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Abstract

Proanthocyanidins and their monomeric subunits flavan-3-ols belong to the polyphenol
group of flavonoids. They have been proposed to exert health promoting effects against
cancer, Type 2 diabetes and coronary disease among other conditions. These health
promoting effects are believed to be related to the modulation of gastric transit, the
inhibition of digestive enzymes, the modulation of the gut microbiota and the direct
health promoting effects upon absorption, but the mechanisms remain unknown. This
thesis focuses on the properties of modulation of gut microbiota as well as the inhibition
of digestive enzymes. The proanthocyanidin extracts from pea seed coats were
analyzed using UPCL-ESI-MS prior to their separation using High Speed Counter
Current Chromatography (HSCCC), a technique with several advantages over other
chromatographic methods. No flavan-3-ols or proanthocyanidins were identified in these
extracts, hypothesizing that these molecules underwent oxidation and are now highly
polymerized. Commercial grape seed extract was selected as the raw material for the
separation of proanthocyanidins by their degree of polymerization. It was possible to
isolate 3 fractions: Fraction | with trimeric proanthocyanidins, Fraction Il with trimeric
and dimeric proanthocyanidins and Fraction Ill with dimeric proanthocyanidins as well
as a polymeric proanthocyanidin fraction; flavan-3-ols were commercially available. The
antimicrobial effect of flavan-3-ols increased with the number of hydroxyl groups in the
molecule, specifically by OH groups and gallate moieties located on the B ring of the
monomer. The antimicrobial effect of oligomeric proanthocyanidins from grape seed
extract does not increase with the length of the oligomer. The enzyme inhibition

properties of flavan-3-ols is increased with the number of hydroxyl groups present in the



monomer, but there was no evidence that this trait increased with the length of the
oligomer in the case of grape seed proanthocyanidins. Gut microbiota modulation and
enzyme inhibition properties of flavan-3-ols and proanthocyanidins cannot entirely
explain the health promoting effects exerted by these compounds. Therefore, further
research needs to be done in the modulation of the gastric transit by flavan-3-ols and
oligomeric proanthocyanidins as well as their direct effects upon absorption; the
determination of the antimicrobial effect of flavan-3-ol metabolites will be useful for a
more thoroughly understanding of the modulation of gut microbiota by flavan-3-ols and

proanthocyanidins.
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1. Introduction

1.1 Dietary polyphenols

Polyphenols are abundant and widely distributed secondary plant metabolites
(Harborne, 2013). They are associated in the defense against ultraviolet radiation and
microbial attack (Beckman, 2000). More than 8,000 polyphenols have been identified in
plants (Pandey and Rizvi, 2009), ranging from very simple molecules such as phenolic
acids, to molecules with high degree of polymerization, some polymers with molecular
weights up to 30,000 Da (Bravo, 1998). They usually occur in conjugated form with
sugars residues (monosaccharides or polysaccharides), glucose being the most
common sugar residue; galactose, rhamnose, xylose, arabinose, glucoronic and
galacturonic acids are also found (Bravo, 1998). It is common for polyphenols to
associate with other compounds such as organic and carboxylic acids, amines and

lipids, as well as other phenols (Kondratyuk and Pezzuto, 2004).

Polyphenols are classified into different groups depending on their basic chemical
structure: The number of phenolic rings in the molecule and the structural elements that
bind the rings together (Harborne, 2013). The main classes are phenolic acids,
flavonoids, stilbenes and lignans (Spencer et al., 2008); flavonoids being the widest
studied class (Bravo, 1998; Pandey and Rizvi, 2009). Phenolic compounds exhibit a
very interesting array of biochemical and physiological effects, acting as antioxidants
and radical scavengers as well as metal chelators (Morel et al.,, 1993). There are
several studies on the antioxidant properties of polyphenols, although the results in vivo

are not conclusive (Middleton, Kandaswami and Theoharides, 2000).

As the antioxidant and radical scavenging effects of polyphenols does not explain the
health promoting effects such as glucose homeostasis (Ding et al.,, 2013) and
prevention of cardiovascular disease (Rasmussen et al., 2005) attributed to these
compounds, looking more closely on other aspects is encouraged. The health
promoting effects exerted by polyphenols are possibly linked to the modulation of the
intestinal transit by the bitter taste receptors in the gut, the inhibition of digestive

enzymes in the stomach, small and large intestines, the modulation of the gut



microbiota and the direct health promoting effects upon absorption in digestive tract,

mainly stomach, small and large intestines.

This thesis will emphasize on flavan-3-ols and oligomeric proanthocyanidins, as they
are ubiquitous to almost all plants (Middleton et al., 2000). The experiments described
in this thesis aimed to explain how the structure of oligomeric proanthocyanidins and
their subunits are related to the antimicrobial effects exerted against an array of food
and intestinal bacteria, as well as the digestive enzyme inhibition properties of these

molecules.

1.2 Flavonoids

Proanthocyanidins are composed of flavon-3-ols; these molecules belong to the group
of flavonoids. They are also known as condensed tannins as they can denature or ‘tan’
proteins. Flavonoids are synthesized from phenylalanine and tyrosine (Havsteen, 2002;
Pietta, 2000). More than four thousand molecules have been identified (lwashina,
2000), many of them responsible for the appealing colors of flowers, fruits and leaves
(Groot and Rauen, 1998). As plants are not able to move, they use flavonoids as one of
several mechanisms to stay fit and survive (Treutter, 2006); they function as plant
defense against herbivore and microbial attack (Dixon et al., 2005) and inhibit viral

enzymes (Havsteen, 2002).

Flavonoids also help the plants to deal with environmental stress, as they were found to
help them survive in soils with high concentration of toxic metals such as aluminum
(Barcelo and Poschenrieder, 2002), photo protection against ultra-violet radiation has
also been reported (Ryan et al., 2002). They have a basic skeleton consisting of two
aromatic rings (Ring A and B) and a pyran ring (Ring C). The differences between the
flavonoid family compounds lie on the saturation of heteroatomic ring (Ring C), the
hydroxylation pattern, the attachment of ring B at carbon-2 or carbon-3 position of the
pyran ring, and the molecules conjugated to the aromatic ring (Grotewold,
2005). Based on these differences, flavonoids can be divided in flavonols, flavanones,

flavanols, flavones, anthocyanins and isoflavones (Pandey and Rizvi, 2009).



Basic flavonoid structure
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Figure 1. Basic flavonoid structure and flavonoid subclasses (modified from Pandey
and Rizvi, 2009).

1.3 Proanthocyanidins

Proanthocyanidins are oligomeric and polymeric end products of the flavonoid
biosynthetic pathway (Dixon et al., 2005). These compounds are responsible for the

aspects of flavor and astringency of beverages such as wine, teas and fruit juices



(Porter, 1989). Another group of tannins, known as hydrolysable tannins, is composed

by esters of phenolic acids and a polyol, for example gallic acid in gallotannins plus

glucose; but proanthocyanidins are far more common in the human diet (Clifford and

Scalbert, 2000).

These polymeric flavonoids are composed by monomer units known as flavan-3-ols;

being (+)-catechin (2,3-frans stereoisomer) and (-)-epicatechin (2,3-cis stereoisomer)

the most abundant ones in plant materials (Dixon et al., 2005).
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Figure 2. Chemical structure of some common flavan-3-ols (modified from Aron and

Kennedy, 2007). The structure of an oligomeric proanthocyanidin is shown in Figure

Accordingly, proanthocyanidins vary in terms of their degree of polymerization, the

presence or absence of modifications to the 3-hydroxyl group, such as esterification,

and the stereochemistry and hydroxylation patterns of the flavan-3-ol units (Foo and

Porter, 1980).



Flavanol units can be linked to acyl moieties. Gallic acid is the most common
substituent forming an ester in the C3 position hydroxyl group (Santos-Buelga and
Scalbert, 2000) as in tea (Nonaka et al., 1983) and wine (Prieur et al., 1994). Glycosyl
substituents can also link flavanols, the hydroxyl group at C3 position is where the sugar
generally attaches (Kashiwada et al., 1986) or less commonly, it attaches to the C5

position (Gujer et al., 1986).

These monomers link successively to each other by C4 of the ‘upper’ unit to C8 position
of the ‘starter’ or ‘lower’ unit. Less frequently, C4 from the ‘upper unit’ links to C6 of the
‘lower’ unit, forming B-type proanthocyanidins (Porter, 1989); interflavanoid bonds (C-O)
occur, formed by an oxidative coupling and these molecules are known as A-type
proanthocyanidins (Kohler et al., 2008). Type B proanthocyanidins are mostly present in
fruits, followed by legumes and cereals and also in their derived products (wine, beer,
cider, etc.); type A proanthocyanidins are mostly found in cranberry, cinnamon and
avocado (Monagas et al., 2010; Wang et al., 2010; Foo et al., 2000).

Proanthocyanidins are susceptible to oxidation, light and moisture and they are not
thermostable. From the plant extraction step to their identification, methods must be
carefully chosen to avoid degradation. Some measures such as keeping the plant
sample frozen or lyophilized are recommended to avoid enzymatic activity as well as
filling the container with nitrogen to avoid or reduce oxidation during storage (Yang,
2014).

Recently, proanthocyanidins have been widely studied due to suggested biological
activities such as high antioxidant properties (Amarowicz et al., 2000; Dixon et al., 2005)
and several interesting health promoting effects (Scalbert et al., 2000). Although
proanthocyanidins are believed to be beneficial, they are also linked to anti-nutritive
effects, as they bind dietary proteins and fibre as well as minerals, delaying their
digestion and absorption (McSweeney et al., 2001). Proanthocyanidins can also
interfere with digestion by complexing digestive enzymes and endogenous protein
(Butler, 1992). The mechanisms by which proanthocyanidins exert beneficial and

adverse health effects are discussed in the next paragraphs.



1.4 Bitter Taste and Modulation of Kinetics of Digestion

Molecular sensing of luminal contents in the intestinal tract is crucial as it is involved in
several functions as secretory activity of gastrointestinal glands, blood supply,
absorptive activity and motility; it also turns on hormonal/neural pathways that modulate
biological responses like caloric intake and pancreatic insulin secretion (Rozengurt,
2006).

The gustatory system has evolved to detect bitter taste as likely harmful; this as a
warning against the ingestion of toxic substances like plant alkaloids among other

environmental toxins (Scott, 2005).

In the oral cavity, type Il taste receptor cells (TRC) is where bitter taste receptors are
expressed; these cells located into taste buds on the tongue (Avau and Depoortere,
2016); taste receptors contain several proteins like ion channels, ligand-gated channels,
transporters and G protein-coupled receptors (Sternini, 2007). In the case of human
genome, it encodes 25 different type 2 receptors that can be characterized in 3 different
groups: specialists, promiscuous and intermediate in terms of their selectivity (Meyerhof
et al., 2010). These Tas2R are a subgroup of the guanine nucleotide-binding regulatory
protein (G-protein) (Lindemann, 1996; Chen et al., 2006), which contain seven

transmembrane a-helices (Ji, Grossman and Ji, 1998).

Bitter taste stimuli activate the G-protein coupled receptors (GPCR) which results in the
synthesis of secondary messenger molecules, such as cyclic adenosine
monophosphate (cAMP) and inositol trisphosphate (IP3), leading to the release of

intracellular Ca?* (Herness and Gilbertson, 1999).

Bitter taste receptors have been found in several extra-oral tissues including the gut,
heart, thyroid and brain (Avau and Depoortere, 2016). This intriguing finding suggests
that bitter taste receptors have additional functions besides identifying poisonous food
(Avau et al., 2015; Shaik et al., 2016).

Gut endocrine cells, which resemble the cells in the tongue by having ‘microvilli like’
protrusions (Hofer et al., 1996) have been found to possess taste receptors on their

surface. These receptors are responsible for the sensing of nutrients, as well as gut



microbial metabolites (Breer et al., 2012). These cells are known as ‘solitary
chemosensory cells’ (Avau and Depoortere, 2016), ‘microvillar cells’ (Kusumakshi et al.,
2015), ‘brush cells’ (Krasteva et al., 2012) or ‘neuroendocrine cells’ (Merigo et al., 2005)
depending on their properties and their morphology. More research and discussion are
needed to unify a name for this kind of cells which can be either different subtypes

(based on functional properties or location in the body) or a unique cell type.

Bitter taste receptors are also responsible for regulating the release of gastrointestinal
peptides and subsequently modulate ingestive behaviour (Depoortere, 2015). Some of
these peptides are glucagon-like peptide-1 (GLP-1), neuropeptide Y, cholecystokinin
(CCK), vasoactive intestinal peptide and ghrelin (Dotson, Geraedts and Munger, 2013).

Tas2Rs are believed to be involved in a ‘negative feedback loop’ as the intra-gastric
administration of denatonium benzoate, a potent bitter molecule, to healthy patients
caused a delay of gastric emptying resulting in an increased satiation feeling, and a
decrease in nutrient volume tolerance (Janssen et al., 2011, Avau et al., 2015). The
conclusion of these studies was that ingestion of bitter compounds result in decreased
food intake (Avau et al., 2015).

Bitter tastants were responsible for changes in the contractility of the intestinal muscle
fibres and the delay of gastric emptying in mice gut. In conclusion: bitter taste receptors
in the gut slow the rate at what bitter and possibly harmful substances are ingested,
providing the body with more time to metabolize these compounds before they go into

to the systemic circulation (Glendinning et al., 2008).

As bitter taste receptors modulate the kinetics of digestion, they will influence the

availability of other nutrients as well.

1.5 Protein binding and enzyme inhibition by proanthocyanidins

The sensation of astringency generated by proanthocyanidins in the mouth is due to the
formation of nonspecific complexes with salivary proteins (Rinaldi et al., 2014; Baxter et
al., 1997). Proanthocyanidins bind dietary proteins and digestive enzymes, resulting in
the decreased absorption of nutrients (Barrett et al., 2013). This binding property is

possible due to the abundant hydroxyl groups in proanthocyanidins (Scalbert et al.,



2000) that bind the amino groups in peptides or other molecules (Siebert, Troukhanova
and Lynn, 1996). For hydrolysable tannins as well as condensed tannins, larger
polymers with more co-ordinated hydroxyl groups bind proteins more efficiently than

smaller molecules (Baxter et al., 1997).

The slower digestion of nutrients due to the inhibition of digestive enzymes is not always
detrimental. In the case of starch, if a-amylase and glucoamylase are inhibited, glucose
levels in blood after the consumption of a meal will be lower; thus, this inhibition can be
used to modulate blood glucose levels in patients with metabolic disorders like diabetes
(Barrett et al., 2013; Li et al., 2005; Apostolidis et al., 2003).

The inhibition of digestive enzymes has been reported since 1960’s. B-Glucosidase was
partially inhibited by a proanthocyanidin fraction from wattle or Acacia tree (Goldstein
and Swain, 1964). In the case of trypsin and a-amylase, they were inhibited by the
proanthocyanidin fraction from lentils, cocoa beans and pears (Quesada et al., 1996).
Proanthocyanidins from carob (Ceratonia siliqua) also strongly inhibited the activity of
trypsin, a-amylase and lipase. Proanthocyanidin inhibition was compared to m-digallic
acid (at the same concentrations) finding that trypsin was inhibited in a greater extent by
proanthocyanidins; lipase was more inhibited by the digallic acid, whereas for a-
amylase, it was inhibited in the same extent by the two types of tannins (Tamir and
Alumot, 1969). The inhibition of trypsin, a-amylase and lipase increases with the degree

of polymerization of proanthocyanidins (Horigome et al., 1988).

Proanthocyanidins inhibit bacterial enzymes; one example is the inhibition of urease
activity in H. pylori (Adeniyi et al., 2009). Urease is used by H. pylori to release

ammonia and be able to survive in the acid gastric environment (Cires et al., 2016).

Another interesting finding suggests that tea catechins are not able to inhibit the growth
of Escherichia coli O157:H7 but they affect some virulence factors like biofilm formation
(Lee et al., 2009). Tannins bind surface proteins, thus inhibiting adhesion. A-type
proanthocyanidin trimers from cranberries (Vaccinium macrocarpon) prevented the
infection of P-fimbriated Escherichia coli in the urinary tract by inhibiting the adherence

to the tissue (Foo et al., 2000) again binding surface proteins.



The protein precipitating capacity of proanthocyanidins increases with the increase in
the mean degree of polymerization. It also depends on the stereochemical properties,
the type of linkage among flavan-3-ols and the amount of hydroxyl groups in the
molecule (Jonker and Yu, 2017). It has been suggested that the molecular weight of
proanthocyanidins is the most important factor for protein precipitation (Ropiak et al.,
2017), but with mean degree of polymerization above eight there is no further change in

proanthocyanidin-protein interactions (Harbertson et al., 2014).

1.6 Modulation of gut microbiota through microbial metabolism and antimicrobial

activity

1.6.1 Gut microbiota

The human gut microbiota is a complex community of microbes that inhabit the human
intestine. Gut microbiota has an impact on the health and disease of the host due to its
collective metabolic activities and host interactions (Lozupone et al., 2012). Some
examples of these interactions are the ability to break down indigestible components of
the human diet, such as plant polysaccharides, which are the most abundant biological
polymers, and carbohydrate fermentation with short-chain fatty acids as a product
(Brune and Friedrich, 2000). It also provides protection against pathogens by
competitive exclusion or production of antimicrobial compounds (Sekirov et al., 2010)
and plays an important role in the modulation of the immune system (Backhed et al.,
2005).

The human intestinal microbiota comprises at least 103 microbial cells, the majority of
them being strict anaerobes (Backhed et al., 2004). Members of the Firmicutes and
Bacteroidetes phyla are the most abundant (Zoetendal et al., 2008; Duenas et al.,
2015), whereas Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobacteria, and

Cyanobacteria are present in minor proportions (Eckburg et al., 2005).

The microbiota changes in number and composition along the intestinal tract; in the
stomach and duodenum there are approximately 10" to 102 cells per gram of intestinal
content, jejunum and ileum: 10* to 107 cells per gram, and 10" to 102 bacteria per
gram in the distal colon (Sekirov et al., 2010). Frank et al (2007) compared biopsy



samples from healthy individuals and reported that the small intestine is abundant in

bacilli, whereas in the colonic samples they found Bacteroidetes and Firmicutes.

The composition of the gut microbiota in each person is different and unique (Van
Duynhoven et al., 2011), it is acquired at birth and can be influenced by the
environmental stress and the changes in diet; it also depends on the genotype and the
health status of the host (Turnbaugh et al., 2009; Vrieze et al., 2010). It is considered
stable throughout adulthood, but can be modified by changes in diet, general lifestyle or
antibiotic intake. These alterations and imbalances in the gut species composition,
known as dysbiosis leads to disease (Nicholson et al., 2012); some of these diseases
being: obesity, cardiovascular disease, diabetes, inflammatory bowel disease (which
includes Crohn's disease and ulcerative colitis), among others (Tremaroli and Backhed,
2012; Sekirov et al., 2010).

A recent study analyzed the changes in gut microbiota after inbred, transgenic and
outbred mice were fed with high-fat and high-sugar diets finding that the composition of
microbes shifted in the same way despite of the different genotypes, concluding that the
shaping of the gut microbiota depends mostly on the host diet (Walter, 2015). It was
also found that the total dietary composition has a bigger impact in the gut microbiota
changes than the total caloric intake (David et al., 2014). Dietary fibre is a significant
energy source for members of the gut microbiota and the fermentation of these non-
digestible carbohydrates results in the formation of short chain fatty acids (SCFAs)
(Tremaroli and Backhed, 2012), acetate, propionate and butyrate being the most
abundant (den Besten et al., 2013).

A study comparing the faecal microbiota of African children with mostly vegetarian diets
vs. European children eating diets high in protein, sugar and starch and low in fibre
showed that African children have high numbers of Bacteroidetes and a reduction in
Firmicutes whereas Prevotella and Xylanibacter, which contain several cellulose and
xylan hydrolysis bacterial genes, were particularly abundant. In the case of western
children, Prevotella and Xylanibacter were not present whereas Firmicutes and
Proteobacteria were abundant (De Filippo et al., 2010). In conclusion, diet is able to

shift the gut microbiota composition, which leads to very different intestinal microbiomes
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in humans. In this previous study, fibre played an important role but the specific
components of the diet that have a major impact in shaping the gut microbiota remain to

be discovered.

Proanthocyanidins are ubiquitous to almost all the plants (Middleton et al., 2000) where
fibre is the major cell wall component (Dhingra et al., 2012) and therefore a significant
part of the human diet. Proanthocyanidins influence gut microbiota by serving as
substrate for bacterial metabolism, which in turn modified their bioavailability and
biological activities, and by exerting direct antimicrobial effects, these properties are

discussed in the next paragraphs.

1.6.2 Absorption and metabolism of proanthocyanidins by gut microbiota

The daily intake of PAs varies around 0.1 to 0.5 grams (Santos-Buelga and Scalbert,
2000) depending on how rich the diet is in terms of fruits and vegetables, and some

beverages as red wine and tea.

After ingestion, the proanthocyanidins that were not absorbed in the small intestine,
reach the colon (Clifford, 2004), where they are metabolized by colonic gut microbiota
(Duenas et al., 2015).

The absorption degree depends on the general structure of the proanthocyanidin,
molecular weight and esterification of the molecules (Deprez et al., 2001; Scalbert et al.,
2002). Catechins are more easily absorbed than proanthocyanidins and flavan-3-ol
gallates (Crozier, del Rio and Clifford, 2010). There are several studies on PA rich tea
and wine extracts showing that these compounds prevent from some types of cancer

and cardiovascular diseases (Santos-Buelga and Scalbert, 2000).

The monomer (+)-catechin and the proanthocyanidin dimer B3 are degraded mainly to
phenolic acids by rat caecal microflora (Groenewoud and Hundt, 1984 & 1986). A study
using Caco-2 cells, which are a human colon epithelial cancer cell line, as a model
suggested that (+)-catechin and PA oligomers can be absorbed by the human gut
epithelium (Deprez et al., 2001). Oligomers from dimers to pentamers were detected in
rat plasma two hours after the rats were fed with apple proanthocyanidins (Shoji et al.,
2006).
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The absorption of monomers and dimers had been controversial as a study that used
an in vivo rat model reported that proanthocyanidin dimers (B1, B2 and B3) were not
absorbed nor hydrolyzed (Donovan et al., 2002). Another in vivo study showed that
proanthocyanidin oligomers were not converted to monomers after rats were fed with
grape seed extract (Tsang et al., 2005), monomers are absorbed in the intestine (Kale
et al., 2010).

The metabolism and absorption of PAs depend largely on the degree of polymerization.
A study which used a rat model suggests that the high DP of the proanthocyanidins
resulted in decreased absorption and decreased microbial metabolism; these are as
consequence of the tendency of tannins to bind proteins, making them unavailable for
microbial attack (Gonthier et al., 2003).

PA polymers that are able to reach the colon were considered relatively indigestible
because they were recovered in feces without changes (Scalbert et al., 2000); but
Deprez et al (2000) were the first to find evidence on PA polymer bacterial degradation.
Briefly, they performed an in vitro assay using human fecal microbiota, under anaerobic
conditions and a mixture of '“C-labeled PA polymers with a mean degree of
polymerization of six; then they measured the degradation PA products by thiolysis. The
degradation of the polymers was extensive and the main product was: 3-(m-
hydroxyphenyl) propanoic acid, followed by hydroxyphenil acetic acid, hydroxyphenyl
valeric acid and phenylpropionic acid; these low-molecular-weight aromatic acids can

be subsequently absorbed in the gut (Das, 1971).

In the colon, gut microbiota degrade non-digested food components and transform them
into microbial metabolites (Kleesen et al., 2000). For degradation of flavonoids by gut
microbiota, the first step is the cleavage of the glycosyl moieties known as
deglycosylation, which is catalyzed by a-rhamnosidase, B-glucosidase and J-
glucuronidase (Aura, 2008). Catechins and proanthocyanidins are rarely glycosylated
(Clifford, 2004; Skerget et al., 2005). For glycosylated flavonoids, Bacteroides
distasonis, Bacteroides uniformis and Bacteroides ovatus hydrolyze glycosides to

aglycones (Bokkenheuser et al., 1987). Other strains hydrolyzing glycosides are
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Bacteroides fragilis, Bacteroides distasonis, Clostridium cocleatum and Clostridium

ramnosum (Clavel et al., 2006).

The metabolism of catechins and proanthocyanidins by the gut microbiota also includes
ring-fission and several reactions involving functional groups of the flavonoid aglycones
and phenolic acids, such as decarboxylation, dihydroxylation or demethylation (Griffiths,
1982).

All the microbial phenolic metabolites that are absorbed in the intestine go to the liver
via the portal vein where they undergo Phase Il metabolism: glucuronidation,
methylation, sulfation or a mix of these reactions; then, these compounds enter the
systemic circulation and are delivered to the organs, or excreted in the urine (Cardona
et al., 2013). Figure 3 shows the microbial metabolism proposed for a PA trimer with

phenylpropionic acids and benzoic acid as products:
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Figure 3. Degradation of proanthocyanidins by colonic microbiota (modified from
Marin et al., 2015)
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As shown in Figure 3, after the gallate ester has been metabolized, the C-ring of the
flavan-3-ol is opened forming a diphenylpropan-2-diol derivate, which is further
transformed to 5-(3',4'-dihydroxyphenyl)-y-valerolactone; the valerolactone ring can be
opened forming 5-(3,4-dihydroxyphenyl)valeric acid. These molecules can undergo
further transformations giving rise to phenylpropionic and benzoic acids (Marin et al.,
2015).

In a group of humans that were given 150 mg of green tea solids, 5-(3,4-
dihydroxyphenyl)-y-valerolactone was found in plasma and urine. This molecule is the
product of the ring fission of EGCG (Epigallocatechin gallate), a reaction that is carried
by gut microbiota. Before ring fission, EGCG undergoes several reactions such as
methylation, glucuronidation and sulfation majorly in the small intestine and liver (Meng
et al., 2001).

The in vitro degradation of radiolabeled PA oligomers from willow tree shoots by human
gut microbiota was analyzed. Briefly, 14C-labeled PA oligomers with a mean DP of 6
were incubated with human gut isolates in anaerobic conditions. The proanthocyanidin
concentration was measured by thiolysis, finding a major drop in the PA concentration,
meaning they were metabolized. Six phenolic acids were detected using Gas

chromatography-Mass spectrometry analysis (Deprez et al., 2000).

Although the colon has a very dense bacterial population, only a few bacterial species
that metabolize proanthocyanidins and flavan-3-ols have been identified along with their
catabolic pathways (Cardona et al., 2013). The human faecal isolates Eggerthella lenta
and Flavonifractor plautii (formerly Clostridium orbiscindens) degrade (—)-epicatechin
and (+)-catechin into 5-(3,4-dihydroxyphenyl)-y-valerolactone and 4-hydroxy-5-(3,4-
dihydroxyphenyl) valeric acid (Kutschera et al., 2001).

Proanthocyanidins and flavan-3-ols, as well as their metabolites let some
microorganisms grow and thrive and inhibit other bacteria, including pathogens (Lee et
al., 2006; Selma et al., 2009; Hervert-Hernandez and Goni, 2011; Tzounis et al., 2011).
Nevertheless, the mechanisms of the modulation of gut microbiota or the ways in which
their bioactive metabolites influence human health are poorly known and yet to be
elucidated (Cardona et al., 2013).
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1.6.3 Antibacterial Activity of Proanthocyanidins

Antibacterial agents can be ‘bacteriostatic’, meaning that the agent inhibits bacterial
growth (i.e. keeping bacteria in stationary phase), whereas ‘bactericidal’ antibacterials
kill bacteria. The determination of whether an agent is bactericidal or bacteriostatic can
be influenced by several factors, such as test duration and growth conditions (Pankey
and Sabath, 2004). For the measurement of antimicrobial activity, the most widely used
methods are the determination of the Minimal Inhibitory Concentration (MIC) and

Minimal Bactericidal Concentration (MBC).

Proanthocyanidins inhibit bacteria by several mechanisms that depend on the chemical
structure and the concentration of the compounds as well as the microbial strain
(Almajano et al., 2007; Campos et al., 2003). They can bind to specific proteins in the
cell membrane causing the leaking of several compounds/ions such as: potassium ions,
glutamic acid, intracellular RNA, among others (Puupponen-Pimia et al., 2005; Ikigai et
al., 1993). The inhibitory effect of tannins can be explained by their iron binding
capacity, which mainly affects aerobic microorganisms that need iron to form heme

groups (Chung et al., 1998).

The mechanisms proposed for the growth inhibition of bacteria by proanthocyanidins
are that the high number of hydroxyl groups in these molecules inhibit extracellular
microbial enzymes by binding them; proanthocyanidins interfere directly into the
microbial metabolism and that tannins possess metal ions complexation properties (Cos
et al., 2004), especially iron and zinc which are essential mineral micronutrients for most

microorganisms (Daglia, 2012).

Since 1990’s the antimicrobial activity of proanthocyanidins on bacteria, yeasts and
fungi has been recognized (Scalbert, 1991). In the case of flavan-3-ols, the monomeric
units of the proanthocyanidins, several studies were based on tea extracts (Ahn et al.,
1991; Diker et al.,, 1991; Sakanaka et al.,, 1992). Tea catechins such as (-)-
gallocatechin-3-gallate, (-)-epigallocatechin-3-gallate, (-)-catechin-3-gallate (among
others) possess antimicrobial activity at nanomolar concentrations against some

foodborne pathogens like Bacillus cereus (Friedman et al., 2006).
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Epicatechin and Catechin from tea isolates inhibit the growth of Clostridium perfringens,
Clostridium difficile and Bacteroides spp. whereas some commensal anaerobes like
Lactobacillus spp. and Bifidobacterium spp. remained almost unchanged (Lee et al.,
2006; Tzounis et al., 2008).

Epigallocatechin gallate, which is the most widely studied flavan-3-ol, has demonstrated
antibacterial properties against Staphylococcus epidermidis (Nishino et al., 1987)
methicillin-resistant Staphylococcus aureus (MRSA) (Kono et al., 1994), Streptococcus
mutans (Sakanaka et al., 1989), and Helicobacter pylori (Yanagawa et al., 2003).
Enhanced antibacterial activity has been observed if a galloyl or gallic molecule is

present in the position C3 of the flavan-3-ol C ring (Yang, 2014).

In the case of flavan-3-ols, the number of hydroxyl groups in the B-ring influences the
antimicrobial capability (Scalbert, 1991). The presence of a gallic acid residue on the
molecule also increases the antimicrobial activity of flavan-3-ols as (epi)gallocatechin
and (epi)gallocatechin gallate have shown higher antimicrobial activity than catechin
and its isomer: epicatechin (Taguri, Tanaka and Kouno, 2004; Scalbert, 1991). In the
case of hydrolysable tannins, the number of gallic acid substituents has an impact on
iron binding properties but did not influence the antibacterial activity; a higher number of
gallic acid molecules means a higher iron binding capacity (Engels, Schieber and
Ganzle, 2011; Engels, Ganzle and Schieber, 2009).

Prodelphinidins, which are oligomers of epigallocatechin and/or epigallocatechin-3-
gallate, show higher antimicrobial activity than the monomers (Taguri, Tanaka and
Kouno, 2004), supporting that a higher number of hydroxyl groups results in a higher

antimicrobial activity.

1.7 Identification and isolation of Proanthocyanidins

Since the elucidation of PA basic structure during the 1960s, more than 200 PA
oligomers with DPs as high as five have been identified and fully characterized (Foo
and Karchesy, 1991). Usually, plant proanthocyanidins have a much higher degree of
polymerization but they are hard to identify because they are present as complex

mixtures in food extracts, resulting in poor solubility (Matthews et al., 1997a).
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The most common methods for PA analysis are normal phase (Gu et al., 2004) and
reversed-phase HPLC (High performance liquid chromatography) with UV detection
(Cheynier et al., 1999; Hammerstone et al., 1999; Kennedy and Waterhouse, 2000).
The disadvantages with reversed-phase HPLC are that the order of elution does not
correspond to the degree of polymerization of the proanthocyanidins and that the
separation of polymers with DP larger than four is not possible. The presence of several
isomers results in overlapping peaks in the chromatogram. In the case of Normal-phase
HPLC, the order of elution does increase with the increase in DP (Lazarus et al., 1999;
Waterhouse et al., 1999). Chromatography with Sephadex LH-20 or Toyopearl resin
have been frequently used as well (Kennedy and Taylor, 2003). The molecule
structures can be identified by applying mass spectrometry (MS) and NMR (Nuclear
magnetic resonance) spectroscopy (Foo et al., 1997). NMR analysis makes it possible
to know the average DP, stereochemistry and the hydroxylation pattern of the B ring
(Czochanska et al., 1980).

Large polymers are characterized by chemical degradation like the phloroglucinolysis
reaction (Foo et al., 1997; Kennedy and Jones, 2001) or in the presence of benzyl
mercaptan (Matthews et al., 1997b) which are acid-catalyzed condensation reactions
(Schofield et al., 2001).

In the case of benzyl mercaptan reaction (also known as thiolysis), proanthocyanidins
are heated in the presence of acid and toluene-a-thiol; the terminal unit in the chain is
released and the other molecules in the chain are converted to benzyl thioethers
(Thompson et al., 1972). With further HPLC analysis, determination of chain length and
tannin composition is possible. However, thiolysis can be incomplete if the
proanthocyanidins are not highly pure (Matthews et al., 1997b); side reactions also
occur (Brown and Shaw, 1974) and some reaction products are very unstable
(Hemingway and McGraw, 1983), these resulting in altered yields of the reaction;
moreover, benzyl mercaptan is highly toxic and possesses a pungent smell (Schofield
et al., 2001).

The phloroglucinolysis reaction has the same principle as the reaction with benzyl

mercaptan. Proanthocyanidins are hydrolyzed in acidic conditions and the terminal unit
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is released, the extension subunits are converted to electrophilic flavan-3-ol
intermediates which are cleaved with phloroglucinol leading to the formation of adducts

that can be further analyzed by reverse-phase HPLC (Kennedy and Jones, 2001).

These methods give us information about the average degree of polymerization and the
terminal and inner units (Santos-Buelga and Scalbert, 2000). Nonetheless, the methods
mentioned above involve large volumes of solvent and the irreversible adsorption of the

sample to the column packing material resulting in very low yields (Kumar et al., 2009).

1.7.1 HSCCC (High-speed counter-current chromatography)

Recently, HSCCC (High-speed counter-current chromatography) has arisen as a more
suitable technique for separation of natural compounds from small ions to
macromolecules (Marston and Hostettmann, 1994; Degenhardt et al., 2000a, b) due to
the elimination of solid supports, high purity of the fractions, high sample recovery due
to no irreversible adsorption, minimal risk of sample denaturation and low sample
consumption, resulting in money savings. (lto, 1981; Ito and Conway, 1986; Marston
and Hostettmann, 1994; Degenhardt et al., 2000a, b).

CCC is a term created by Ito (1981) to describe a support-free, liquid-liquid
chromatography where the solutes are partitioned into two immiscible phases in a
rotating coiled tube. This method has been applied for the separation of green and black
tea polyphenols (Degenhardt et al., 2000b; Kumar et al., 2009), apple
proanthocyanidins (Shibusawa et al.,, 2001), grape seed extract proanthocyanidins
(Kohler et al., 2008) and cocoa bean proanthocyanidins (Esatbeyoglu, 2015) to name a

few.

Proanthocyanidins from apples were isolated by their degree of polymerization using
HSCCC with a special type-J multilayer coil centrifuge. Oligomers up to heptamers were
isolated plus another fraction with higher polymerized oligomers (5-mers to 13-mers);
the fractions were further analyzed with HPLC or MALDI-TOF-MS (Matrix-assisted laser

desorption/ionization, time-of-flight mass spectrometry (Shibusawa et al., 2001).

Dimeric to trimeric proanthocyanidins were isolated by HSCCC after solvent

precipitation with pentane (used to remove the polymeric compounds). Solid-phase
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extraction on polyamide followed to improve the purities of the isolated compounds
(Kohler et al., 2008).

Proanthocyanidins from cacao beans were separated using HSCCC in order to study
their antioxidant activities. Isolation of catechin, epicatechin, and oligomers up to a
pentamer was possible; the fractions were further analyzed with phloroglucinolysis,
UPLC (Ultra performance liquid chromatography), mass spectrometry (MS) as well as

nuclear magnetic resonance spectroscopy (NMR) (Li et al., 2016)

Separation of proanthocyanidins with HSCCC necessitates optimization of the solvent
system (lto, 1981). The sample must be soluble in the solvent system, the two solvent
phases must have similar volumes in order to decrease wastage, partition coefficient K
of the analyte should be between 0.5 < K < 1.0, and the retention of the stationary
phase must be high to improve peak resolution. In the case of polar compounds, 1-
butanol-water is used, whereas in non-polar compounds the testing should start with a
mixture of hexane—ethyl acetate—methanol-water (1:1:1:1) (lto, 2005). It is also
important to choose suitable support techniques for the identification of the compounds

in the isolated fractions.

1.8 Thesis goal and research objectives

Oligomeric proanthocyanidins and flavan-3-ols have been proposed to exert several
health promoting effects but the mechanisms remain unknown. Their mechanisms may
relate to the modulation of gastric transit by bitter taste receptors in the gut, the
inhibition of digestive enzymes by binding and/or precipitation, the modulation of the gut
microbiota, or to the direct health promoting effects upon absorption. Separation of
oligomeric proanthocyanidins from pea seed coats and grape seed extract using High
speed counter current chromatography (HSCCC) provides an excellent tool to purify
proanthocyanidins by degree of polymerization in sufficient quantities for subsequent
evaluation on whether the structure of flavan-3-ols and oligomeric proanthocyanidins is
related to their antimicrobial activity against common food and gut bacteria and their
inhibition properties against digestive enzymes.
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It is hypothesized that the enzyme inhibition and antimicrobial activity of flavan-3-ols
and oligomeric proanthocyanidins is increased by the number of hydroxyl groups as well

as the length of the oligomer, and the presence of a galloyl moieties.
In order to test this hypothesis, the objectives were to:

e Separate oligomeric proanthocyanidins from pea seed coats and grape seed
extract by their degree of polymerization.

e Determine the inhibitory and bactericidal spectrum of flavan-3-ols and oligomeric
proanthocyanidins, targeting food and gut bacteria.

e Determine oligomeric proanthocyanidins and flavan-3-ol ability to inhibit digestive

enzymes.
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2. Materials and Methods

2.1 Plant material

Pea Seed coats (from Pisum sativum cultivar Solido) were obtained from Mountain
Meadows Food Processing Ltd. (Alberta, Canada TOG 1L0, 2009). This specific pea
seed cultivar was used as was previously characterized with respect of its
proanthocyanidins composition and biological activity. Grape seed extract “exGrape

seed OPC40” was purchased from Breko (Bremen, Germany).

2.2 Chemicals

(+)-Catechin hydrate, (-)-epicatechin and (-)-epigallocatechin gallate were purchased
from Sigma (Oakville, ON); (-)-Epigallocatechin was purchased from Extrasynthese
(Genay,France). Methanol, chloroform and acetone were purchased from Fisher

Scientific (Ottawa, ON). p- iodonitrotetrazolium, Toyopearl resin (HW-40F) from Sigma.

2.3 Strains and culture conditions

The strains used for this study as well as their origin and growth conditions are shown in
Table 1.

L. acidophilus FUA 3066 and L. reuteri FUA 3400 were incubated under microaerophilic
conditions (GasPak™ EZ anaerobe container system-Becton, Dickinson & Co). The two
C. jejuni strains were incubated in microaerophilic conditions (CampyPak™ -Becton,

Dickinson and Company).

Mouse gut isolates were kindly provided by Dr. Ben Willing (University of Alberta).
Incubated during 48h in Fastidious Anaerobe broth (LabM, Neogen Co) under strict

anaerobic conditions (Anaerobic chamber, Bactron300-Shel Lab).

Stock cultures of each strain were prepared in 50% glycerol and stored at -80°C.
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Table 1. Microorganisms and growth conditions used for this thesis.

Organism (R);‘gelrr:ance °F Growth conditions Phylum/family
Allobaculum sp. Mouse gut FAB, anaerobic, 37°C .Flrmlcu.tes/
Erysiopelotrichaceae
Anaerofruncus sp. Mouse gut FAB, anaerobic, 37°C R F_|rm|cutes/
uminococcaceae
Ruminococcus Mouse gut FAB, anaerobic, 37°C F_lrmlcutes/
gnavus Ruminococcaceae

S. pasteuri FUA
2077

Bacillus subtilis FAD
109

Bifidobacterium
adolescentis

L. acidophilus FUA
3066

L. reuteri FUA 3400

L. murinus Wm17

L. reuteri C47

Enterococcus
faecalis ATCC 19433

Enterococcus
faecium ATCC
19434
Propionibacterium
sp.
Escherichia coli AW
1.7

Campylobacter jejuni
FUA 1211

Campylobacter jejuni
FUA 1215

Rat mesenteric
lymph nodes carrying
colon cancer tumor

Ropy bread

Type strain

Probiotic culture

Sponge dough,
human lineage

Mouse gut

Mouse gut

Type strain

Type strain

Mouse skin

Beef

Poultry

Poultry

LB, aerobic, 37°C

LB, aerobic, 37°C

mMmMRS, microaerophilic
37°C

MmMRS, microaerophilic
37°C

mMRS, microaerophilic,
37°C

MRS, anaerobic, 37°C

MRS, anaerobic, 37°C

MH, aerobic,37°C

MH,aerobic,37°C

FAB, anaerobic, 37°C
LB, aerobic, 37°C

MH, microaerophilic,
42°C

MH, microaerophilic,
42°C

Firmicutes/
Staphylococcaceae

Firmicutes/
Bacillaceae

Actinobacteria/
Bifidobacteriaceae

Firmicutes/
Lactobacillaceae

Firmicutes/
Lactobacillaceae

Firmicutes/
Lactobacillaceae
Firmicutes/
Lactobacillaceae

Firmicutes/
Enterococcaceae

Firmicutes/
Enterococcaceae

Actinobacteria/
Propionibacteriaceae
Proteobacteria/
Enterobacteriaceae

Proteobacteria/
Campylobacteraceae

Proteobacteria/
Campylobacteraceae
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2.4 Preparation of Stock solutions for MIC assay

(+)-Catechin hydrate, (-)-epicatechin, (-)-epigallocatechin and (-)-epigallocatechin
gallate were dispersed in 80% (v/v) aqueous acetone, whereas the crude and PA-
enriched proanthocyanidin extracts, the polymeric grape seed proanthocyanidin fraction
and the oligomeric fractions from grape seed were dissolved in 100% methanol. All the

stock solutions had a final concentration of 10 g/L.

2.5 Determination of the Minimal Inhibitory Concentration (MIC) and Minimal

Bactericidal concentration (MBC).

The Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration
(MBC) assays are used to determine the antimicrobial activity of certain compounds, in
this case: flavan-3-ols and oligomeric proanthocyanidin extracts from grape seed

extract.

MIC and MBC were determined using Critical Dilution Assay in a 96 well microtiter flat
bottom plate (Corning INC, NY).

For the MIC determination, wells of a microtiter plate were filled with 100 uL of
corresponding sterile medium, 100 uL of the stock solutions were added into the wells
(Highest inhibitory concentration). Then, two-fold serial dilution were prepared by
pipetting 100 uL of the highest concentration into the next columns, consecutively. For
all the assays, a positive and a negative control were used. Acetone and Methanol were
evaporated from the plates by placing them into a laminar flow hood for 2 hours. After
the solvent removal, 50 yL of diluted overnight bacterial cultures (1 mL culture to 10 mL
of medium) were added to all the wells except for the negative control. The plates were

incubated depending on the characteristics of each strain used in this project.

To determine bacterial growth, 40 uL of 0.2 mg/mL p-iodonitrotetrazolium violet (INT)
(Sigma-Aldrich) were added to each well of the plate (Eloff, 1998). The plates were then

incubated at 37°C from 30 min to 1 hour to promote the appearance of the red color.

INT is a redox dye used as an indirect indicator of bacterial growth (Haslam et al.,
2000). NADH (Nicotinamide adenine nucleotide) which is a natural occurring compound
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in living cells, transfers its electrons to the tetrazolium dye forming NAD* and INT-

formazan, the later compound being responsible for the red color.

For the MBC determination, 10 uL of each well from the MIC plates were transferred to
a new plate containing 100 pL of sterile medium. Subsequently, the MBC plates were
incubated accordingly. After the incubation, growth was revealed with INT solution using

the same procedure as in the MIC plates.

MIC and the MBC were defined as the lowest concentrations where no red color

appeared. Three biological replicates were performed.

2.6 Extraction of proanthocyanidins from pea seed coats (cultivar Solido).

Extraction of crude proanthocyanidins from pea seed coats was adapted from the
procedure described by Jin et al. (2012), where pea seed coats from the cultivar
“Solido” (~10g) were ground to a fine powder using liquid nitrogen, mortar and pestle.
The powder was then soaked in 66% (v/v) aqueous acetone (10mL per g of sample) in
a 250 mL Erlenmeyer flask. The flask was promptly filled with nitrogen to reduce the
oxygen content, and covered with a glass stopper and parafilm; then it was put on the

magnetic stirrer (moderate agitation) at 4°C in the dark for 24 h.

Subsequently, the sample was filtered using a Buchner funnel and Whatman® filter
paper #1, under mild vacuum. The residue was rinsed with cold 66% aqueous acetone;
the liquid was pooled and the acetone was evaporated using the Rota-vap concentrator

(BUCHI rotavapor R-205). The pea seed coat residue was discarded.

The remaining liquid was partitioned 5 times with chloroform (1:3 v/,
chloroform:extract), using a separatory funnel in order to remove lipophilic compounds
and flavan-3-ol monomers. The aqueous fraction was freeze-dried and this product was
defined as Crude PA Extract.

This proanthocyanidin extraction method was adapted from Jin Lihua et al., (2012).

2.7 Proanthocyanidin-enriched extract from pea seed coats

The crude proanthocyanidin extract was further purified by Size Exclusion
Chromatography using a hydroxylated methacrylic polymer: Toyopearl resin HW 40-F
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(Sigma-Aldrich), with a pore size of 100-7000 Da molecular weight range as described
by Jin et al., 2012. Polypropylene columns were used (1.5 x 12cm, Supelco, ~10ml bed
volume). Toyopearl resin HW 40-F was prepared accordingly to the Sigma-Aldrich
manual to remove the fines from the slurry and avoid obstruction. After this step, the
resin slurry was 50% resin and 50% water, so ~ 10mL of slurry were added to the
polypropylene column to have a final resin volume of 5mL. Columns were left 24h for

the resin to sit.

The column was preconditioned with 50% (v/v) aqueous methanol + 0.1 % (v/v)
trifluoroacetic acid (TFA). The crude extract powder was dissolved in a minimum
amount of 50% v/v aqueous methanol + 0.1% v/v TFA (90-100mg extract per column)

and then loaded in the column.

The column was washed with 9 bed volumes consisting in 10mL of 50% v/v aqueous
methanol + 0.1% v/v TFA and the eluents were monitored each time with a UV-Vis
spectrometer (Varioskan flash, Thermo Sci.) at 2 wavelength ranges (260-370 nm and

500-560 nm), washing steps must continue until minimal absorbance is achieved.

The column was then eluted with 4 bed volumes of 66% aqueous acetone + 0.1% TFA.
After elution, acetone was removed using the rota-vap concentrator. The remaining

sample was freeze-dried and labeled as “PA enriched extract”.

2.8 Inhibition of rat digestion enzymes by proanthocyanidins from pea seed coats

and grape seed.

For this experiment, rat intestinal mucosa powder (Sigma Co, St Louis, USA) was used.
The reaction mixture contained 1mL water + 1% maltodextrin and 1mL of 50mM sodium
maleate buffer (0.2M maleate, 0.2N NaOH, distilled water, pH=6.0) with 1% rat enzyme
mixture + 200uL of a 10g/L solution of each flavan-3-ol, fractionated proanthocyanidins
from grape seed extract, or crude-PA or PA-enriched extracts from pea seed coats.
Three glass beads were added to each tube. Controls without proanthocyanidins were

also prepared.

The 15mL falcon tubes containing the reaction mixture were incubated at 37°C for 4

hours with agitation at 200 rpom. The reaction was stopped by putting the tubes in a

26



water bath at 92°C for 10 min. The samples were allowed to cool down and then

centrifuged for 3 min. This method was adapted from Tsunehiro et al (1999).

The released glucose was measured with a glucose oxidase assay kit (Megazyme,
Bray, Ireland). This method is based on two enzymatic reactions catalysed by glucose

oxidase and peroxidase, respectively:

(1) B-D-Glucose + O2 + H20 — D-glucono-d-lactone + H20:2

(2) H202 + p-hydroxybenzoic acid + 4-aminoantipyrine — quinoneimine dye + 4 H20

In the first reaction Glucose Oxidase (GO) oxidizes glucose to D-glucono-6-lactone; for
the second reaction hydrogen peroxide, product of (1), reacts with p-hydroxybenzoic
acid and 4-aminoantipyrine in the presence of Peroxidase (POD) leading to the
formation of quinoneimine dye which is a pink coloured compound that can be

measured at 510 nm (Megazyme-International, 2014).

For this reaction 50uL of sample, water or standard and 200uL of GO solution were
added to a 96 well microtiter plate. Absorbance was measured after 5 min at 510 nm.
Then 50 pL of POD were added to each well and the plate was incubated at 25°C for 20

min, absorbance was measured immediately using a spectrophometer system.

The data in this experiment was statistically analyzed using a one way ANOVA to
determine significant differences among the means of each sample as well as a Tukey

Test for multiple comparisons.

2.9 Preparative solvent precipitation of the grape seed extract.

The grape seed extract (8g) was dissolved in 160mL of ethanol and thoroughly stirred
throughout the experiment. Hexane (450mL) was placed in a separatory funnel and
slowly dripped into the solution for the sequential precipitation of proanthocyanidins.
After the precipitation ended, the suspension was stirred for 30 min more and then
filtered. The aqueous phase containing oligomeric proanthocyanidins and flavan-3-ols
was freeze-dried. The solid remaining was dissolved in water and freeze-dried to obtain
the higher oligomeric and polymeric proanthocyanidins.
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2.10 High-speed counter-current chromatography (HSCCC)

A high-speed countercurrent chromatograph model manufactured by Dynamic
Extractions (United Kingdom) was used for the separation of proanthocyanidins from
grape seed extract in the department of Food Technology and Biotechnology of the
University of Bonn. The separation was carried out at room temperature at a revolution
speed of 1550 rpm and at a flow rate of 6.0 mL/min. Head to tail elution mode was used
so the lower aqueous phase was the mobile phase. All the samples (400-900 mg) were
dissolved in 7mL of a 1:1 mixture of upper and lower phase, and injected into the
system. The solvent system used was: ethyl acetate/2-propanol/water (40:1:40). Each
run took 50 min and the fractions were collected in glass tubes (3 mL each).

Subsequently, the fractions were analyzed using an UPLC system.

211 Analysis of pea seed coat extract, grape extract and oligomeric

proanthocyanidin fractions

An ultra-high-performance liquid chromatograph (UHPLC) system from Nexera
(Shimadzu, Kyoto, Japan) was used to carry out chromatographic analyses in the
department of Food Technology and Biotechnology of the University of Bonn. This
system was equipped with two high-pressure gradient pumps (LC-30AD), a degasser
(model DGU-20A5R), an autosampling unit (model SIL-30AD), a column oven (model
CTO-20AC) which was used at 40 °C; and a diode-array detector (SPD-M20A).

The column used was an Acquity UPLC HSS-T3 (2.1mm x 150 mm), with a pore size of
100A and particle size of 1.8 ym (Waters, Eschborn, Germany). It was equipped with a

security guard cartridge of the same material.

According to the chromatograms, fractions containing oligomeric proanthocyanidins with
the same range of polymerization degrees were put together; the remaining solvents on
the samples were evaporated using a rota-vap system (BUCHI Co). Subsequently,

samples were freeze-dried and stored at 4°C in the dark.

Proanthocyanidin fractions from grape seed extract, pea seed coat proanthocyanidin
extracts and grape seed extract were also analyzed with an Acquity UPLC I-Class
system (Milford, MA, USA), coupled with a LTQ-XL ion trap mass spectrometer (Thermo
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Scientific, Inc., Braunschweig, Germany) which was used in the negative ionization

mode, covering a mass range from m/z 100-2000.

The column used was the same for the two systems; the mobile phase consisted of two
solvents: formic acid (B) (1%, v/v) in water (A). The gradient used for both UPLC
systems was (min/%B): 0/5; 5/12; 8/12; 20/30; 21/100; 25/100; 26/5; 30/5 of 1%; with a

flowrate of 0.4 mL/min and an injection volume of 20 pL.

2.12 Effect of pea seed coat on growth and acidification of L. acidophilus and L.

reuteri in a simulated forestomach

Lactobacillus acidophilus FUA 3066 and Lactobacillus reuteri FUA 3400 were cultured
overnight in 40mL of modified MRS (De Man, Rogosa and Sharpe) broth at 37 °C, using
microaerophilic conditions (GasPak BD, USA). After the incubation, the 50mL falcon
tubes containing the cultures were centrifuged at 5000 rpm during 15 min; then, the
broth was discarded and exchanged for sterile HPLC water, the centrifugation and
washing steps were repeated two more times. The washed cells with 40mL of water
were added to a beaker with 40g of wheat flour to prepare the control. For the sample,
32g of wheat flour were mixed with 8g of milled pea seed coat and 40mL of the washed
culture. Samples of 1g of the dough were taken at the beginning of the fermentation (0
h), after 4h and 24h. The gram of dough was diluted with 9mL of water and then the pH
was measured for the samples as well as the controls. The growth of Lactobacillus
acidophilus FUA 3066 and Lactobacillus reuteri FUA 3400 along the fermentation was
also measured; briefly, a volume of the sample dilution was taken and further dilutions
were performed. 100 pL of the -5 dilution were added to an mMMRS agar plate and the
liquid was distributed using 3-6 sterile glass beads. The plates were incubated using
microaerophilic conditions, at 37°C for 48h. The number of colonies in the plates was
determined and the results were reported in colony forming units per gram of sourdough
(CFU/g).
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3. Results

3.1 Inhibitory and bactericidal concentrations of flavan-3-ols

MIC and MBC assays were performed with four flavan-3-ols against an array of food
and intestinal bacteria in order to determine the antimicrobial activity of these
compounds. The flavan-3-ol stock solutions were prepared with a concentration of
10g/L. A two-fold dilution method was used with concentrations ranging from 3.3g/mL to
0.0064 g/L. These results are shown in Table 2 and Table 3, with concentrations
indicated in g/L. In the case of the strains selected, Ruminococcus gnavus,
Allobacullum sp. and Anaerotruncus sp. are mouse gut isolates; E. coli is a commensal
strain, Campylobacter jejuni was selected as a common food-borne pathogen
originating from animal intestines; Bacillus subtilis and Staphylococcus pasteuri were
used as indicator strains to compare with other studies. Finally, an array of lactic acid
bacteria formed by Lactobacillus sp., Enterococcus sp. and Bifidobacterium
adolescentis, was selected as the members of this group are found in several food

products but are also representatives of gut microbiota.

As Table 2 shows, anaerobic mouse gut bacteria were strongly inhibited by the four
flavan-3-ols tested, whereas the lactic acid bacteria were very resistant, especially L.
reuteri FUA 3400 and L. acidophilus FUA 3066. B. subtilis, E. coli, S. pasteuri and
Propionibacterium sp. were resistant as well. The two C. jejuni strains were sensitive to
flavan-3-ols especially to epigallocatechin and epigallocatechin gallate. C. jejuni FUA
1211 was more sensitive to EC, EGC and EGCG in comparison to C. jejuni FUA 1215,

showing that the antimicrobial effect of flavan-3-ols is strain specific.

Except for C. jejuni FUA 1211, there was no difference between the MIC values of
catechin and epicatechin, suggesting that the isomeric conformation does not play a

role in the antimicrobial action of flavan-3-ols.
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Table 2. MIC of flavan-3-ols. Values are indicated in g/L.

Organism CATECHIN EPICATECHIN EGC EGCG
Allobaculum sp. 0.240.0 0.2+0.0 0.025+0.0 0.012+0.0
Anaerotruncus sp. 0.17+0.06 0.17+0.06 0.02+0.007 0.02+0.007
Ruminococcus 0.05+0.0 0.066+0.028 <0.0064 <0.0064

gnavus
Staphylococeus >3.3 >3.3 0.6£0.23 0.4£0.0
pasteuri
Bacillus subtilis 3.320.0 3.320.0 2.77+0.92 0.67+0.23
Bifidobacterium
adolescentis FUA 3.3+0.0 3.3+0.0 X 0.8+0.0
2018
L. acidophilus FUA
2066 >3.3 >3.3 >3.3 3.3£0.0
L. reuteri FUA
3400 >3.3 >3.3 >3.3 3.3+0.0
L. reuteri C47 3.310.0 3.3+10.0 X 0.8+0.0
L. murinus Wm17 3.320.0 3.3+0.0 X 0.840.0
Enterococcus 3.3+0.0 3.3+0.0 1.740.0 0.33+0.12
faecalis
E”f,er ococcus 3.320.0 3.3+0.0 0.8+0.0 ND
aecium
P mp"’”;‘;ade”“m >3.3 3.3+0.0 3.3+0.0 0.440.0
E. coli AW 1.7 >3.3 3.3+0.0 1.140.52 1.140.52
C. jejuni FUA 1211 1.97+0.46 0.33+0.12 0.025+0.0 0.021+0.007
C. jejuni FUA 1215 1.55+0.2 1.7+0.0 1.1+0.52 0.071+0.031

ND: not determined due to excessive turbidity

X: not performed

Three replicates were performed for each strain.



Table 3. MBC of flavan-3-ols. Values are indicated in g/L.

Organism CATECHIN EPICATECHIN EGC EGCG
Allobaculum sp. 0.240.0 0.240.0 0.025+0.0 0.012+0.0
Anaerotruncus sp. 0.17+0.06 0.17+0.06 0.02+0.007 0.02+0.007
Ruminococcus 0.05+0.0 0.066+0.028 <0.0064 <0.0064

gnhavus
Staphylococcus >3.3 >3.3 2.23+0.83 0.8+0.0
pasteuri
Bacillus subtilis >3.3 >3.3 >3.3 3.3+0.0
Bifidobacterium
adolescentis FUA >3.3 >3.3 X >3.3
2018
L. acidophilus FUA
2066 >3.3 >3.3 >3.3 >3.3
L. reuteri FUA
3400 >3.3 >3.3 >3.3 >3.3
L. reuteri C47 >3.3 >3.3 X >33
L. murinus Wm17 >3.3 >3.3 X >3.3
Enterococcus >3.3 >3.3 3.3+0.0 2.77+0.92
faecalis
Enterococcus >3.3 >3.3 2.540.8 1.97+0.46
faecium
P r°p’°”’s‘;)aCter’“m >3.3 3.3+0.0 3.3+0.0 0.440.0
E. coli AW 1.7 >3.3 >3.3 3.03+0.46 3.03+0.46
C. jejuni FUA 1211 1.97+0.46 0.53+0.12 0.038+0.013 0.021+.007
C. jejuni FUA 1215 2.08+1.08 2.77+0.92 2.6+1.18 0.27+0.15

ND: not determined due to excessive turbidity
X: not performed
Three biological repeats were performed for each strain.

The comparison of the four flavan-3-ols makes possible to determine whether a higher
number of hydroxyl groups in the molecule increases the antimicrobial activity. EGCG is
the flavan-3-ol with more hydroxyl groups, it has 3-OH in the B ring and 3-OH from the
gallic acid ester; followed by EGC, which has 3 hydroxyl groups in the B ring. In this
study EGCG had substantially higher inhibition than EGC for Allobacullum sp., B.
subtilis, E. faecalis and Propionibacterium sp. The inhibition of EGCG compared to EGC

was always equal or higher.
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For the case of EC and EGC, with 2 and 3 hydroxyl groups in the B ring respectively,
EGC had higher inhibition for all the strains except for Lactobacillus reuteri FUA 3400,
Lactobacillus acidophilus FUA 3066 and Bifidobacterium adolescentis FUA 2018. The
inhibition of mice gut bacteria was substantially higher for EGC compared to EC; the

MIC values were 10 fold lower for EGC.

The Minimal Bactericidal concentration (MBC) was performed as well to determine if the
antimicrobial effect of flavan-3-ols is bactericidal or just bacteriostatic. Results of MBC

of flavan-3-ols are presented in Table 3, with the concentrations indicated in g/L.

As Table 3 shows, the antibacterial activity of flavan-3-ols is bactericidal for C. jejuni
FUA 1211 and the mouse gut microbiota strains except for L. reuteri C47 and L.
murinus Wm17. For all the other strains, the effect of EGC and EGCG was

bacteriostatic and they were resistant to C and EC.

3.2 Separation of proanthocyanidins from pea seed coats and grape seed extract.

Ultra-high performance liquid chromatography combined with electrospray ionization
tandem mass spectrometry was the method used to identify and characterize the
compounds present in the crude and enriched pea seed coat extracts and grape seed
extracts, prior to the separation of proanthocyanidins using High-speed counter-current
chromatography. The base peak chromatograms are shown below in Figures 4, 5 and
6, where the upper number refers to the retention time, whereas the lower number
indicates the mass to charge ratio. Previous publications identified oligomeric
proanthocyanidins as major compounds in pea seed coat extracts (Ferraro et al.,2014;
Yang, 2014; Jin et al., 2012) therefore; base peak chromatograms shown in this thesis
were used to verify the presence of these compounds. The lack of these compounds in
the base peak chromatograms does not mean that they are absent; however, oligomeric
proanthocyanidins are no longer major components in pea seed coat extract, likely due

to oxidative polymerization during storage since 2009.

Figures 4 and 5 show the separation of crude and enriched extracts respectively. None
of the peaks in the chromatograms corresponded to an oligomeric proanthocyanidin

with degree of polymerization of five or less, or a flavan-3-ol molecule. It was
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hypothesized that since the pea seed coats are from the 2009 harvest, flavan-3-ols and

oligomeric proanthocyanidins might have undergone auto-oxidation, resulting in highly

polymerized proanthocyanidins, which cannot be detected as their molecular weight is

higher than 2000 g/mol.

The crude pea seed coat extract underwent a purification step with Toyopearl HW-40F

resin in order to remove impurities that are very common in plant materials, such as

organic acids, sugars, flavonols, among others; Figure 5 shows less peaks than Figure

4, suggesting that the purification step did get rid of some contaminants; however,

procyanidins could not be detected and none of the peaks was identified.
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Figure 4. Base peak chromatogram of the crude pea seed coat extract using UHPLC-

ESI-MS analysis (Top number: retention time, bottom number: mass to charge ratio).
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Figure 5. Base peak chromatogram of the enriched pea seed coat extract using
UHPLC-ESI-MS analysis (Top number: retention time, bottom number: mass to charge

ratio).

As large quantities of proanthocyanidin oligomers with different degree of
polymerization were needed to determine the antibacterial and enzyme inhibitory
activity of proanthocyanidin oligomers, it was decided to purify proanthocyanidins from
the commercial grape seed extract “exGrape seed OPC40” from (Breko, Germany).
According to the company, this extract contains >90% polyphenols, where >40% are
oligomeric proanthocyanidins. Figure 6 shows the base peak chromatogram for the
commercial grape seed extract. Several compounds were identified as oligomeric

proanthocyanidins as shown in Table 4 and Figure 6.
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Table 4. Tentatively identified compounds from UHPLC-ESI-MS chromatograms.
Figures 6 to 9.

Peak [M-H] Compound
A 865 Proanthocyanidin trimer
B 729 Proanthocyanidin dimer gallate
C 577 Proanthocyanidin dimer
D 441 epicatechin monogallate
E 305 epigallocatechin
F 289 epicatechin
1001 289.27
e F
3 6.58
e 289.29
270
S50
gﬁog 743
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%40': 9'130 2132 277.29
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Figure 6. Base peak chromatogram of the grape seed extract using UHPLC-ESI-MS
analysis. (Top number: retention time, bottom number: mass to charge ratio).

In Figure 6, the most abundant peaks at m/z 289 correspond to the monomer (-)-

catechin or its isomer (+)-epicatechin, m/z 577 corresponds to a (epi)catechin dimer,
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m/z 441 corresponds to a (epi)catechin plus a galloyl ester (Rockenbach, 2012;
Friederich, Eberhardt and Galensa, 2000).

Peaks at m/z 265 and 277 are shown in the chromatograms of the three extracts
analyzed (crude and enriched pea seed coat and grape seed extracts), suggesting that
they are contaminants in the column. Grape seed extract may possess oligomers with
higher degree of polymerization but the mass spectrophotometer used is just able to
detect m/z up to 2000. There are several peaks that remain unidentified but it is very

difficult to identify and characterize all the compounds in a complex plant extract.

The commercial grape seed extract was labeled as having >40% proanthocyanidins and
the base peak chromatogram confirms the presence of flavan-3-ols and oligomeric
proanthocyanidins. This extract was therefore suitable to separate oligomeric
proanthocyanidins by their degree of polymerization using High-speed counter-current

chromatography.

3.2.1 Separation of grape seed extract oligomeric proanthocyanidins using
HSCCC

High-speed counter-current chromatography was the method chosen to separate the
grape seed oligomeric proanthocyanidins by their degree of polymerization. This
chromatographic method was chosen because it possesses many advantages over
traditional column chromatography techniques. HSCCC provides high yields, up to
several grams in one hour; it also provides fractions with high purity, elimination of solid
supports and the use of large solvent volumes (Ito, 1981; Ito and Conway, 1986). The
solvent system selected was ethyl acetate/2-propanol/water (40:1:40) as suggested by
Kohler et al (2012); it was possible to isolate three fractions with different degrees of
polymerization, known as ‘Fraction I, Il and III'. The base peak of the fractions are

shown below in Figures 7, 8 and 9.
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Figure 7. Base peak chromatogram of Fraction | using UHPLC-ESI-MS analysis in
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Figure 8. Base peak chromatogram of Fraction Il using UHPLC-ESI-MS analysis in

negative ion mode (number to the left: retention time, number to right: mass to charge

ratio).

38



6.99.57T7T .1 BPI

1007 16666

5.58
T2

Relative Abundance
°‘F
O

C C
5.00,577.1 11.60
5TTA

e B B L B B S B I B B B B
0.00 5.00 10.00 15.00 20.00 |
Time {mim)
Figure 9. Base peak chromatogram of Fraction Ill using UHPLC-ESI-MS analysis in
negative ion mode (number to the left: retention time, number to right: mass to charge

ratio).

The base peak chromatogram of ‘fraction I’ shows 4 major peaks identified as ‘A’, with
an m/z 865 corresponding to proanthocyanidin trimers. The fact that several peaks have
the same m/z suggests that the monomers forming the trimers have different patterns of
isomerization. In the case of ‘fraction II', the major peak ‘C’ with m/z 577 corresponds to
a proanthocyanidin dimer; three more peaks with m/z 865 are shown, corresponding to
proantocyanidin trimers with different isomerization patterns. For ‘fraction III’, four peaks
with m/z 577 corresponding to a proanthocyanidin dimers with different isomerization
patterns are shown. With the use of HSCCC it was possible to isolate three oligomeric
fractions with different degree of polymerization in enough quantities to test their

antibacterial properties as well as their capability to inhibit digestive enzymes.

3.3 Inhibitory and bactericidal concentrations of pea seed coats and grape seed

proanthocyanidins fractions.

MIC and MBC assays were performed with the crude and enriched pea seed coat

extracts as well as the fractions obtained from the commercial grape seed extract to
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assess their antimicrobial activity against the same array of food and gut bacteria tested

for flavan-3-ols. The stock solutions were prepared in a concentration of 10g/L dissolved

in 100% methanol; the solvent was evaporated for two hours to avoid interference of the

solvent in the growth of the selected strains. A two-fold dilution method was used in a

96-well microtiter plate, with concentrations ranging from 3.3g/L to 0.0064 g/L. This

results are shown in Table 5, 6 and 7, three biological repeats were performed for each

strain.

Table 5. MIC and MBC of the crude and enriched pea seed coat extracts. Values are

indicated in g/L.

Crude pea seed coat extract

PA-enriched pea seed coat

extract
Organism MIC MBC MIC MBC
Allobaculum sp. 0.05+0.0 0.05+0.0 0.025+0.0 0.04+0.01
Anaerotruncus sp. 0.04+0.01 0.04+0.01 0.025+0.0 0.025+0.0
Ruminococcus gnavus 0.016+0.007 0.016+0.007 0.033+0.014 0.05+0.0
Staphylococcus
pasteuri 0.47+0.12 0.95+0.26 0.4+0.0 1.7+0.0
Bacillus subtilis 2.77+0.92 >3.3 2.23+0.92 >3.3
L. acidophilus FUA
3066 >3.3 >3.3 >3.3 >3.3
L. reuteri FUA 3400 >3.3 >3.3 >3.3 >3.3
Enterococcus faecalis 0.8+0.0 3.03+0.65 0.67+0.23 2.23+0.92
Enterococcus faecium 0.33+0.10 2.77+0.83 0.27+0.12 2.23+0.92
Propionibacterium sp. 1.7£0.0 1.7£0.0 1.7£0.0 >3.3
E. coli AW 1.7 3.310.0 >3.3 1.4+0.52 3.3+0.0
C. jejuni FUA 1211 0.015+0.005 0.2+0.0 0.083+0.029 0.083+0.029
C. jejuni FUA 1215 0.1+0.0 0.24+0.0 0.05+0.0 0.0510.0
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Table 6. MIC of the polymeric fraction and the oligomeric proanthocyanidins fractions

from grape seed extract. Values are indicated in g/L.

Oraanism Polymeric Fraction 1 Fraction 2 Fraction 3
9 Fraction Trimers Dimers/Trimers Dimers
Allobaculum sp. 0.1£0.0 0.11£0.0 0.1£0.0 0.11£0.0
Anaerotruncus sp. 0.04+0.01 0.0410.01 0.0410.01 0.04+0.01
R. gnavus 0.05%0.0 0.0510.0 0.0510.0 0.05%£0.0
S. pasteuri 0.53+0.24 0.5310.24 0.6610.24 0.81£0.0
Bacillus subtilis 1.7+0.0 1.7x0.0 1.7x0.0 2.23+0.92
L. acidophilus FUA
>3.3 >3.3 >3.3 >3.3
3066
L. reuteri FUA
>3.3 >3.3 >3.3 >3.3
3400
E. faecalis 1.1£0.52 1.4£0.52 2.23+0.92 3.320.0
E. faecium 0.4+0.0 0.4+0.0 0.8+0.0 0.8+0.0
Propionibacterium
1.7£0.0 2.77+0.92 2.77+0.92 2.77+0.92
sp.
E. coli AW 1.7 1.7£0.0 1.7£0.0 1.7+£0.0 1.7£0.0
C. jejuni FUA 1211 0.27+£0.12 0.331£0.12 0.3310.1 0.26+0.1
C. jejuni FUA 1215 0.1£0.0 0.17+£0.058 0.2+0.0 0.331£0.12

41



Table 7. MBC of the polymeric fraction and the oligomeric proanthocyanidins fractions

from grape seed extract. Values are indicated in g/L.

Oraanism Polymeric Fraction 1 Fraction 2 Fraction 3
9 Fraction Trimers Dimers/Trimers Dimers
Allobaculum sp. 0.1£0.0 0.11£0.0 0.1£0.0 0.1£0.0
Anaerotruncus
0.04+0.01 0.04+0.01 0.0410.01 0.04+0.01
sp.
R. gnavus 0.05+0.0 0.05+0.0 0.050.0 0.05+0.0
S. pasteuri 1.7+£0.0 3.320.0 3.320.0 3.320.0
Bacillus subtilis >3.3 >3.3 >3.3 >3.3
L. acidophilus
>3.3 >3.3 >3.3 >3.3
FUA 3066
L. reuteri FUA
>3.3 >3.3 >3.3 >3.3
3400
E. faecalis 2.23£0.92 >3.3 >3.3 >3.3
E. faecium 3.310.0 3.310.0 3.320.0 >3.3
Propionibacteriu
>3.3 >3.3 >3.3 >3.3
m sp.
E. coli AW 1.7 >3.3 >3.3 >3.3 >3.3
C. jejuni FUA
0.27+0.12 0.33+0.1 0.33+0.1 0.26+0.12
1211
C. jejuni FUA
0.2+0.0 0.4+0.0 0.4+0.0 0.53+0.23

1215

According to Table 5, the inhibitory effect of crude and PA-enriched pea seed coat
extract was not different for Ruminococcus gnavus, S. pasteuri, B. subtilis, E. faecalis,
E. faecium and Propionibacterium sp. The PA-enriched extract showed higher inhibition
for Allobaculum sp., Anaerotruncus sp., E. coli and C. jejuni FUA 1215, whereas the
crude extract showed higher inhibition for C. jejuni FUA 1211. The two Lactobacillus
strains tested were resistant to both extracts. The composition of the extracts remains
unknown but it is hypothesized that both of them contain highly polymerized

proanthocyanidins.
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Grape seed extract fractions inhibited mouse intestinal bacteria and the inhibitory
effects of the four isolated proanthocyanidin fractions tested towards these strains was
not different. L. reuteri and L. acidophilus were resistant to all the compounds tested.
There was no substantial difference between the inhibitory effect of the four fractions
tested towards S. pasteuri, B. subtilis, E. coli and C. jejuni FUA 1211. In the case of
both Enterococcus strains tested, the polymeric fraction and Fraction | showed higher
inhibitory effect than Fraction Il and Ill. For Propionibacterium sp. and C. jejuni FUA
1215, the inhibitory effect of the polymeric fraction was higher compared to the other

three fractions tested.

The antibacterial effect of the grape seed extract proanthocyanidin fractions was not
affected by the degree of polymerization of the oligomer. Nevertheless, the inhibitory
effect of monomers is substantially higher than the oligomeric proanthocyanidins,

especially for EGCG,; these results are shown in Table 2.

The minimal bactericidal concentration (MBC) assay was performed in order to
determine if the antibacterial effect of crude and enriched extract as well as the
proanthocyanidin fractions from grape seed extract were bactericidal or just

bacteriostatic. Data is presented in Table 7, with the concentrations indicated in g/L.

As Table 7 shows, the antibacterial effect against members of the mouse gut bacteria
was bactericidal, as well as for C. jejuni FUA 1211. The antibacterial effect was
bacteriostatic for B. subtilis, E. coli, E. faecalis and S. pasteuri. L. reuteri FUA 3400 was

resistant to all of the compounds tested.

3.4 Inhibition of rat digestive enzymes by flavan-3-ols, crude and PA-enriched pea

seed coat extracts and grape seed proanthocyanidins.

In order to determine the inhibition of digestive enzymes by flavan-3-ols as well as
crude and PA-enriched pea seed coat extracts and grape seed proanthocyanidin
fractions, maltodextrin was digested in vitro by rat digestive enzymes at 37°C in the
presence or absence of flavan-3-ols or proanthocyanidins. After four hours of
incubation, the reaction was stopped and the released glucose was measured with a
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glucose oxidase assay kit. Data of released glucose is shown in Figure 10. The values

are indicated in g/L.
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Figure 10. Released glucose after incubation of maltodextrin with rat digestive enzymes
in the presence of flavan-3-ols and proanthocyanidins from pea seed coat and grape
seed extracts. Values shown in g/L. (Abbreviations: C: catechin, EC: epicatechin, EGC:
epigallocatechin, EGCG: epigallocatechin gallate, PA: proanthocyanidin, GSE: grape
seed extract). Three biological replicates were performed for each compound. Statistical
analysis was done by one way ANOVA and Tukey post hoc analysis. If bars do not

share the same superscript, values differ significantly (P<0.05).

All of the compounds tested inhibited rat digestive enzymes in different extents except
for Catechin (C) (Fig. 10). EGCG, EGC and crude pea seed coat extract showed the
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highest inhibitory effect, followed by the enriched extract, EC, Fraction | and the

polymeric PA grape seed extract.

Epicatechin showed higher inhibition of digestive enzymes compared to catechin, both
of these molecules possess 2 hydroxyl groups in their B rings and just differ in their
stereochemical conformation. This suggests that this attribute plays a role in the
digestive enzyme inhibition by flavan-3-ols. Difference was found between EC and EGC
and between EC and EGCG. The inhibitory effect of EGC, which has 3 hydroxyl groups
was not different from EGCG, which has 6 hydroxyl groups. However, maltodextrin
digestion was already fully inhibited by EGC so that an additional inhibitory effect of
EGCG could not be measured. Further experiments should use a lower concentration of
EGC and EGCG to determine whether their inhibitory activity is different.

It was hypothesized that the higher the number of hydroxyl groups in the molecule, the
protein binding and precipitating properties of flavan-3-ols will be higher as well, as
more OH groups are able to bind a larger number of digestive enzymes inactivating
them; these findings suggest that the inhibition of enzymes by flavan-3-ols increases

with the number of hydroxyl groups in the molecule.

Determination of the inhibitory activity of grape seed proanthocyanidin fractions
revealed that inhibition by the polymeric proanthocyanidin fraction and Fractions Il and
[l was not different; nevertheless, there was difference in the inhibitory effect of Fraction

| and all the other grape seed fractions.

The findings in this experiment suggest that the degree of hydroxylation of flavan-3-ols
changes inhibition of digestive enzymes, but the degree of polymerization of oligomeric
grape seed extract proanthocyanidins does not play a role in their inhibitory properties.
Pea seed coat crude extract showed inhibition of digestive enzymes although their

composition is unknown.

3.4 Effect of pea seed coat on growth and acidification of L. acidophilus and L.

reuteri in a simulated forestomach

The lactic acid bacteria strains used in this study were highly resistant to flavan-3-ols

and proanthocyanidins from pea seed coats and grape seed extracts, especially L.
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reuteri FUA 3400 and L. acidophilus FUA 3066; so further testing on antimicrobial
properties of pea seed coat were performed with these two strains, using a more

complex matrix.

L. reuteri FUA 3400 and L. acidophilus FUA 3066 were grown in a matrix of wheat flour
and water + 10% pea seed coat extract at 37°C to simulate the conditions of the
forestomach; a control without pea seed coat was used for comparison. One gram of
sample was taken at Oh, 4h and 24h, and diluted with 9mL of sterile distilled water and
pH was measured, plate counts were also performed. Figure 11 and Figure 12 show the
pH values as well as the growth of the strains along the fermentation in colony forming

units per gram of sourdough (CFU/qg).

As figure 11 shows, the pH along the fermentation for both controls of L. reuteri and L.
acidophilus were significantly lower than the pH values of the fermentation with 10%
crude pea seed coat extract, suggesting that the polymeric proanthocyanidins in the
crude pea seed coat extract affect Lactobacillus growth, as L. reuteri and L. acidophilus

are acid producers, a lower pH indicates that the strains grew well.

Figure 12 shows that the crude pea seed coat extract significantly inhibits the growth of
L. acidophilus whereas the growth of L. reuteri is just affected after 4 hours of the

fermentation.
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Figure 11. Acidification of sourdough with L. reuteri or L. acidophilus with or without
pea seed coat extract (PSCE). Error bars are smaller than symbol size. Three

biological replicates performed.
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Figure 12. Cell counts of L. reuteri or L. acidophilus during growth in wheat sourdough

with or without pea seed coat extract. Data show means + standard deviation of three

biological replicates.

3. Discussion

This study evaluated the antimicrobial effect of flavan-3-ols and oligomeric
proanthocyanidins from pea seed coats and grape seed extract towards a broad array
of bacteria: common food-borne pathogens, lactic acid bacteria, members of the mouse
gut microbiota among others. The digestive enzyme inhibition by flavan-3-ols and
oligomeric proanthocyanidins from pea seed coats and grape seed extracts were
determined as well, with the aim of explaining the health promoting effects exerted by

these flavonoid compounds.

4.1 HSCCC (High-speed counter-current chromatography)

This chromatographic method was chosen to separate oligomeric proanthocyanidins by
their degree of polymerization. It possesses many advantages over traditional column

chromatography techniques such as: high yields due to no irreversible adsorption of the
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sample to the column material (up to several grams in few hours); fractions with high
purity, elimination of solid support, lower solvent volumes and good reproducibility (Ito,
1981; Ito and Conway, 1986; Marston and Hostettmann, 1994). Counter-current
chromatography utilizes a mixture of immiscible solvents referred to as “two-phase
solvent system”; one phase acts as stationary phase whereas the other one works as
the mobile phase (Ito, 2005). The solvent system used for HSCCC runs was: ethyl
acetate/2-propanol/water (40:1:40) (Kdéhler, Wray and Winterhalter, 2008), a suitable

system for the separation for oligomeric proanthocyanidins from plant extracts.

Putman and Butler (1985) were the first to report separation of a proanthocyanidin
extract from sorghum grain into 9 fractions with different degrees of polymerization. This
technique was also applied to separate flavan-3-ols and proanthocyanidins from green
and black tea, where the separation of epigallocatechin gallate and epicatechin gallate
was achieved. In the case of proanthocyanidins, the extract was purified using a
polyamide column before the actual separation using HSCCC; separation of dimeric
and trimeric proanthocyanidins was achieved (Degenhardt et al., 2000b). Shibusawa et
al (2001) accomplished the separation of apple proanthocyanidins by their degree of
polymerization, from dimers and trimers up to highly polymerized oligomers with thirteen
units. In more recent vyears, dimeric, trimeric, tetrameric and pentameric
proanthoycianidins were isolated and separated from unroasted cocoa beans
(Esatbeyoglu, Wray and Winterhalter, 2015) using countercurrent chromatography.
Koéhler, Wray and Winterhalter (2008) achieved the separation of several dimers, a
trimer and a tetramer from grape seed extract; in this experiment, the proanthocyanidin
extract was purified using a polyamide column and highly polymerized compounds were
removed by solvent precipitation to avoid interference in the separation of oligomeric

proanthocyanidins.

Pea seed coats (Pisum sativum L. cultivar Solido) were chosen as the raw material for
this thesis as they are a rich source of flavan-3-ols, oligomeric and polymeric
proanthocyanidins (Ferraro et al., 2014). Cultivar Solido in particular, possesses a
peculiar brown color given by abundant proanthocyanidin oxidation products caused by
polyphenol oxidase in planta (Marles, Vandenberg, & Bett, 2008). This seed coats were

found to have 4.51 g of proanthocyanidins per 100 g of seed coats and a mean degree
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of polymerization of five (Ferraro et al., 2014). Epigallocatechin and gallocatechin were
the most abundant sub-units for this cultivar; epicatechin was present in small amounts;
no gallic acid substituents are present in pea seed coat flavan-3-ols (Ferraro et al.,
2014).

Even though pea seed coats were reported to have a mean degree of polymerization of
five (Ferraro et a., 2014), no oligomeric proanthocyanidins or flavan-3-ols were detected
after the analysis of enriched and crude pea seed coat extracts using ultra performance
liquid chromatography combined with electrospray ionization tandem mass
spectrometry (UPLC-ESI-MS).

The pea seed coats used for the study belong to the 2009 harvest so it is possible that
the flavan-3-ols as well as the proanthocyanidins may have undergone non-enzymatic
oxidation leading to the formation of quinoidal molecules (Pourcel et al., 2007), these
molecules are highly reactive and can oxidize other compounds, forming secondary
quinones, resulting in the development of heterogenous polymers (Mochizuki et al.,
2002; Cheynier et al., 1994; Hathway and Seakins, 1957). Previous studies reported the
presence of oligomeric proanthocyanidins with mean degree of polymerization of five as
well as flavan-3-ols in pea seed coat extract (Ferraro et al., 2014; Yang, 2014; Jin et al.,
2012).

The mass range for the UHPLC-ESI-MS equipment is limited to a m/z of up to 2000, so
larger polymeric proanthocyanidins are out of the detection range. Proanthocyanidins in
pea seed coats have been previously characterized using the phloroglucinolysis
method, finding that the extension units as well as the terminal units were mainly
composed of epigallocatechin and gallocatechin (Ferraro et al., 2014). Pea seed coats
also contain organic acids, anthocyanidins and flavonols in their composition (Jin,
2011).

To obtain a suitable raw material for the extraction and separation of oligomeric
proanthocyanidins, a commercial grape seed extract (Breko, Germany) with a
proanthocyanidin content of more than 40% was employed. Three fractions were

isolated: PA trimers fraction, PA trimer and dimer fraction and dimer fraction.
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Grape seeds are known to have high concentrations of condensed tannins (Saito et al.,
1998), but in contrast to the pea seed coat proanthocyanidins, grape seed extract
proanthocyanidins contain approximately 20%-30% of esterified gallate groups
(Cheynier et al., 1999; Prieur et al., 1994); their mean degrees of polymerization range
between 2 to 16 units in the polymer and their dominant stereochemistry is cis

conformation (Prieur et al., 1994).

Hydrolysable tannins composed mainly of gallic and ellagic acids (Seikel and Hillis,
1970), possess higher protein binding properties per unit mass than proanthocyanidins
(Haslam, 1974). This might suggest that a higher concentration of gallic acid
substituents in a proanthocyanidin fraction will result in higher inhibition of digestive
enzymes. However, crude and PA-enriched pea seed coat extracts which don’t contain
gallates exhibited a higher enzyme inhibition compared to the polymeric fraction rich in

gallic acid substituents.

With the HSCCC chromatographic method, it was possible to isolate approximately 90
mg of Fraction |, 135 mg of Fraction Il and 80 mg of Fraction Il after the separation of 3
grams of grape seed extract after solvent precipitation with hexane to eliminate highly
polymerized proanthocyanidins. These quantities were enough to perform MIC in
triplicates with fifteen strains, as well as to determine the inhibition of rat digestive
enzymes; this would not have been possible if other chromatographic methods had

been applied.

All the compounds obtained from the pea seed coat extract and grape seed extract as
well as the commercial flavan-3-ols were tested to assess their digestive enzyme
properties as well as the antimicrobial effects against an array of common food and gut

bacteria.

4.2 Antibacterial properties of flavan-3-ols and oligomeric proanthocyanidins.

The antibacterial activities of flavan-3-ols and oligomeric proanthocyanidins from grape
seed extract toward an array of lactic acid bacteria, food-borne pathogens, indicator
strains and anaerobic mouse gut microbiota members were demonstrated in this study.

All compounds exerted selective bacterial inhibition in some extent depending on their
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chemical structure as well as the strain tested. It was hypothesized that flavan-3-ols with
higher number of hydroxyl groups in the B ring of the molecule or esterified with gallic

acid, would have higher bacterial inhibition.

The MIC values for Staphylococcus pasteuri agree with a previous data reported by
Yang (2014) as the MICs were the same for EGC and EGCG, despite EGCG having 3
more active hydroxyl groups than EGC. The difference between studies lies in the MIC
concentration, as Yang (2014) found lower MIC values. This might be because in this
study, p-iodonitrotetrazolium violet dye (INT) was used to determine the MIC and MBC
values. INT is a redox dye used as an indirect indicator of bacterial growth (Haslam et
al., 2000); this reaction is based on the electron transference between NADH
(Nicotinamide adenine nucleotide), which is a natural occurring compound in living cells
and the tetrazolium dye forming NAD+ and a red INT-formazan. Yang (2014) used
bromocresol green to asses MIC and MBC concentration, method based on the
measurement of the acidification of the bacterial broth on the plate wells. As the two
methods measure two different characteristics of bacteria, it is possible that MIC results

are somewhat different.

In the case of Bacillus subtilis, the MIC determined for EGCG corresponds to the results
published by Engels et al (2011). Engels et al (2011) also reported that C. jejuni FUA
1220 had a MIC value for EGCG with a concentration 10 times higher than the ones
determined in this study for C. jejuni FUA 1211 and C. jejuni FUA 1215. These findings
suggest that the antimicrobial effect of flavan-3-ols is strain specific as C. jejuni FUA

1211 was also more sensitive to EC and EGC in comparison to C. jejuni FUA 1215.

EGCG, which is the most widely studied flavan-3-ol, is the molecule tested with the
most hydroxyl groups, 3 —OH in the B ring and 3-OH from the esterified gallic acid,
followed by EGC, which has 3 hydroxyl groups in the B ring. In this study EGCG had the
same or higher inhibition than EGC; the same pattern was observed for EC and EGC.
EGC had the same or a higher antimicrobial activity than EC for all the stains tested
while lactic acid bacteria were resistant to both. It was reported that a higher number of
hydroxyl substitutions in the B ring of the flavan-3-ol (Scalbert, 1991; Yang, 2014) as

well as the presence of esterified gallic acid enhanced the antimicrobial activity of these
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monomers. (Epi)gallocatechin and (epi)gallocatechin gallate have shown higher
antimicrobial activity than catechin and its isomer: epicatechin (Taguri, Tanaka and
Kouno, 2004; Yam et al., 1997; Scalbert, 1991). This study confirms these reports with

bacterial strains representing rodent intestinal microbiota.

With the exception of C. jejuni FUA 1211, there was no difference between the MIC
values of C and EC, suggesting that the isomeric conformation does not play a role in
the antimicrobial action of flavan-3-ols. This result agrees with Yang (2014), although
generally flavan-3-ols with cis configuration have higher antimicrobial activities (Yam et
al., 1997; Nishino et al., 1987). Nevertheless it was found that catechin has higher
growth inhibition compared to epicatechin when using a batch-culture fermentation
(Tzounis et al., 2008).

A comparison of the antimicrobial activity of flavan-3-ols against Staphylococcus aureus
found that the number of hydroxyl groups in the molecule as well as the presence of
gallic acid esterifications changes the inhibitory effect of these molecules, as
epigallocatechin gallate was the most inhibitory compound followed by epicatechin
gallate; epicatechin was the least inhibitory compound with just two hydroxyl groups in
the B-ring (Akiyama et al., 2001). Epigallocatechin gallate had substantially higher
antimicrobial effect against E. coli and S. aureus compared to epicatechin (lkigai et al.,
1993), supporting the hypothesis that higher number of hydroxyl groups present in the

molecule results in higher antibacterial effect.

In the case of the pea seed coat crude and enriched extracts, no difference was found
between the antimicrobial activities of these extracts; this agrees with the hypothesis
that both extracts are composed of highly polymerized proanthocyanidins; It was
reported that proanthocyanidins from pea seed coats cultivar ‘Solido’ were mostly
composed by epigallocatechin and gallocatechin, with a mean degree of polymerization
of five (Ferraro et al., 2014). Other components in the pea seed coat are proteins (8%)
and approximately 38% of starch from which 7% is resistant; the main pea seed coat
fibre components are glucose and xylose (Yang, 2014).

To determine the influence of the degree of polymerization on antibacterial activity, the

inhibitory and bactericidal effect of a fraction mixed with (epi) catechins, a dimeric
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proanthocyanidin (B2) as well as catechin alone were tested (Shan et al., 2007).
Catechin was not able to inhibit any of the five pathogenic strains tested; the inhibition
effect of the mixed fraction and proanthocyanidin B2 was very similar and these two
compounds were able to inhibit all the strains tested with E. coli among them (Shan et
al., 2007). This thesis confirms that E. coli was resistant to catechin, but was inhibited in

some extent by the oligomeric proanthocyanidins from grape seed extract.

The inhibition effect of tetrameric, trimeric and dimeric proanthocyanidins as well as a
monomeric fractions was tested finding that all the fractions inhibited S. aureus to some
extent and being the monomeric fraction the one that showed the highest antimicrobial
activity (Kumar et al., 2014). This finding also conforms to this study as all the strains
tested were more sensitive to the flavan-3-ols than to the oligomeric proanthocyanidins
from grape seed extract, except for L. reuteri and L. acidophilus which were resistant to

all the compounds tested.

The lactic acid bacteria, especially L. reuteri FUA 3400 and L. acidophilus FUA 3066
were resistant to all the compounds tested in this study; this was seen before with tea
flavan-3-ols, where the growth of Bifidobacterium breve, Bifidobacterium adolescentis
as well as Lactobacillus casei Shirota and Lactobacillus rhamnosus isolated from a
human fecal sample, remained almost unchanged after the supply of catechin and
epicatechin. These strains were also resistant to 3-phenylpropionic acid, 4-OH

phenylacetic acid and gallic acid (Lee et al., 2006).

The substantial inhibition of some anaerobic mouse gut bacteria by flavan-3-ols in this
study agrees with several publications in which these compounds inhibit gut microbiota
selectively depending on the chemical structure of the compound and the bacterial
species. For example, it was observed that several members of the Clostridium and
Bacteroides genera were inhibited by flavan-3-ols from tea, whereas Bifidobacterium
spp. and Lactobacillus spp. remained unchanged (Lee et al., 2006). In the case of
oligomeric proanthocyanidins from grape seed extract, mice gut isolates were also
substantially inhibited, but the antibacterial effect of these fractions is lower compared to

the flavan-3-ols, especially for EGCG. The antimicrobial effect against members of
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mouse gut microbiota was bactericidal for both flavan-3-ols and oligomeric

proanthocyanidins from grape seed extract.

Previously, the inhibitory and bactericidal activities of hydrolysable tannins from mango
kernels with different degrees of galloylation were determined towards an array of food-
borne bacteria and fungi, finding no significant difference in the MIC values between
penta-, hexa-, hepta-, octa-, nona-, and deca-O-galloylglucose. (Engels et al., 2011).
This finding relates to the present study as there was no difference between the
antimicrobial action of EGC and EGCG although EGCG has 3 more active hydroxyl
groups in its gallate ester than EGC. Moreover, oligomeric proanthocyanidins were did

not have a higher activity when compared to monomers.

Lactic acid bacteria and E. coli were resistant to mango seed kernel extract containing
gallotannins with different degrees of polymerization. Two C. jejuni strains were tested
as well and they were sensitive to the mango kernel extract but resistant to catechins
from green tea, the latter being contrary to what was found in the present study (Kabuki
et al., 2000). Engels et al (2011) reported C. jejuni as the most inhibited strain by hepta-

O-galloylglucose and found that this strain was very sensitive toward EGCG.

Catechin was found to promote the growth of human fecal strains of Lactobacillus spp.
and Bifidobacterium spp. using a batch-culture fermentation model (Tzounis et al.,
2008). Finding that agrees with this study as Bifidobacterium adolescentis, L. reuteri

and L. acidophilus were resistant to all the compounds tested.

Catechin and epicatechin do not inhibit E. coli but the flavan-3-ol gut microbiota
metabolites 3-(4-OH phenyl) propionic acid, 3-Phenylpropionic acid and 4-OH
phenylacetic acid do. Several pathogenic strains were also inhibited: Listeria
monocytogenes, Pseudomonas aeruginosa, Salmonella enterica serovar Typhymurium,
among others (Lee et al., 2006). Thereby, flavan-3-ols and their metabolites are
suggested to play a role in the intestinal health maintenance. These two flavan-3-ols,
catechin and epicatechin do not inhibit the growth of the Clostridium coccoides -
Eubacterium rectale group (Tzounis et al., 2008). These microorganisms are relevant as
they are short chain fatty acid producers, molecules that have been associated to health

promoting effects (Gibson 1999).
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4.3 Enzyme inhibition properties of flavan-3-ols and oligomeric

proanthocyanidins

Proanthocyanidins bind dietary proteins and digestive enzymes including pancreatic
and brush-border enzymes, due to the abundant hydroxyl groups in the molecules
(Scalbert et al., 2000) that bind the amino groups in peptides or other molecules
(Siebert, Troukhanova and Lynn, 1996). For hydrolysable tannins as well as condensed
tannins, larger polymers with more co-ordinated hydroxyl groups bind proteins more
efficiently than smaller molecules (Horigome et al., 1988; Baxter et al., 1997; Jonker
and Yu, 2017), although no difference in protein binding properties were found in
proanthocyanidins with mean degree of polymerization above eight (Harbertson et al.,
2014). Based on this, it was hypothesized that the higher the number of hydroxyl groups
in flavan-3-ols as well as the oligomer length in proanthocyanidins the enzyme inhibition
ability will be higher as well, as more OH groups are able to bind a larger number of
digestive enzymes inactivating them. The enzyme binding properties also depend on

the stereochemistry and the type of linkage among monomers (Jonker and Yu, 2017).

All of the compounds tested inhibited rat digestive enzymes in different extents except
for catechin which had no difference from the control. EGCG, EGC and crude pea seed
coat extract showed the highest inhibitory effect, followed by the PA-enriched extract,
EC, Fraction | and the polymeric PA grape seed extract. Epicatechin was able to inhibit
digestive enzymes in a greater way compared to catechin, both of these molecules
possess 2 hydroxyl groups in their B rings and just differ in their stereochemistry
conformation, suggesting that this attribute plays a role in the enzyme binding properties
of flavan-3-ols against digestive enzymes, differing from the antimicrobial activity were

there was no difference between catechin and epicatechin.

Difference was found between EC and EGC as well as between EC and EGCG. EGC
counts with 3 hydroxyl groups which are able to bind enzymes whereas EGCG has 6,
nevertheless there was no difference between these two flavan-3-ols. This may be
because the enzyme action was too exhaustive and both compounds reached the
maximum glucose release. For further experiments and digestive enzymes inhibition

determination, the concentration of phenolic compounds should be lowered to observe if
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there is an actual difference between these two flavan-3-ols. In the case of the grape
seed proanthocyanidin fractions, there was no difference between the polymeric
proanthocyanidin fraction and Fractions Il and Ill. These results suggest that the degree
of hydroxylation of flavan-3-ols changes inhibition of digestive enzymes. This results
agree with previous publication where the number of hydroxyl groups matches the

enzyme inhibition properties of flavan-3-ols (Jonker and Yu, 2017).

The degree of polymerization of oligomeric grape seed extract proanthocyanidins does
not play a role in their inhibitory properties, contrary to previous findings that suggest
that protein binding properties are dependent on the degree of polymerization of the

proanthocyanidins (Horigome et al., 1988; Baxter et al., 1997; Harbertson et al., 2014).

The enzyme inhibition properties of flavan-3-ols and proanthocyanidins extend beyond
digestive enzymes and they can act against pathogens. One example is the inhibition of
urease activity in Helicobacter pylori (Adeniyi et al., 2009), the enzyme that helps H.
pylori to release ammonia and survive in the acid gastric environment (Cires et al.,
2016). Another interesting example is the ability of tea catechins to inhibit biofilm
formation in Escherichia coli O157:H7 (Lee et al., 2009) since they bind surface

proteins.

4.4 Lactobacillus resistance to compounds tested.

The Lactobacillus strains tested in this study were resistant to all the compounds tested:
flavan-3-ols and proanthocyanidins from pea seed coat and grape seed extract. These
results are in accordance to previous publications where the growth of Lactobacillus sp.
and Bifidobacterium sp., which were not affected by the presence of catechin or

epicatechin in batch fermentations (Lee et al., 2006; Tzounis et al., 2008).

In the MIC assays, Lactobacillus reuteri FUA 3400 and Lactobacillus acidophilus FUA
3066 were resistant, but in the experiment with wheat flour, the pH along the
fermentation for both controls of L. reuteri and L. acidophilus were significantly lower
than the pH values of the fermentation with 10% crude pea seed coat extract. This
finding suggests that the crude pea seed coat extract affects the growth of L. reuteri and

L. acidophilus as these strains are acid producers and a lower pH indicates higher
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growth. Pisum sativum L. cultivar Solido seed coats were reported to contain 4.51mg of
proanthocyanidins per 100mg of seed coats (Ferrero et al., 2014), so even at a low
concentration, as in the case of the sourdough experiment, proanthocyanidins from the
crude extract can influence microbial ecology. These results are in accordance with a
previous publication where a fermentation with sorghum was carried out and
Lactobacillus casei and Lactobacillus reuteri were inhibited (Lin and Ganzle, 2014);
sorghum contains high concentration of phenolic compounds with proanthocyanidins
among them, especially in the bran (Awika, McDonough and Rooney, 2005).
Lactobacillus does not need iron to grow in anaerobic conditions (Archibald, 1983), in
contrast with other bacterial species; this trait can explain the resistance to flavan-3-ols
and oligomeric proanthocyanidins shown by this genus. Also, the composition of the cell
wall in terms of peptidoglycan varies in composition among bacterial species; flavan-3-
ols and oligomeric proanthocyanidins have proved to bind cell wall components, thus

the inhibition of bacterial species will vary (Engels et al., 2011).

4.5 Bioavailability and antinutritional effect of flavan-3-ols and proanthocyanidins

Oligomeric proanthocyanidins and flavan-3-ols have been proposed to exert several
health promoting effects. Their mechanisms may relate to the modulation of gastric
transit, the inhibition of digestive enzymes, the modulation of the gut microbiota, or to
the direct health promoting effects upon absorption. In this study, the enzyme inhibtion
as well as antimicrobial properties of flavan-3-ols and oligomeric proanthocyanidins
were tested. The inhibition of digestive enzymes is closely linked to the biological
activity of flavan-3-ols and proanthocyanidins. One example of this is the inhibition of a-
amylase and glucoamylase that results in lowered glucose levels in blood after meal
consumption: thus, this inhibition could be applied to modulate blood glucose levels in
patients with metabolic disorders like diabetes (Barrett et al., 2013; Li et al., 2005;
Apostolidis et al., 2003).

At the bacterial scale, a-amylase binding by flavan-3-ols and proanthocyanidins in the
forestomach is not beneficial for the Lactobacillus strains as they need maltose released

from starch to thrive (Stolz et al., 1993). Amylase inhibition in the small intestine,
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however, benefits colonic bacteria since starch is the substrate for some short chain
fatty acid producers (Leitch et al., 2007; Tremaroli and Backhed, 2012).

The antinutritional effects or the health benefits exerted by flavan-3-ols and
proanthocyanidins depend on the general health and nutritional status of the host. If the
diet of the host is low in protein and caloric intake, proanthocyanidin consumption will be
counterproductive due to the binding of dietary protein and digestive enzymes which will
result in delayed digestion of dietary components and their absorption (McSweeney et
al., 2001; Butler, 1992). Nevertheless, if the diet of the host is low in dietary fibre the
digestive enzyme inhibition of proanthocyanidins is beneficial, as starch will reach the
colon where it can be metabolized by microbiota (De Filippo et al., 2010; Tremaroli and
Backhed, 2012).

4. Conclusions

The objective of this study was to separate oligomeric proanthocyanidins from pea seed
coats, unfortunately proanthocyanidins were not found in enough qualities for an
extraction with HSCCC by their degree of polymerization. Commercial grape seed
extract was chosen as it possesses >40% of proanthocyanidins in its composition.
Using HSCCC, three fractions with different degrees of polymerization were isolated
and together with flavan-3-ols, it was possible to determine the antibacterial effect of

these compounds as well as their ability to inhibit digestive enzymes.

It was found that the antimicrobial effect of flavan-3-ols increases with the number of
hydroxyl groups in the molecule, specifically by those located on the B ring of the
monomer and the ones from gallate moieties attached to them. In the case of oligomeric
proanthocyanidins from grape seed extract, the antimicrobial effect is not affected by

the length of the oligomer.

Regarding the enzyme binding effect of flavan-3-ols, it increases with the number of
hydroxyl groups present in the monomer, but there was no evidence that the enzyme
binding properties increased with the length of the oligomer in the case of grape seed

proanthocyanidins.
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The health promoting effects exerted by gut microbiota depend on several factors and
cannot be entirely explained by gut microbiota modulation or the enzyme binding
properties of flavan-3-ols and proanthocyanidins alone. Further research needs to be
done in the modulation of the gastric transit by flavan-3-ols and oligomeric
proanthocyanidins as well as their direct effects upon absorption. It would be interesting
to determine the antimicrobial effect of flavan-3-ol metabolites as well, for a more

thorough understanding of the modulation of gut microbiota by these compounds.
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