. The role of each
compound in the mechanisms associated with cell proliferation, namely in cell cycle and cell death,
as well as its effects on phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen—activated protein
kinases (MAPKs) intracellular signaling pathways were also unveiled. Additionally, this work aimed to
establish a structure-activity relationship, which may constitute valuable information in the design of

urolithins derivatives presenting potent antiproliferative activity.
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Figure 4.1 - Chemical structures of ellagic acid and urolithins
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4.2. MATERIALS AND METHODS
4.2.1. CHEMICALS

DMEM, RPMI-1640, resazurin sodium salt, trypan blue, penicillin, streptomycin, B-tubulin
antibody and ellagic acid were obtained from Sigma—Aldrich Quimica (St. Louis, MO, USA). Fetal
bovine serum was from Gibco (Paisley, UK). Propidium iodide (Pl), RNAse solution and annexin V-
flourescein isothiocyanate (FITC)/PI double staining kit were purchased from Immunostep
(Salamanca, Spain). Protease and phosphatase inhibitor cocktails were from Roche (Mannheim,
Germany). Polyvinylidene difluoride (PVDF) membranes were obtained from Millipore Corp.
(Bedford, MA, USA) and polyacrylamide from BioRad (Hercules, CA, USA). Alkaline phosphatase-
conjugated secondary antibodies and enhanced chemifluorescence substrate (ECF) were purchased
from GE Healthcare (Chalfont St. Giles, UK). Phospho (p-) extracellular signal-regulated protein
kinases 1 and 2 (Erk1/2; Thr202/Tyr204), stress activated protein kinase/c-Jun amino terminal kinase
(SAPK/INK; Thr183/Tyr185), p38 MAPK (Thr180/Tyr182) and Akt (Ser473) antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA).

Urolithins A (3,8-dyhydroxy-urolithin; 98.3% purity), B (3-hydroxy-urolithin; 99.4% purity) and
C (3,8,9-dyhydroxy-urolithin; 98.3% purity) (Figure 4.1) were acquired from Dalton Pharma Services
(Toronto, Canada). Urolithins were diluted in DMSO and stored at -20 2C, and ellagic acid was diluted

in 1 M NaOH, as described by the supplier.

4.2.2. CELL CULTURE

HepG2 (human hepatocellular carcinoma; ATCC® HB-8065™) cells were cultured in DMEM
with 1 g/L of glucose, A549 (human lung adenocarcinoma epithelial cells; ATCC® CCL-185™), MCF-7
(human breast carcinoma; ATCC® HTB-22™) and BJ (human skin fibroblasts derived from normal
foreskin; ATCC® CRL-2522™) cells in DMEM with 5 g/L of glucose, and UMUC3 (human bladder
transitional carcinoma; ATCC® CRL-1749™) in RPMI-1640 medium with L-Glutamine. All mediums
contained 10% (v/v) heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 ug/mL

streptomycin. Cells were maintained at 37 2C and 5% CO, in a humidifier incubator.

4.2.3. ASSESSMENT OF CELL VIABILITY

Cell viability/metabolic activity was determined by resazurin assay (O’Brien et al., 2000).
Resazurin (blue) is reduced into resorufin (pink) by metabolically active cells; therefore the
magnitude of dye reduction is correlated with the number of viable cells. Cells were plated in 48-well

plates for 12 h, the medium was carefully removed and cells were treated with serial concentrations
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of urolithins A, B and C (from 0.25 to 200 uM) and ellagic acid (from 0.5 to 75 uM) for 48 h. Similarly,
sequential concentrations of DMSO and NaOH, respectively, were used as controls. Resazurin
(50 uM) was added to the cells 1 h before fluorescence recording. Since BJ cells have a lower
metabolic activity the incubation with resazurin was performed during 4 h. Absorbance was read
using a standard spectrophotometer (SLT, Austria) at 570 nm, with a reference wavelength of 620
nm. Treated cells were compared with the respective controls and the I1Csy value was determined by

nonlinear regression, representing the concentration required to inhibit 50% of cell viability.

4.2.4. CELL CYCLE AND CELL DEATH ANALYSIS

UMUCS3 cells were plated in 12-well plates and analyzed after 24 and 48 h of treatment with
the urolithins A (23.92 uM), B (41.8 uM) and C (16.28 uM). In order to investigate cell cycle
distribution, cells were trypsinized, washed twice with phosphate-buffered saline (PBS) and fixed
overnight with ice-cold 70% aqueous ethanol. Cells were then incubated with Pl in RNase solution for
15 min at room temperature and analyzed by flow cytometry.

Apoptosis was evaluated using an annexin V-fluorescein FITC/PI double staining kit as
described by the supplier. Briefly, UMUC3 cells were harvested by trypsinization, washed with PBS,
incubated with annexin V and Pl and analysed by flow cytometry.

The results were obtained on a Becton Dickinson FACSCalibur cytometer using the Cellquest
software (BD Biosciences). Pl histogram modelling was performed in ModFit LT software (Verity
Software House). For accurate instrument setting, the flow cytometer was calibrated with

fluorescent standard microbeads (CaliBRITE Beads; BD Biosciences).

4.2.5. TRYPAN BLUE EXCLUSION ASSAY

After 48 h of each treatment, cells were trypsinized and suspended in cell culture medium. A
sample of this suspension was diluted with the same volume of trypan blue dye and cells were
immediately counted using a Neubauer’s hemocytometer. Control cells were incubated with the

same volume of DMSO available in urolithin-treated cells.

4.2.6. PREPARATION OF UMUC3 CELLS EXTRACTS

UMUC3 were cultured in 24-well plates for 12 h and further incubated with urolithins A, B
and C at different time points, accordingly to the proteins studied. Whole-cell lysates were obtained
with RIPA buffer (50 mM Tris-HCI, pH 8.0, 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate and 2 mM ethylenediaminetetraacetic acid)

supplemented with 1 mM dithiothreitol, protease and phosphatase inhibitor cocktails tablets. Cells
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were scraped and centrifuged at 12,000 rpm for 10 min at 4 °C to remove cell debris. The

supernatant was collected and stored at -80 2C until use.

4.2.7. WESTERN BLOT ANALYSIS

The protein concentration of cell lysates was determined by the bicinchoninic acid protein
assay. Samples were denatured in sample buffer (0.125 mM Tris pH 6.8, 2% (w/v) sodium dodecyl
sulphate, 100 mM dithiothreitol, 10% glycerol and bromophenol blue) and heated for 5 min at 95 eC.
Briefly, equal amounts of proteins were separated by 4-10% (v/v) SDS-PAGE and transferred to PVDF
membranes. The membranes were incubated, overnight at 4 2C, with the primary antibodies for
phosphorylated proteins Erk1/2, SAPK/JNK and p38 MAPKs and Akt (1:1000) and with anti-rabbit or
anti-mouse alkaline phosphatase-linked IgG secondary antibody for 1 h at room temperature. The
bands were visualized using the ECF substrate and the imaging system TyphoonTM FLA 9000 (GE
Healthcare). The bands densitometry was quantified using the Image Quant 6.0 software (Molecular
Dynamics, Amersham Biosciences). The membranes were reprobed for 8-tubulin antibody (1:20000)

to demonstrate that similar amounts of protein were loaded in gels.

4.2.8. STATISTICAL ANALYSIS

Data are expressed as mean + SEM. Statistical significance was determined using one-way
analysis of variance (ANOVA), followed by Dunnett’s post-hoc test. The statistical analysis was
performed using Prism 5.0 Software (GraphPad Software). Differences were considered significant

for p < 0.05.
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4.3. RESULTS AND DISCUSSION
4.3.1. EFFECT OF UROLITHINS AND ELLAGIC ACID ON CELL VIABILITY

In this study, we intended to identify the most potent antiproliferative ellagitannins’
metabolites, evaluate the sensitivity of several tumor cell lines to urolithins A, B and C, as well as to
investigate the selective effect of these urolithins in cancer cells. Resazurin reduction colorimetric
assay was used to assess the cell viability of urolithins and ellagic acid treated cells. Human tumor cell
lines (UMUC3, A549, HepG2 and MCF-7) and non-tumor cells (BJ) were treated with increasing
concentrations of those compounds for 48 h. For urolithins, data points of the dose-response curves
were fitted with a sigmoid function for the calculation of the ICsy values that were further used in
subsequent studies. Data showed that urolithins A, B and C reduced cell viability in a dose dependent
manner (Figure 4.2). Overall, and taking to account the curves and the ICs, values, urolithins A and C
were the most active samples presenting the lowest ICs, values for the tumor cell lines tested (Table
1). The effect of urolithins was also dependent on the cell type, being the UMUC3 and A549 the most
sensitive cell lines to treatment with the urolithins. Importantly, the highest ICs, values of urolithins
were observed in the non-tumor BJ cells and urolithin A showed about 5 times less toxicity on normal
fibroblasts than the other urolithins. All together these results suggest that urolithins, and
particularly urolithin A, exhibited a preferential cytotoxicity against human tumor cell lines.

Regarding ellagic acid treatment, it was not possible to determine the ICsy using a sigmoidal
curve fitting since no dose-response effects were observed within the range of tested drug
concentrations, in any of the cell lines. The upper concentration tested (75 uM) was superior to the
mean ICso values found for urolithins A and C in tumor cell lines and exerted marginal effects on the
viability of almost cells lines, suggesting that ellagic acid had no significant cytotoxic activity in these
cells.

From our knowledge this is the first report analyzing the effect of urolithins in A549, UMUC3
and BJ cell lines. Our results are in agreement with those obtained by Kallio et al. (2013) in HepG2
cells, demonstrating that urolithins A and B, but not ellagic acid, decreases liver cells viability, and
that urolithin A is more active than urolithin B. Moreover, our data show that urolithin C was the
most active molecule in HepG2 cells, since it presented the lowest ICsy value. Furthermore, among
the tumor cell lines tested, the MCF-7 cells were the most resistant to urolithins treatment. However,
the urolithins were still able to decrease MCF-7 cells viability and again, urolithin C, presented the
lowest ICsq. Accordingly, previous studies in MCF-7 cells indicated that, urolithins A and B are able to
bind estrogenic receptors exhibiting estrogenic and antiestrogenic activities (Larrosa et al., 2006a),
and to inhibit aromatase activity (Adams et al., 2010), events that may be critical for breast cancer

chemoprevention.
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Figure 4.2 - Dose-response effect of urolithins and ellagic acid on cell viability in different cell lines. Cells were treated
with different concentrations of urolithin A (A), urolithin B (B), urolithin C (C) and ellagic acid (D) for 48 h. Data-points
correspond to the mean + SEM of at least three independent assays. For urolithins, dose-response curves were fitted to a
sigmoidal function to calculate the mean IC5q values.

Table 4.1 - IC; values and confidence intervals (Cl) of urolithins A, B and C in different cell lines

Urolithin A (uM) Urolithin B (nuM) Urolithin C (uM)

IC,, 95% Cl IC,, 95% Cl IC,, 95% Cl

uMuc3 23.92 [19.64 - 29.14] 41.8 [37.74 - 46.29] 16.28 [12.55-21.11]

MCF-7 95.56 [69.62 - 131.2] 114.9 [101.0 - 130.6] 47.25 [36.99 - 60.35]

A549 17.81 [13.63-23.42] 74.83 [65.97 - 84.89] 30.09 [24.21 - 37.39]

HepG2 40.53 [30.73 - 53.46] 83.72 [67.87 - 103.3] 29.29 [22.98 - 37.32]

BJ 586 [215.8-1591] 117.8  [89.86-154.4] 1149  [63.51-208.0]
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Overall, we considered that the UMUC3 cell line was the most susceptible to these molecules
since the ICsy values for all the urolithins tested were lower than 50 uM (urolithin A - 23.92 uM;
urolithin B - 41.8 uM; urolithin C -16.28 uM). Based on these data, the UMUC3 cells were used in
subsequent experiments. Furthermore, since ellagic acid was the less active molecule and its IC5, was

not able to be calculated we did not perform additional experiments with this compound.

4.3.2. EFFECT OF UROLITHINS ON CELL CYCLE

Defects in cell cycle checkpoints are associated with an increase of genetic instability and
uncontrolled cell proliferation, which could lead to the development of the carcinogenic process.
Several bladder transitional carcinoma cell lines, including UMUC3 cells, have defective cell cycle
checkpoint functions (Doherty et al., 2003). Therefore, targeting cell cycle machinery would lead to
the inhibition of cell proliferation and induction of apoptotic cell death, thus presenting potential
value in identifying novel therapies to circumvent disease progression.

Hence, the effect of the urolithins on the cell cycle of UMUC3 cells was evaluated. Cells were
treated with urolithin A, B and C at the corresponding ICs, values for 24 or 48 h and analyzed for the
distribution of GO/G1, S and G2/M phases by flow cytometry. Urolithin A, at both time periods,
clearly decreased the number of cells at GO/G1 stage. However, its effect was more pronounced after
24 h since there was a reduction of 30.0% in the percentage of cells in GO/G1 as compared to control
cells, whereas after 48 h of incubation the percentage of cells in GO/G1 suffered a reduction of 21.6%
as compared to that observed in control. This decrease in the percentage of cells in GO/G1 was
accompanied by a significant rise of the percentage of cells in G2/M. In fact, in cells incubated for 24
h with urolithin A, the percentage of cells in G2/M increased 26.1% as compared to that in control
cells. However, in cells incubated with urolithin A for 48 h, the percentage of cells in the G2/M
increased 13.1% as compared to control. These results seem to indicate that urolithin A induces a cell
cycle arrest in G2/M which is more evident at 24 h of incubation (Figure 4.3). Accordingly, cell cycle
arrest at G2/M phase was also previously reported in colon and prostate cell lines treated with
urolithin A (Cho et al., 2015; Gonzalez-Sarrias et al., 2014; Kasimsetty et al., 2010; Vicinanza et al.,
2013). Several key proteins are involved in controlling G2/M checkpoint. A study performed by
Vicinanza et al. (2013) demonstrated that urolithin A changed cell cycle distribution, increased cdc 2
kinase phosphorylation at tyrosin-15 and induced an accumulation of cyclin B1, suggesting an
inactivation of the cyclin B1/cdc2 kinase complex that is a known regulator of the G2/M transition.

Our data also showed that urolithin C decreased the percentage of cells in the GO/G1 phase
although less pronounced than the decrease observed for urolithin A. In fact, after 24 h of incubation

with urolithin C the percentage of cells in GO/G1 decreased 10% as compared to control cells (Figure
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4.3-A). However, this reduction was not sustained after 48 h of incubation with urolithin C (Figure

4.3-B). Therefore, our data showed that unlike urolithin A, there was not a cell cycle arrest with

urolithin C.
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Figure 4.3 - Effects of urolithins on cell cycle progression in UMUC3 cells. Cells were incubated with urolithins A, B and C
for 24 (A) and 48 (B) h and then assayed for cell cycle analysis by flow cytometry with PI. Data are expressed as percentage
of Pl-positive cells and were given as the means + SEM of at least three independent experiments. * p<0.05, ** p<0.01,
***%p<0.001, ****p<0.0001 when compared to control.

130



In vitro antiproliferative activity of the ellagitannins metabolites, urolithins, on human tumor cell lines
—emphasis on UMUC3 bladder cancer cells

Regarding urolithin B, data showed that this urolithin also reduced the percentage of cells in
GO/G1 but was less effective than urolithin A, and its effect was more pronounced at 48 h of
incubation (decreased 18.1% as compared to control). In addition, our data pointed out that urolithin
B was the only urolithin that significantly increased the percentage of cells in the S phase (the
percentage of cells increased 18.7% as compared to that in control cells) (Figure 4.3-B). These results
are in agreement with those previously observed in colonic cell lines (Gonzéalez-Sarrias et al., 2014).
Overall, we observed that different urolithins elicit dissimilar cellular response, suggesting that each

urolithin triggers a specific signaling transduction profile.

4.3.3. APOPTOSIS/NECROSIS MODULATION BY UROLITHINS

Apoptosis induction is still considered a chemopreventive and chemotherapeutic strategy in
cancer. In order to identify the type of cell death, specifically apoptosis and/or necrosis, UMUC3 cells
were incubated with urolithins A, B or C, for 24 (Figure 4.4-A) and 48 h (Figure 4.4-B), and then
stained with annexin V-FITC/PI. Data showed a statistically significant increase in early apoptotic, late
apoptotic and necrotic cells after 48 h of UMUC3 treatment with urolithin A (Figure 4.4-B). In
contrast, urolithins B and C induce neither apoptosis nor necrosis (Figure 4.4). This selective profile
attributable to urolithin A was not observed in T24 cells, also derived from a transitional cell
carcinoma, in which both urolithin A and B induced apoptotic cell death (Qiu et al., 2013). These

differences are probably due to genetic and molecular differences between cell lines studied.

4.3.4. DETERMINATION OF UMUC3 CELLS VIABILITY AFTER UROLITHINS A, B AND C
INCUBATION THROUGH TRYPAN BLUE EXCLUSION ASSAY
As previously described, the resazurin assay was used to evaluate the ICs, values for cell
viability. The absence of significant effects on apoptotic/necrotic cell death and the magnitude of the
outcomes on cell cycle distribution triggered by urolithins B and C led us to apply another viability
test, the trypan blue exclusion assay that measures the integrity of plasmatic membrane (Strober,
2001). Therefore, cells were treated, for 48 h, with the urolithins’ concentrations corresponding to

IC5o values, as determined by the resazurin assay.
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Figure 4.4 - Detection of Apoptosis/Necrosis after urolithins treatment. Cells were incubated with urolithins A, B and C for
24 (A) and 48 h (B). Annexin V-FITC/PI labelling was detected by FACSCalibur flow cytometer. The populations of early
apoptotic cells (annexin V-positive/Pl negative), late apoptotic cells (annexin V positve/PI positive), necrotic cells (annexin V
negative/PI positive) and viable cells (annexin V negative/P| negative) were evaluated as a percentage of total cells and
were given as the means + SEM of at least three independent experiments. * p<0.05, ** p<0.01 when compared to control.

The results showed a slight statistically significant decrease of cell viability after incubation
with urolithins B (20%) and C (22%), while for urolithin A the results were consistent with those
obtained using the resazurin assay, with a decrease of 48% in cell viability (Figure 4.5). The resazurin
based assay has been broadly used as indicator of metabolically active mitochondria, but might
over/under estimate the number of viable cells. Considering these results, we may conclude that
cells treated with urolithins B and C are probably metabolic defective, which for the time periods
studied do not directly reflect the number of cells. Therefore, this study reinforces the concept that it
may be more suitable to apply more than one viability test, allowing the evaluation of different

parameters, to exclude false positive/negative results (Stoddart, 2011). Importantly, we may also
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conclude that urolithin A is the most active molecule inUMUC3 cells, strongly suggesting its

exploitation in in vivo models of transitional bladder cancer.
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Figure 4.5 - Trypan blue exclusion test of cell viability. Cells were incubated with urolithins A, B and C for 48 h and then
assayed for cell viability. Data are presented as mean + SEM of, at least, 3 independent experiments and are expressed as
percentage of control * p<0.05, ****p<0.0001 when compared to control.

4.3.5. EFFECT OF UROLITHINS ON THE INTRACELLULAR SIGNALING PATHWAYS

PI3K/AKT AND MAPKS

We also evaluated the effects of the urolithins on the activation status of PI3K/Akt and
MAPKs signaling pathways, which are implicated in cell survival and proliferation. This analysis was
performed by measuring the levels of phosphorylated kinases by western blot at different time-
points. The PI3K/Akt pathway promotes cellular survival by allowing defective cells to overcome cell
cycle checkpoints and suppress apoptosis (Chang et al., 2003). Indeed, the aberrant activation of this
pathway is characteristic of a wide range of cancers, including bladder cancer (Wu et al., 2004).
Accordingly, pharmacological inhibition of PI3K/Akt pathway has been referred to reduce the
invasive capacity of the UMUC3 cell line (Knowles et al., 2009). Based on these findings, we evaluated
the effect of urolithins A, B and C on Akt phosphorylation status in bladder cancer UMUC3 cells
(Figure 4.6-A-C). Our data showed that urolithin A decreased the levels of p-Akt at short times (Figure

4.6-A), suggesting the potential of urolithin A as chemopreventive/chemotherapeutic agent.
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Figure 4.6 - Effect of urolithins on PI3K/AKT and MAPKs signaling pathways. UMUC3 cells were incubated with urolithins
A, B and C for different time points. The levels of Akt, ERK1/2, SAPK/INK and p38 phosphorylated proteins were evaluated
by western blot. Representative immunoblots are presented in Supplementary Figure 4-l. Data are presented as mean *
SEM of, at least, 3 independent experiments and are expressed as percentage of control. *p<0.05, **p<0.01 when
compared to control.
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ERKs regulate several cellular processes such as proliferation, survival and prevention of
apoptosis, while JNKs and p38 MAPKs usually positively regulate apoptosis and cell differentiation
(Wada and Penninger, 2004). The majority of bladder cancers are highly dependent on ERK activation
(Knowles and Hurst, 2014). Interestingly, our results demonstrated that urolithin A decreased the
phosphorylation of ERK 1/2 (Figure 4.6-D) and SAPK/JNK (Figure 4.6-G) at short time periods of
incubation. We may therefore suggest that the antiproliferative effects of urolithin A could be
related to ERK 1/2 inhibition. However, the concomitant and intermittent decrease of SAPK/JNK
phosphorylation could negatively regulate apoptosis. In fact, the effect of urolithin A in apoptotic cell
death was only detected 48 h after cells treatment. Studies using specific MAPKs inhibitors should be
addressed to further disclose the mechanisms behind apoptosis activation evoked by urolithin A.
Furthermore, cells treated with urolithins B and C demonstrated sporadic differences, for instance
urolithin C decreases the expression of p-ERK 1/2 after 24 h of treatment (Figure 4.6-F), while
urolithin B increases the expression of p-ERK 1/2 at 6 h (Figure 4.6-E). Urolithin B also increases the
expression of p-p38 at different time points (Figure 4.6-K).

These results showed clear differences in the activity among the different urolithins tested,
highlighting the potential therapeutic value of urolithin A. These differences appear to be related
with the number/position of hydroxyl groups (Figure 4.1). Indeed, in comparison with urolithin B, the
presence of a hydroxyl group at position 8 in urolithin A determined an increase in biological activity.
Conversely, the additional hydroxyl group in urolithin C at position 9 seems to have an opposite
effect.

Even though urolithins A and B had been identified in human plasma and urine after
ingestion of food containing ellagitannins, the more abundant metabolites found in these samples
were their glucuronide conjugates (Truchado et al.,, 2012). Although in other cell lines the
glucuronidation led to a decrease in the biological activity of urolithins (Gonzalez-Sarrias et al., 2014)
it would be interesting to evaluate the antiproliferative effects of these metabolites in bladder cancer
cells. Furthermore, and since different ellagitannins’ metabolites are present in biological samples,

the effects of the combination of those molecules should also be addressed.
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4.4. CONCLUDING REMARKS

The increasing occurrence of human malignancies and the side effects of conventional
therapies highlight the importance to uncover alternative drugs. Bladder cancer is the most common
malignancy of the urinary system with higher incidence in men and more than 90% of all bladder
cancers are transitional cell carcinomas (Jemal et al.,, 2011). The treatment of metastatic bladder
cancer still remains one of the main challenges in urologic oncology (Nicholson et al., 2004). The
resistance of this carcinoma to a wide range of chemotherapeutic agents is the main reason for
treatment failure (Knievel et al., 2014), emphasizing the urgency of discovering new therapeutic
strategies. In the last years, the therapeutic potential of dietary ellagitannins has been investigated,
however, it has also been demonstrated that the bioavailability of ellagitannins is very low, in
contrast to their metabolites, the urolithins. This knowledge aroused the interest of the scientific
community for this group of compounds that have been proposed as responsible for the anticancer
activity and for the systemic health effects related to the intake of ellagitannins. Herein, we
evidenced that urolithins A, B and C have antiproliferative effects in several human cancer cell lines.
In particular, urolithin A induced cell cycle arrest, increased apoptosis and modulated the
intracellular pathways PI13K/Akt and MAPKs signaling in UMUC3 cells. Of utmost importance we have
also shown the selective effect of urolithins to tumor cells and established a structure-activity
relationship, which constitutes valuable information in the future design of urolithins derivatives.

Overall, this paper is a first step in proof-of-principal work that generated important insights
in the therapeutic value of urolithins, strongly supporting and encouraging further work on urolithins

as potential chemopreventive/chemotherapeutic drugs for transitional bladder cancer.
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In vitro antiproliferative effects of urolithins on human osteosarcoma cells

ABSTRACT

Osteosarcoma is the most common malignant primary bone tumor, with a higher incidence
in children and adolescents. Despite the therapeutic advances, the prognosis of patients with
metastatic disease is still poor. Therefore, the identification of novel anticancer molecules able to
improve patients’ outcome is of utmost importance.

Several studies have demonstrated that gut microbiota-derived ellagitannins' metabolites,
urolithins, have chemotherapeutic potential. Therefore, in this study we aimed to evaluate the
anticancer properties of urolithins A, B and C in the osteosarcoma cell line MNNG-HOS.

The evaluation of cell viability demonstrated that urolithins A and C were the most active,
having the lowest ICs, values. Urolithins A and C also promoted an arrest of cell cycle at G2/M and S
checkpoints, respectively. Furthermore, urolithin A slightly increased apoptotic and necrotic MNNG-
HOS cell death. Overall, among the compounds tested, urolithin B was the less active molecule.

This data obtained highlights the antiproliferative effects of urolithins on a human
osteosarcoma cell line and underlines the potential of wurolithins A and C as

chemopreventive/chemotherapeutic agents.
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5.1. INTRODUCTION

Osteosarcoma is the most common malignant primary bone tumor in humans with a higher
incidence in children and adolescents (Ottaviani and Jaffe, 2009). Current therapies include surgical
resection and chemotherapy (methotrexate, doxorubicin, cisplatin, and ifosfamide) (Luetke et al.,
2014), which have improved patient survival rates. However, approximately one third of patients
with localized disease will relapse (Link et al., 1986) and the prognosis of patients with metastasis or
recurrence is still poor (5-year survival is only about 20%) (Niswander and Kim, 2010). Therefore it is
of utmost importance to identify novel compounds that alone or in combination with conventional
chemotherapeutics could further improve patient outcome.

Polyphenols are a group of secondary metabolites of plants that have attracted widespread
attention as cancer chemopreventive and chemotherapeutic agents (Asensi et al., 2011). Among
them, ellagitannins (hydrolysable tannins) have shown potential as anticancer, antioxidant and anti-
inflammatory compounds in both in vitro an in vivo studies (Ascacio-Valdes et al., 2011). Ellagitannins
are frequently found in some fruits as pomegranates and berries and are characterized by the
presence of one or more hexahydroxydiphenoyl (HHDP) moieties on a glucopyranose core (Lipifiska
et al.,, 2014). It is now well established that dietary ellagitannins undergo substantial metabolism
after oral intake. They are first hydrolyzed in ellagic acid, which in turn is converted by colonic
microflora into urolithins, which are much better absorbed (Cerda et al., 2004; Espin et al., 2007).
Urolithins are dibenzopyran-6-one derivatives with different hydroxyl substitutions (Larrosa et al.,
2010b; Selma et al., 2014). Importantly, these metabolites, and not ellagitannins, were identified in
plasma samples (Gonzalez-Barrio et al., 2010; Larrosa et al., 2010b). Due to high concentrations of
urolithins in plasma and the long time remaining in the body, they have been proposed as
responsible for the biological activity and for the systemic health effects related to the intake of
ellagitannins. Accordingly, recent studies evidenced the antiproliferative role of ellagitannins’
metabolites (Kasimsetty et al., 2009; Qiu et al., 2013; Seeram et al., 2007; Vicinanza et al., 2013). We
previously demonstrated that urolithins C (tri-hydroxylated), A (di-hydroxylated) and B (mono-
hydroxylated) present antiproliferative activities in four human epithelial cancer cell lines and were
less active in non-tumoral human fibroblasts, thus highlighting the selective effect of urolithins to
tumor cells. In addition we observed that specifically urolithin A induced apoptosis in UMUC3 cell line
and changed cell cycle distribution, increasing cells at G2/M phases (Chapter 4).

Hence, we aim to evaluate the antiproliferative effect of urolithins A, B, C and ellagic acid in
the osteosarcoma cell line MNNG-HOS and further explore the cellular and molecular events behind

the antiproliferative activities of each compound.
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5.2. MATERIAL AND METHODS

5.2.1. CELL CULTURE

Human osteosarcoma cell line (MNNG/HOS - ATCC® CRL-1547™) was cultured in RPMI-1640
medium with L-glutamine (Sigma—Aldrich), containing 10% (v/v) heat-inactivated fetal bovine serum
(Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were maintained at 372C and 5% CO,

in a humidifier incubator.

5.2.2. CHEMICALS

Urolithins A (3,8-dyhydroxy-urolithin; 98.3% purity), B (3-hydroxy-urolithin; 99.4% purity) and
C (3,8,9-dyhydroxy-urolithin; 98.3% purity) (Dalton Pharma Services) were diluted in
dimethylsulfoxide (DMSQO) and stored at -20 2C. Ellagic acid (Sigma—Aldrich) was diluted in 1 M NaOH,

as described by the supplier.

5.2.3. ASSESSMENT OF CELL VIABILITY

Cell viability was firstly evaluated by resazurin assay (O’Brien et al., 2000). Metabolic active
cells reduce resazurin (blue) into resorufin (pink) and therefore the magnitude of dye reduction is
correlated with the number of viable cells. After plating in 48-well plates for 12 h, cells were treated
for 48 h with serial concentrations of urolithins A, B and C (0.25 - 200 uM) and ellagic acid (0.5 - 75
KUM). Resazurin (50 uM) (Sigma—Aldrich) was added to the cells 1 hour before recording fluorescence.
Absorbance was read using a standard spectrophotometer (SLT, Austria) at 570 nm, with a reference
wavelength of 620 nm. Treated cells were compared with the respective controls and the ICs, value,
representing the concentration required to inhibit 50% of cell viability, was calculated by nonlinear
regression.

The integrity of the cytoplasmic membrane was evaluated by trypan blue exclusion assay.
Briefly, after 48 h of incubation with the urolithins, MNNG-HOS cells were trypsinized and
resuspended in the cell culture medium. This suspension was diluted with equal volume of trypan
blue dye (Sigma—Aldrich) and cells were counted in a hemocytometer.

In both experiments, control cells were incubated with the same amount of DMSO or NaOH

of urolithins or ellagic acid-treated cells, respectively.
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5.2.4. CELL CYCLE AND CELL DEATH ANALYSIS

MNNG-HOS cells were plated in 12-well plates and treated with urolithins for 24 or 48 h. Cell
cycle and cell death were analyzed by flow cytometry as described previously (Chapter 4). The some

concentration of DMSO was used in control condition.

5.2.5. PREPARATION OF UMUC3 CELLS EXTRACTS AND WESTERN BLOT ANALYSIS

MNNG/HOS cells were treated with the A, B and C urolithins for different time-points (10, 15
and 30 min and 1, 2, 6 and 24 h). On each time point the same concentration of DMSO presented in
urolithin-treated cells was added to cultures. Whole cell lysates, protein concentration determination
and western blot analysis of phosphorylated proteins Erk1/2, SAPK/INK and Akt were performed as

previously described in Chapter 4.

5.2.6. STATISTICAL ANALYSIS

Data are expressed as mean + standard error of the mean (SEM). Statistical significance was
determined using one-way analysis of variance (ANOVA), followed by Dunnett’s post-hoc test. The
statistical analysis was performed using Prism 5.0 Software (GraphPad Software). Differences were

considered significant for p < 0.05.
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5.3. RESULTS

5.3.1. DOSE-DEPENDENT EFFECT OF UROLITHINS ON MNNG-HOS CELLS

We started to evaluate the effects of urolithins on osteosarcoma cell line MNNG-HOS
viability. Accordingly, cells were treated with different concentrations of urolithins A, B and C for 48 h
and cell viability was measured with resazurin reduction colorimetric assay. For determination of ICsy,
data points of the dose-response curves were fitted with a sigmoid function. All urolithins tested
reduced cell viability in a dose dependent manner (Figure 5.1-A). However, urolithin C, that
presented the lowest ICsq (16 uM), followed by urolithin A (28 uM) were much more active than
urolithin B (60 uM) (Figure 5.1-A). Regarding ellagic acid, none of the concentrations tested affected
cell viability (Figure 5.1-B). For that reason, it was not possible to determine the ellagic acid ICsq on

MNNG-HOS cells.
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Figure 5.1 - Effect of urolithins on MNNG-HOS cells viability. (A) Cells were treated with different concentrations of
urolithins A, B or C for 48 h. Data-points correspond to the mean + standard deviation of the mean (SEM) of at least three
independent assays. The ICs5y values were fitted to a sigmoidal function from the dose-response curves of urolithins
compounds; (B) Cells were treated with different concentrations of ellagic acid for 48 h. Data-points correspond to the
mean + SEM of at least three independent assays and are expressed as percentage of control; (C) Cells were incubated with
urolithins A, B and C for 48 h and then assayed for cell viability through trypan blue exclusion test; ** p<0.01, ***p<0.001
when compared to control.
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Previously, we observed that the results for cell viability after incubation with urolithins
varied among different assays (Chapter 4). Therefore, to validate these results we performed the
trypan blue exclusion test that evaluates the integrity of the cytoplasmic membrane, using the
concentrations of the 1C5, previously obtained. Similarly, urolithin A reduced cell viability to 54.5 +
5.7% of the control. However, urolithins B and C only decreased cell viability to 68.8 £ 7.3% and 69.6

+ 3.6% of the control, respectively (Figure 5.1-C).

5.3.2. UROLITHINS A AND C INDUCED CELL CYCLE ARREST OF MNNG-HOS CELLS

Analysis of cell cycle distribution were performed after 24 and 48 h (Figure 5.2-A and 5.2-B,
respectively) of MNNG-HOS cells incubation with urolithins A, B and C. Data showed that urolithin A
induces an accumulation of cells at G2/M checkpoint after 24 and 48 h of treatment (the percentage
of cells increased 9.5% and 8.6%, respectively, as compared to control cells). Similarly, and although
not statistically significant, the incubation with urolithin C during 48 h increased the percentage of
cells in G2 phase (the percentage of cells increased 8.6% as compared to control cells). Our data also
showed that urolithin C increased the percentage of cells in the S phase at both time-points tested
(increase of 10.9% and 12.44% after 24 and 48 h, respectively, as compared to control cells).

Urolithin B addition to MNNG/HOS cells did not alter cell cycle distribution.
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Figure 5.2 - Effect of Urolithins on MNNG-HOS cell cycle. Cells were incubated with urolithins A, B and C for 24 (A) and 48
(B) h. Data are expressed as percentages of Pl-positive cells and were given as the means + SEM of at least three
independent experiments. * p<0.05, ** p<0.01 when compared to control.
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5.3.3. UROLITHIN A INCREASES APOPTOTIC AND NECROTIC CELL DEATH

In order to evaluate the type of cell death evoked by urolithins in the MNNG-HOS cell line,
cells were further incubated with urolithins A, B or C for 48 h and then stained with annexin V-
FITC/PI. Data showed a slightly but statistically significant increase (2.5%, as compared to control) of
early apoptotic cells after 48 h of MNNG-HOS treatment with urolithin A. The other urolithins studied

induce neither apoptotic nor necrotic cell death (Figure 5.3).
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Figure 5.3 - Detection of Apoptosis/Necrosis induced by urolithins. MNNG-HOS cells were incubated with urolithins A, B
and C for 48 h. Annexin V-FITC/PI labelling was detected by FACSCalibur flow cytometer. The populations of early apoptotic
cells (annexin V-positive/Pl negative), late apoptotic cells (annexin V positve/Pl positive), necrotic cells (annexin V
negative/PI positive) and viable cells (annexin V negative/Pl negative) were evaluated as a percentage of total cells and
were given as the means + SEM of at least three independent experiments. * p<0.05, ** p<0.01, **** p<0.0001 when
compared to control.

5.3.4. EFFECT OF UROLITHINS ON PHOSPHORYLATION OF AKT AND MAPKS

Previous studies performed in other cancer cell lines have shown that urolithins modulate
PI13K/Akt and MAPK signalling pathways, which are implicated in cell survival and cell proliferation
processes. Hence, we evaluated by western blot the total levels of phosphorylated (activated) Akt,
ERK % and SAPK/INK. We found sporadic differences in kinases phosphorylation, but we could not
found a clear tendency in the modulation of these proteins (Figure 5.4). For instance, urolithin A

decreases p-Akt (63.5 + 4.9 % of the control) after 30 min of treatment (Figure 5.4-A) and urolithin C
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decreases the phosphorylation of ERK % (63.3 + 8.3 % of the control) after 24 h of cells treatment
(Figure 5.4-F). Urolithin B, in turn, increases phosphorylation of ERK at 30 min (146.1 £+ 7.6 % of the
control) (Figure 5.4-E) and increases p-SAPK/JNK after 10 min (129.6 + 6.0 % of the control) and 1 h
(133.8 £ 6.42 % of the control) (Figure 5.4-H) of cells incubation.
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Figure 5.4 - Effect of urolithins on PI3K/AKT and MAPKs signaling pathways. MNNG-HOS cells were incubated with
urolithins A, B and C for different time points. The levels of Akt, ERK1/2 and SAPK/INK phosphorylated proteins were
evaluated by western blot. Representative immunoblots are presented in Supplementary Figure 5.I. Data are presented as
mean + SEM of, at least, 3 independent experiments and are expressed as percentages of control. *p<0.05 when compared
to control

149



Chapter 5

5.4. DISCUSSION AND CONCLUSION

This study aimed to investigate the antiproliferative effect of ellagitannins’ metabolites,
urolithins and ellagic acid, on human osteosarcoma cells. We aimed to further evaluate their role in
the cellular and molecular mechanisms implicated in cell proliferation in order to unveil the most
promising molecule(s) to target this neoplasia.

Urolithins inhibited cell growth in a dose-dependent manner and the ICs, values achieved for
this cell line were at the same range of the values achieved for UMUC3 cells, as previously described
by our group (Chapter 4). In contrast, ellagic acid did not decrease cell viability. These results are
somewhat contradictory with others previously performed with this molecule. In fact, Han et al.
(2006) investigated the antiproliferative and pro-apoptotic activities of ellagic acid on human
osteogenic carcinoma (HOS) cell line. Indeed, they found that ellagic acid inhibited the growth and
induced HOS cells apoptosis, but the concentrations used were much more higher (more than 1000
times) than the concentrations used in this study.

In order to confirm the ICs, values, we also evaluated cell viability through the trypan blue
exclusion assay. Consistent with our previous results (Chapter 4), the decrease of MNNG-HOS cell
viability triggered by urolithins B and C did not reach the value of 50%, indicating a failure in cell
metabolism that is not correlated with a complete membrane integrity loss. The results of annexinV-
FITC/PI for the evaluation of cell death demonstrated that urolithin A promoted a slighter but
significant increase of early apoptotic cells and even a smaller increase in necrotic cells. The lower
magnitude of these effects and the lack of differences achieved for urolithins B and C suggest that
the effect on cell viability/cell number relies on an inhibition of cell proliferation rather than cell
death.

We previously showed in bladder cancer cells that urolithin A induced cell cycle arrest at
G2/M phases (Chapter 4). In this study we observed the same pattern after 24 hours of cells
treatment and, although not statistical significant, this effect was sustained until 48 hours. These
results corroborate the studies of Gonzalez-Sarrias et al. (2014) and Cho et al. (2015) that also
verified an increase in cells arrested at G2/M in several colonic cancer cell lines. Therefore, these
evidences suggest that the effect of urolithin A is not cell type dependent. Regarding urolithin C, we
demonstrated, for the first time, that this compound increases the percentage of cells in S phase in
osteosarcoma cells.

Lastly, we evaluated the effect of urolithins on cellular signaling pathways implicated in cell
survival and proliferation. However, the sporadic differences in the levels of phosphorylated Akt and
MAPKs did not allow to establish a relation between the activation/deactivation of kinases and

cellular proliferation.
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The increasing interest in urolithins in oncologic research is supported by their high
bioavailability compared to ellagitannins and ellagic acid (Cerda et al., 2004; Larrosa et al.,
2010b)(Bialonska et al., 2010; Gonzalez-Barrio et al., 2010), and their effects on crucial mechanisms
associated to the control of cell proliferation and cell death (Qiu et al., 2013; Seeram et al., 2007;
Vicinanza et al., 2013). In the present study, the most noticeable effect was related to cell cycle
control. Urolithins A and C were able to induce cell cycle arrest in different phases, thus acting in
different cell cycle checkpoints, and urolithin B was, once more, the less active molecule.
Importantly, these results also highlight the significance of the hydroxyl groups in urolithins’ activity,
which constitutes valuable information in the design of urolithin-based molecules presenting potent
bioactivity.

Further research will be needed to address the questions raised in this work, specifically
regarding the effect of urolithins on cell cycle. However, overall, our findings suggest that the
urolithins, especially urolithin A and C, may be potential chemopreventive/chemotherapeutic agents

for osteosarcoma cells.
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Supplementary Figure 5.1 - Representative immunoblots of the data from Figure 5.4.
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GENERAL DISCUSSION

Fragaria vesca is a wild growing plant that has long been used in ethnomedicine but whose
benefits are not scientifically validated. Therefore, the first part of this work (Chapter 2) aimed to
evaluate the biological effects of the leaf that, in traditional medicine, has been considered the most
valued part of the plant. Given the wide applications of Fragaria vesca leaves found in
ethnobotanical surveys, it was difficult to found a defined therapeutic purpose for their use.
Nevertheless, as the pathophysiology of many of the described pathologies shared a strong
inflammatory component we started to evaluate the anti-inflammatory properties of a
hydroalcoholic extract from Fragaria vesca leaves, and we verified that the extract was able to
decrease nitric oxide (NO) levels, one of the most important inflammatory mediators.

The evaluation of different pro-inflammatory mediators and the use of a NO-donor, led us to
hypothesize that the NO reduction was probably due to a direct scavenging effect, rather than a
consequence of the inhibition of inflammatory signaling pathways/mediators. It is well described that
NO scavenging may have a protective role in the cells, because excessive amounts of NO can react
with superoxide radical (02¢-) and form peroxynitrite (ONOO-) that could lead to cell damage (Radi,
2013). Although not being the main goal of this work, the NO scavenging potential emphasizes the
antioxidant properties already described for the leaves of the plants from the genus Fragaria
(Raudoniateé et al., 2011; Wang and Lin, 2000). A previous study performed by our group also showed
that the antioxidant capacity of the extract was related with its polyphenol content (Batista and
Amaral, 2000). Here, we detailed the polyphenolic composition of the extract, being ellagitannins,
proanthocyanidins, and quercetin and kaempferol glucuronide derivatives identified as the main
compounds. Despite some differences in the extract preparation, these results are in accordance
with a recent study that identifies the same polyphenolic classes in the leaves of wild growing and
commercial samples of Fragaria vesca (Dias et al., 2015a); however, in the different preparations
studied in that work the main compound present in our hydroalcoholic extract and ellagitannin-
enriched fraction (EEF), the sanguiin H-6/agrimoniin/lambertianin A isomer, was not identified. In
fact, we cannot assure that in our work this main peak comprises only one compound or if different
isomers are co-eluted, since these molecules have similar fragmentation patterns and UV spectra,
and are frequently found together in some plants (Gasperotti et al., 2013; Simirgiotis and Schmeda-
Hirschmann, 2010; Vrhovsek et al., 2012).

In another set of experiences, we observed an accumulation of the anti-inflammatory

mediator inhibitory kBa (IkBa), a protein degraded in the proteasome (Skaug et al., 2009), after cells
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treatment with the hydroalcoholic extract. Thus, this data lead us to evaluate the effect of the
extract in the ubiquitin-proteasome system UPS and autophagy, and we observed that the extract
decreased proteasomal degradation and modulated autophagy. In fact, the modulation of the
clearance mechanisms of the cell were the starting point for the work developed in Chapter 3; and
because these mechanisms are currently considered promising molecular targets in cancer therapy,
the cellular in vitro model was adjusted and other cellular and molecular events were considered.
Furthermore, in order to investigate which compounds present in the extract were the responsible
for the bioactivities previously observed a bioguided fractionation of Fragaria vesca leaves extract
was performed and the fraction containing the ellagitannins (EEF), one of the most representative
classes in the total extract, was selected.

Using human hepatocellular carcinoma cells (HepG2), in Chapter 3 we demonstrated that EEF
induced cell cycle arrest at G2/M checkpoint, decreased cell proliferation and inhibited both
autophagic and proteasomal degradation. Several studies have addressed the anticancer properties
of ellagitannins but this was the first report demonstrating that ellagitannins could inhibit the
proteolytic mechanisms of the cell. Furthermore, through a proteomic approach, proteins and
pathways modulated by EEF were identified. Those proteins and processes should be deeply
investigated in the future, namely the metabolic pathways of the cell, using this fraction or the
ellagitannins identified in this study.

Regarding the proteolytic mechanisms, both total extract and EEF inhibited the
chymotrypsin-like activity of the proteasome and induced the accumulation of ubiquitinated
proteins, suggesting that ellagitannins are responsible for those effects. Concerning autophagy, in
the first work (Chapter 2) we only investigated the effect of the extract on the conversion of
microtubule-associated protein light chain 3 (LC3)-I to LC3-Il proteins, which only allowed us to
conclude that this sample modulated autophagy. Although, in Chapter 3, the concomitant use of the
EEF and the pharmacological inhibitor of autophagy, chloroquine, suggests that the increase of LC3-ll
is not due to an increase of autophagy but to a blockage of autophagic flux. Therefore, giving the
similar results on LC3 expression in both works, we may hypothesize that probably the crude extract
of Fragaria vesca leaves also decreased autophagy, but clearly, this supposition must be confirmed.
In a first approach and to complement these results, p62 protein expression was evaluated. The p62
protein, also called sequestosome 1, is used to monitor autophagic activity and it was shown to be
increased after autophagy inhibition. However, it is also well known that p62 participates in
proteasomal degradation and its protein levels may also be increased after proteasome inhibition
(Bardag-Gorce et al., 2005; Klionsky et al., 2012). For that reason p62 is not a good autophagic

marker for this work and for that reason it was excluded from this study.
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Overall, all these findings raise several questions about the molecular and cellular
mechanisms underlining the modulated processes that should be further clarified. The isolation and
purification of the ellagitannins is presumably an advantage to study the anticancer properties of
Fragaria vesca leaves. However, we cannot discard the possibility that different compounds of EEF or
even of the extract, may act in synergy or in antagonism to modulate their overall activity.

Despite the notable ellagitannins’ bioactivity in vitro, their activity in vivo is limited, which is
due to their low lipophilicity, their large molecular weight and, if taken orally, their biodegradation
into ellagic acid and urolithins. Hence, in order to increase the bioavailability, different
pharmaceutical formulations containing ellagitannins or herbal extracts have been proposed
(Ajazuddin and Saraf, 2010; Li et al., 2011). For instance, a standardized pomegranate extract (30%
punicalagins) was complexed with phospholipid to formulate standardized pomegranate extract-
phospholipid complex with an entrapment efficiency of 99.7% w/w of punicalagins. Furthermore,
using the everted gut sac technique the investigators observed that the permeability across the
intestinal membrane of the pomegranate extract increased almost two times after the complexation
(Vora et al., 2015). Moreover, in a functional food and/or nutraceutical perspective, an extract of the
vegetative parts of Fragaria vesca (leaves and stems) was encapsulated in alginate microspheres with
encapsulation efficiency close to 95%, and incorporated in k-carrageenan gelatin. This technique
could protect and stabilize the molecules of the extract in the gastrointestinal tract (Dias et al.,
2015a); however, it still did not allow the ellagitannins to overcome the intestinal barrier. The drug
delivery and targeting for plant actives and extracts is an area of increasing interest (Ting et al.,
2014). However, concerning ellagitannins, there is still much to explore and, as far as we know, in
vivo studies have not yet been carried out for drug delivery with these bioactive molecules.

It has been shown that dietary ellagitannins are degraded in the upper gastrointestinal tract
into ellagic acid. Thereafter, the also poorly absorbed ellagic acid (Seeram et al., 2004; Whitley et al.,
2006) is metabolized by gut microbiota into urolithins (Cerda et al., 2004; Espin et al., 2007).
Considering the very low bioavailability of ellagitannins and ellagic acid, urolithins have been
proposed to be the main responsible for the systemic health effects associated to the ingestion of
ellagitannin-containing foods (Cerda et al., 2004; Gonzalez-Barrio et al., 2010; Larrosa et al., 2010b).

In the last few years there has been a growing interest in urolithins bioactivities. As outlined
in Chapter 1, current research mostly supported by in vitro studies, has shown preliminary evidence
for the anti-inflammatory, anticancer, antioxidant and antimicrobial activities of urolithins. However,
mechanistic studies are still required to clarify the health effects of these metabolites. In line with
the antiproliferative effects of EEF fraction in Chapter 3 and since urolithins have been pointed out as
potential chemopreventive/chemotherapeutic agents (Cho et al., 2015; Sanchez-Gonzalez et al.,

2014), in Chapters 4 and 5 we investigated the antiproliferative effects of the urolithins most
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produced in humans, urolithins A (dihydroxylated) and B (monohydroxylated), their trihydroxylated
precursor, urolithin C, and ellagic acid in a panel of human cell lines representing different types of
cancers.

Hence, the determination of ICsy for cell viability showed that human bladder transitional
carcinoma UMUC3 (Chapter 4) and human osteosarcoma MNNG-HOS cell lines (Chapter 5) were the
most sensitive to urolithins treatment, while these compounds were less toxic for non-tumoral
human fibroblasts, thus highlighting the selective effect of urolithins in tumor cells. Another
important point observed in both chapters, is that ellagic acid, an in vivo precursor of urolithins that
is easily obtained by ellagitannins hydrolysis, is much less active than urolithins. In fact, the higher
concentration tested (75 uM) was not enough to decrease cell viability in 50%, which did not allow to
determinate the ICs, for ellagic acid. Actually, these data are in contrast to other reports evidencing
the anticarcinogenic effects of ellagic acid, for instance by inhibiting tumor cell proliferation (Zhang
et al., 2014); however, those studies used higher concentrations of ellagic acid or different tumor
cells, pointing out some specificity of this molecule over distinct types of cells. On the other hand,
our results are in agreement with other studies demonstrating that urolithin A and C (Gonzalez-
Sarrias et al., 2014; Larrosa et al., 2006a), but mostly urolithin A, are the most active antiproliferative
molecules. Besides the effects on cell proliferation, urolithin A also disturbed cell cycle, induced
apoptotic cell death and modulated the intracellular signaling pathway phosphatidylinositol 3-kinase
(P13K)/Akt, in both UMUC3 and MNNG-HOS cell lines, suggesting that the effect of urolithin A is not
cell type dependent. Importantly, these results also highlight the significance of the hydroxyl groups
in the urolithins activity, which constitutes valuable information in the rational design of urolithin-
based molecules presenting potent bioactivity.

Several other questions remain to be addressed, namely the effect of phase-Il metabolism of
urolithins on the observed effects. In fact, urolithins are mainly reported in the plasma and
peripheral tissues as glucuronides (Cerda et al., 2004). Urolithins undergo glucuronidation and
sulfation that typically make them significantly more hydrophilic molecules, which is required for
their removal from the body. Since this biotransformation typically changes the bioactivities in
comparison with the aglycone (Gonzalez-Sarrias et al., 2014), in vitro studies with specific cell models
and urolithins conjugates (glucuronides or sulfates) are needed to unravel the real anticancer
potential of these molecules.

Furthermore, in this study we used concentrations close to or in the range of the plasma
concentrations achievable in vivo (mainly as glucuronides), considering putative ellagitannin oral
intake. Therefore, to extend our knowledge on ellagitannins health benefits and since different
ellagitannins metabolites are present in biological samples, future studies should also investigate the

effects of the combination of those molecules.
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Summing up the results, Fragaria vesca leaf is a source of molecules with therapeutic
potential and with a remarkably effect on autophagy and proteasome. Furthermore, EEF markedly
inhibited these proteolytic systems and modulated several cellular and molecular targets implicated
in carcinogenesis, being these effects most probably attributed to ellagitannins. Moreover, this work
generated important insights in the therapeutic value of ellagitannins’ metabolites, the urolithins,
strongly supporting and encouraging further work on ellagitannins and urolithins in order to unveil

their potential as chemopreventive/chemotherapeutic drugs.
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MAIN CONCLUSIONS

The results presented in this thesis allowed to elaborate the following main conclusions (Figure 7.1):

- The hydroalcoholic extract prepared from Fragariavesca leaves contained
proanthocyanidins, flavonols, and ellagic acid and its derivatives, and the major compound of
the extract was identified as an isomeric form of the ellagitannin sanguiin H-6/agrimoniin.
The hydroalcoholic extract decreased NO levels produced by macrophages treated with LPS,
which was possibly due to a direct scavenging effect. Furthermore, Fragaria vesca extract
inhibited the chymotrypsin-like activity of the proteasome leading to an accumulation of

ubiquitinated proteins, and modulated autophagy.

- EEF was obtained from the hydroalcoholic crude extract of Fragaria vesca leaves and 12
ellagitannins were detected. Sanguiin H-6/agrimoniin isomer, main component of the crude
extract, was also the major compound of this fraction. Moreover, in HepG2 cells EEF
decreased cell proliferation, promoted cell cycle arrest at G2/M and induced cell death
mainly through necrosis. EEF also promoted the accumulation of ubiquitinated proteins,
inhibited chymotrypsin-like activity of 26S proteasome and decreased the expression of
several proteasome subunits, indicating an impairment of UPS degradation. Along with the
inhibition of proteasome, EEF inhibited autophagy through the blockage of autophagic flux.
Furthermore, after treating the cells with EEF, 133 differentially expressed proteins were
identified. In addition, the proteomic analysis allowed the identification of several functional

clusters, primarily affecting metabolic processes.

- The main metabolites of ellagitannins, urolithins A, B and C, decreased cell viability in a dose-
dependent way, in several human cancer cell lines and, in comparison with ellagic acid, their
precursor, urolithins were much more active. Furthermore, clear differences among the
compounds tested were shown, and, overall, urolithin A was the most promising molecule. In
UMUCS3 cells, urolithin A induced cell cycle arrest, increased apoptosis and modulated the
intracellular pathways PI3K/Akt and MAPKs signaling. In MNNG-HOS cells, although not so
pronounced, the effects of urolithin A on cell death and cell cycle were similar, indicating
that those effects are not cell type-specific. Furthermore, urolithin B was, in both cell lines,

the less active molecule. Therefore, these results highlight the significance of the
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number/position of hydroxyl groups for urolithins’ activity, which constitutes valuable

information in the design of urolithin-based molecules presenting potent bioactivity.
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