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Abstract

Research on berries has been carried out for the last several decades due to their significant
health benefits. This thesis presents an experimental study of different berries collected from
Fogo Island, an offshore island of the province of Newfoundland and Labrador. The objective of
this study was to evaluate the biochemical activities of different species of berries and to
determine the phenolic constituents in lingonberries. Four types of berry samples including
blueberries, crowberries, bunchberries and lingonberries, both fruits and leaves, were collected
during the autumn season for two consecutive years from different locations on Fogo Island. All
the samples were extracted and made into a powder using liquid nitrogen followed by sonication
with a solvent system and centrifugation. Assays including the DPPH free radical scavenging
capacity, total phenolic, total anthocyanin, total flavonoid and total tannin content of the samples
were performed. Samples with the highest antioxidant activity were chosen for HPLC analysis
using a HPLC UV/DAD MS TOF system. Blueberries and lingonberries showed the most
promising results regarding antioxidant activities. Leaves showed higher antioxidant activity
than fruits. More than 25 organic compounds were identified from lingonberries using HPLC
analysis. Based on the promising results, it can be concluded that Fogo Island can be a lucrative
spot to grow berries on a commercial basis. The presence of these phenolic constituents can
explain the effects of lingonberries on human health and lead to additional pharmacological
studies with extracts or specific compounds found in these berries.
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Chapter 1: Introduction

1.1 General

We are now living in a world where scientists have potentially eradicated some diseases from
the face of the earth forever using vaccines. On the other hand, there are still some diseases which
are permanently incurable using conventional treatment procedures but manageable with proper
diet and a healthy lifestyle. A healthy diet means consuming fruits and vegetables, which are
inversely related to the incidence of several cancers, cardiovascular disease and age-related

neurodegenerative disorders (Beattie ef al., 2005).

The presence of antioxidants in a diet can decrease oxidative stress in the body which in turn
minimizes the possibilities of dysfunction such as cancer, neurodegeneration and aging due to
reactive oxygen species (ROS) (Demmig-Adams et al., 2002). In recent studies, berries have
been found as an effective source of antioxidants and full of other beneficial nutraceuticals
(Gundesli et al., 2019). Despite having a short growing season, Canada still grows berries and
exports these to mitigate the world’s needs. According to statistics, Canada is number two in
exporting berries after the US. (Torabi, 2013). New technologies to overcome natural obstacles
such as soil quality, climate and insects have been utilized by researchers in different provinces
including Newfoundland and Labrador, in order to maximize the cultivation of berries (Debnath

etal., 2016).

A wide spectrum of health benefits of berries makes them more interesting day by day to
researchers (Halvorsen ef al., 2002). Berries have been studied for their chemical composition
and biological activities both in vitro and in vivo. (Jurani¢ et al., 2008; Skrovankova et al., 2015;

Hossain et al., 2016). The quality of fruits is reported to vary depending on factors such as



location, climate, temperature and soil quality (Onwuka and Mang, 2018; Skrovankova et al.,
2015). Considering these findings, different kinds of berries were collected from several areas of
Fogo Island, NL for two consecutive years and compared based on their chemical and biological
activity. In this study lingonberry samples from both years have been subjected to chemical
investigation using high performance liquid chromatography (HPLC). A thorough qualitative and
quantitative investigation has been performed to confirm the presence of various anthocyanins in

lingonberry and determine the amount of major compound present in samples.

1.2 Fogo Island

Fogo island is the largest offshore island of Newfoundland and Labrador, located on the
northeast coast of Newfoundland. This remote island is a living place of a few small communities
(Gray, 2000). Tourists visit the Island for berry picking and fishing during nonwinter months,
mostly July-August (Fogo Island by Robin Esrock; National Geographic). We chose Fogo Island
as it’s a popular destination for tourists for berry picking and locals celebrate the berry picking
season here and often invite tourists to join them. In 2017, samples were collected from six
locations which are Island Harbour, Lion’s Den, Joe Batt’s Pt. trail, Marconi site, Seldom and
Tilting. In 2018 berries were collected from four locations which are Seldom, Island Harbour,

Tilting and Simm’s Beach of Fogo Island.

1.3 Lingonberries

Vaccinium vitis-idaea, commonly known as lingonberry, is an evergreen shrub. It is well
known as partridgeberry in Newfoundland and red berry in Labrador, which is also the highest
producer of these red fruits in the North American region. (Penney et al., 1995). Although the

Atlantic region has a short growing and cultivation period, picking berries and eating them while



they remain fresh is a celebration for the people who live in this area. (Opal Consulting Inc.,
2010). Previously, lingonberries have been primarily collected from the wild but recently these
plants have been domesticated (Padmanabhan et al., 2016). Now along with blueberries,
lingonberries have become one of the most popular berry varieties of the Vaccinium species due
to their link to preventing some chronic and degenerative diseases which is believed to be related

to the presence of phenolic bioactive substances (Drozdz et al., 2017).

1.4 Crowberries

Crowberries or Empetrum nigrum belong to the Ericaceae family (Boland., 2010). This
species is known as blackberry in Newfoundland. Plants are low evergreen shrubs, which are
native to subarctic, alpine and boreal regions. Fruits are juicy, edible and acidic in taste (Scott.,

2010).

Crowberry was underutilized until recently when researchers discover its potential
antioxidant activity (Jurikova et al., 2012). Due to this reason, it is also one potential crop in the
list of “prospective super foods” (Seeram, 2008). Although fresh fruits are part of a traditional
diet in North America, indigenous groups often consider fresh fruits as inedible as these contain a
high amount of tannin which gives them an astringent and slightly acidic taste (Seeram, 2008,
Laaksonen ef al., 2011). However, fruits can be used in a mixture of jam or with drinks
(Laaksonen et al., 2011). It is used in folk medicine in Korea as an anti-inflammatory agent to
treat cystitis, nephritis, and urethritis (Park ef al., 2012). Most health benefits are due to the
presence of polyphenols, especially flavonols and anthocyanins (Ogawa et al., 2008). Despite the

potential utilization of crowberries, these have not been made commercially available yet



(Laaksonen et al., 2011), but they might be a promising ingredient for the cosmetic and

pharmaceutical industries (Hyun et al., 2016).

1.5 Blueberries

The highbush blueberry (Vaccinium corymbosum) and lowbush wild blueberry
(Vaccinium angustifolium) are perennial flowering plants with blue or purple fruits (Rowland and
Hammerschlag, 2005). There are two types of commercial blueberries, wild (lowbush) and
cultivated (highbush), both of which are native to Northern America (Naumann, 1993).
Blueberries (V. angustifolium) from the Island of Newfoundland, Canada are popular for their
unique taste (Walther, 2018, Morton ef al., 2018). One can collect them from almost anywhere on
this Island in the months of August and September. They are the most popular berries due to their

abundance, delicious taste and direct antioxidant action (Williamson and Clifford, 2010).

Blueberries are one of the richest fruits containing anthocyanins (Wu et al., 2006), which
represent 60% of all polyphenols present in ripe fruits (Kalt et al., 2003). Statistics have shown
that intake of approximately one-third of a cup of blueberries and anthocyanins 50 mg daily
reduces the possibility of some diseases (Gongalves et al., 2021; Cassidy et al., 2013; Cassidy et
al.,2011; Jennings et al., 2012; McCullough et al., 2012). Also, magnetic resonance imaging of
brain tissue showed that cognitive function in older persons has been greatly improved by
drinking 9 ml/kg blueberry juice daily for up to 12 weeks (Krikorian et al., 2010). A study on
school-aged children showed that it improves cognitive activities after taking a drink containing
30 g of blueberry powder (Whyte et al., 2016). Experiments on aging rats showed that ingesting
2% blueberries in a regular diet can protect vulnerable regions of the brain, mitigate

inflammatory markers, and decrease oxidative stress (Poulose ef al., 2014, Shukitt-Hale ef al.,



2007 and Shukitt-Hale et al., 2019). The research on blueberries and all positive findings make it

a promising fruit for neurodegenerative disorders and improving brain function.

1.6 Bunchberries

Bunchberry (Cornus canadensis) is a low herbaceous perennial plant (Gucker, 2012). It
usually grows in cooler moist areas of Greenland, the east and west coasts of Canada, and Alaska
(Hall et al., 1976). Fruits can be eaten raw or cooked (Turner et al., 1979). The taste is pleasant
but without much flavor (Elias et al., 1982). Fruits can be added to breakfast cereal or can be
used to make jam, pies and pudding (Facciola, 1990). Fruits can also be used with other low
pectin fruits for making jam as they are high in pectin (Schofield, 1996), and pectin can provide

some protection against radiation (Allardice, 1993).

For medicinal purposes, various parts of this plant also can be used. For example, leaves
and stems have analgesic, cathartic and febrifuge properties (Moerman, 1998, Allardice, 1993).
Plants can be used for pain relief, lung and kidney ailments, coughs and fever (Foster and Duke.,
1990, Gahyur and Janssen, 2010). Also, a tea made from the roots can be used to treat infant colic
(Foster and Duke., 1990). A concentrated liquid produced by boiling this plant can be used for
eye wash (Foster and Duke., 1990. Moerman., 1998). Fruits are rich in pectin, hence it has
carcinogenic properties and it is a capillary tonic, antioedemic, anti-inflammatory, antispasmodic

and hypotensive (Duke and Ayensu., 1985).

1.7  Taxonomy of lingonberry
Lingonberry is native to the Northwest and Northeastern parts of Canada, Scandinavian
countries, and some parts of the United States (Index of species information, USDA forest

services). Internationally it is best known as lingonberry but the name varies according to



location such as lingen, lingon and puolukka in Finland, foxberries in Quebec, moss cranberry,
mountain cranberry, northern mountain cranberry in other parts of Canada, partridgeberry in
Newfoundland and red berry in Labrador (Penhallegon., 2006). Lingonberry usually grows in
cooler parts of the world even in very harsh weather. Plants usually grow close to the ground
which enables them to resist strong wind and also helps to trap moisture (Reich., 2004). This may
be the reason why this plant is so popular with people who live in arctic regions. There are two
types of lingonberry, which are wild berry and European berry. Wild berry is single blooming
and only blooms during summer, while European berry blooms twice, once in late summer and

then again in the Fall, from October to mid-November (Heidenreich., 2010).

1.8 Common uses and health benefits of lingonberries

In North America and Europe lingonberry is used as food to make jam, jellies, yogurt,
cake, tart, ice cream or as a drink in liquor or tea (Ross ef al., 2015). Lingonberries are also used
by Indigenous Peoples in Canada where they eat them raw, stewed or with fish, meats and boiled
eggs (Heller., 1953; Leighton., 1985). To treat frequent urination and diabetes lingonberries have
been used as folkloric medicine by the Cree (Fraser ef al., 2007; Leduc et al., 2006).
Lingonberries are very rich in anthocyanins, which are responsible for blue, purple, red, orange
and other colors and thereby these berries are often used as natural food colouring agents
(Drozdz et al., 2017). Berries can also be used as food preservatives as they contain high
amounts of benzoic acid (Visti et al., 2003). Berries have been included in regular diets as fresh,
frozen, or in processed forms (Manganaris ef al., 2014). The presence of phenolic compounds in
berries makes them a good source of natural antioxidants (Samad et al., 2014; Paredes-Lopez et

al.,2010; Vyas et al., 2013).



1.8.1 Antioxidant properties of lingonberries

Consuming natural dietary antioxidants is important as naturally occurring neutralizers or
enzymes are not enough to combat free radicals present in the body and synthetic antioxidants
potentially have harmful effects on the body (Lobo ef al., 2010). Some research has shown that
lingonberry has a higher antioxidant capacity than other berries (Wang & Jiao, 2000; Wang &
Lin, 2000; Wang & Stretch, 2001). The reason for this may be that lingonberry contains a wide
range of phenolic compounds including phenolic acids, tannins, anthocyanin and flavonoids
(Wang et al., 2005). It also is a good source of pro-vitamin A (B-carotene), vitamin B (B1, B2
and B3), vitamin C, minerals (potassium, calcium, magnesium and phosphorus) and fibers
(Oldemeyer & Seemel, 1976). Lingonberries have been shown to possess potent free radical
scavenging activities against hydroxyl (OH-), di picryl hydroxyl (DPPH), peroxy (-ROO) and
oxide (O%) free radicals, which in turn make these berries a very good source of natural
antioxidants (Wang et al., 2005).

In the next section, how antioxidants work in living organisms is illustrated, showing their

reducing properties and ability to reduce oxidative and nitrosative stress in the human body.

1.8.1.1 Reactive oxygen and nitrogen species

ROS are oxygen ions, peroxides, hydroxyls and the by-products of oxygen consuming
metabolic processes in cells. They play an important role in regulating cellular signaling in proper
concentrations. During stressed conditions, ROS concentration increases and they react with
proteins, lipids, fatty acids in the body and can cause pathological changes or mutations (Morrell

et al., 2008).



The human body has its own defense mechanisms against excess amounts of ROS (Held.,
2015). There are number of enzymes such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), guaiacol peroxidase (GPX), glutathione reductase (GR),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) and naturally
occurring antioxidants such as ascorbic acid (AA), reduced glutathione (GSH), a-tocopherol,
carotenoids, flavonoids, and the osmolyte proline which participate in detoxification process to

further protect the body from mutation (Das et al., 2014).

Reactive nitrogen species (RNS) are the products of the reaction of nitric oxide with
superoxide ions such as peroxynitrite and nitrogen dioxide, which play an important role in
causing inflammation and other respiratory diseases (Ichinose et al., 1999). Like ROS, RNS play
an important role in cellular signaling and can exert harmful effects when levels are elevated (Di

Meo et al., 2016).

1.8.1.2 Oxidative and nitrosative stress

ROS and RNS play a dual role in cells. In lower concentrations they contribute to cell
signaling pathways and in excess concentrations they are the cause of adverse changes in
biomolecules such as DNA mutations, tumor proliferations and cell aging processes. Imbalances
in the continuous process of developing and neutralizing of reactive species develop a stress in

our body, which is called oxidative and nitrosative stress. (Winger ef al., 2017).

1.8.1.3 Antioxidants and their roles in neutralizing ROS

Antioxidants are defined as stable enough molecules that can give an electron to a free

radical to neutralize it and reduce the degradation of biomolecules by other reactive molecules



(Halliwell et al., 1995). Antioxidants exert their action by scavenging radicals, donating hydrogen
or electrons, decomposing peroxide, quenching singlet oxygen, inhibiting enzymes and chelating
with metals (Frie et al., 1988). They can eliminate reactive species in two proposed ways (Rice-
Evans et al., 1993); One, by donating electrons to stabilize free radicals and second by chelating

with the initiators of reactive species (Krinsky et al., 1992).

There are some natural antioxidants such as glutathione, ubiquinol, and uric acid (Shi ef
al., 1999) and a few enzymes in the body that can neutralize free radicals. There are also some
non-enzymatic micronutrients which can promote free radical scavenging but cannot be produced
by our body. Therefore, it is highly beneficial to consume foods that contain these micronutrients

(Levine et al., 1999).

r
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| - |
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-directly scavenge free radicals
-metal binding proteins

Figure 1.1: Schematic diagram of free radical production and antioxidants defense in body

(modified from Young & Woodside 2000, Sharifi-Rad et al., 2020; drawn with Lucid chart)
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Natural antioxidants include Vitamins A, C and E (Tafazoli et al., 2005, Vojdani et al., 2000).
Vitamin E (Figurel.2) is a lipid-soluble antioxidant which breaks the lipid peroxidation cycle by
interfering with lipid peroxyl radicals (LOO") and terminating the lipid peroxidation chain
reaction, which in turn produces tocopheroxyl radical, a comparatively stable compound and
insufficiently reactive to initiate the cycle again (Witting et al., 1997, Morli¢re et al., 2012,
Stocker et al., 1997).

LOO’ + a-tocopherol-OH — LOOH + a-tocopherol-O°

C

Figure 1.2: Structure of Vitamin E (drawn with Chem4word)

Vitamin C (Figure 1.3) is a water-soluble neutralizer which is capable of donating an electron to a
lipid radical in order to terminate the lipid peroxidation chain reaction and convert to ascorbate radical

itself (Niki et al., 1991, Retsky et al., 1991, Oh et al., 2010).

Figure 1.3: Structure of Vitamin C (drawn with Chem4word)
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Vitamin A (Figure 1.4) is capable of protecting lipids against rancidity (Monaghan et al., 1932).
This vitamin decreases low-density lipoprotein levels in the bloodstream, which in turn decreases the
chance of heart disease (Parker et al., 1996, Vieira et al., 1995, Livrea et al., 1995, Tesoriere et al.,
1997). Bioflavonoids are another group of plant produced non-enzymatic antioxidants (Pietta et al.,
2000, Nijveldt et al., 2001). They can inhibit hydroxyl radical induction DNA damage (Russo et al.,

2000).

Figure 1.4: Structure of Vitamin A (drawn with Chem4word)

1.8.2 Anti-inflammatory effects of lingonberry

It is known that oxidative stress and inflammation are related. Oxidative stress can play a
pathogenic role and can induce inflammation. ROS generated in brain tissue can modulate
synaptic and non-synaptic transmission between neurons, which causes neuroinflammation, cell

death and leads to neurodegeneration and memory loss (Popa-Wagner et al., 2013).

11



Inflammation is generally the unchecked response against a stimulation due to an
endogenous signal or pathogens (Chen ef al., 2018) and it is a defense mechanism which is vital
for health (Nathan et al., 2010). Both infectious and non-infectious agents can trigger
inflammatory cells and initiate inflammatory signaling pathways such as nuclear factor kappa B
(NF-kB), mitogen activated protein kinase (MAPK), Janus kinase-signal transducers and
activators of transcription (JAK-STAT) pathways (Figure 1.5) (Chen et al., 2018). In acute
inflammation, cellular and molecular interactions happen to minimize the severity of infection or
damage. This mitigation process helps to restore homeostasis in the body but unchecked acute

inflammation can lead to chronic inflammation (Zhou et al., 2016).

Polyphenols found in plants are able to neutralize free radicals and may reduce ROS-
induced neuroinflammation. They also might modulate the activities of enzymes which regulate
arachidonic acid metabolism (phospholipase A2), Cyclooxygenase (COX) and arginine
metabolism (NOS). They may also modulate the production of some proinflammatory molecules
(Hussain et al., 2016). A molecular mechanism of polyphenols to exert anti-inflammatory effects
is inhibition of enzymes exerting proinflammatory properties such as COX-2, lipoxygenase
(LOX), and iNOS, inhibition of NF-xB and activation of protein-1 (AP-1), phase-II antioxidant
detoxifying enzymes, MAPK, protein kinase-C, and nuclear factor erythroid 2-related factor
(Santangelo ef al., 2007). AP-1, NF-kB, some enzymes and compounds (iNOS, COX-2),
cytokines (IL-1B, TNF-a), neuropeptides, and proteases are known to be central in the process of

inflammation (Kim et al., 2008).
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Figure 1.5: Schematic diagram of polyphenols inhibiting ROS induced signaling pathways

(modified from Joseph et al., 2014; drawn with Lucidchart).

Several studies have shown that proanthocyanin, flavonoids, polyphenolic acids,
anthocyanins, and procyanidins are the main polyphenols present in lingonberry (Dré6zdz et al.,
2018). Another study determined the presence of procyanidins B1, B2, and A2 in lingonberry
extracts, which has been shown to reduce oxidative status by reducing glutathione level in rats
(Mane et al., 2011). Phenolic extracts have also been shown to successfully inhibit IL-6 and
TNF-a production (Kylli et al., 2011. Hewage S. M et al., 2020). There is evidence that
lingonberry fruit extract demonstrates anti-inflammatory actions in macrophage cell cultures by
reducing the expression of pro-inflammatory mediators (IL-6, TNF-a, IL-1p, MCP-1, COX-2,
iNOS). In the same study, the fruit extract also decreased ROS production in inflamed adipocytes
by increasing expression of antioxidant defense enzymes (SOD, catalase, GPx) and inhibiting an
oxidant enzyme (NADPH oxidase 4), which is one of the primary sources of ROS (Kowalska et

al., 2020).
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1.8.3 Anti-infection properties of lingonberry

Urinary tract infections (UTs) are one of the most common bacterial infections that occur
mostly in women and comprise 25% of all infections. E. coli bacteria are the most common cause
of UTIs (Al-Badr et al., 2013). Approximately 50%-60% of women report a UTT in their lifetime
(Rahn et al., 2008). One study showed that daily consumption of a mixture of lingonberry and
cranberry juice reduces the reoccurrence of UTI whereas by comparison drinks containing

lactobacilli were ineffective (Kontiokari ef al., 2001).

Recurrences usually occur in people who use antimicrobial agents as prophylaxis for a
long period. Using antibiotics for a long time might lead to resistance, which will then increase
the need for alternative cures (Gupta ef al., 1999, Reid et al., 2000). The bacteria responsible for
UTTIs usually arise from stools. Changes in one’s regular diet can bring about a change in
intestinal faecal bacteria (Gibson et al., 1998). Some research has shown that Vaccinium berries
and products containing lactobacilli are effective against coliform bacteria that cause most of the

UTI (Howe et al., 1998, Chan et al., 1985).

The berries of Vaccinium species contain the condensed tannin called proanthocyanidin,
which can prevent the expression of P fimbriae of E. coli (Howell et al., 1998).
Proanthocyanidins are a class of phenolic compounds and some of them have antimicrobial
activity (Scalbert ef al., 1991, Sen et al., 2001). These compounds demonstrate antibacterial
activities by inhibiting cell wall synthesis and preventing bacterial adhesion to cell surfaces

(Scalbert et al., 1991, Sen et al., 2001, Jones et al., 1994).
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1.8.4 Anti-obesity properties of lingonberries and its effects on gut health

Obesity is now a worldwide health problem which is related to diet and lifestyle. Obesity
causes other metabolic problems such as non-alcoholic fatty liver diseases, insulin resistance and
dyslipidemia (Fabbrini et al., 2010). Accumulating evidence showed that low grade chronic
inflammation is the main cause for these metabolic disorders (Hotamisligil et al., 2006).
Gastrointestinal flora has an important role in controlling this subclinical inflammation (Ding e?
al., 2011). Gut composition plays an important role in maintaining body metabolism, immune
responses and insulin sensitivity (Backhed et al., 2004, Vrieze et al., 2012, Cani et al., 2007,
Ding et al., 2010, Cani et al., 2008). The metabolic endotoxemia and associated inflammation
that are observed in obesity are the consequences of a dysfunctional gut barrier, which results in
leakage of lipopolysaccharide (LPS) and proinflammatory cytokines into the circulation (Cani et

al., 2007, Ding et al., 2010, Cani et al., 2008).

There is plenty of research that has shown that a fruit and vegetable-enriched healthy diet
can reduce the risk of weight gain, type 2 diabetes, cardiovascular disease and stroke (Boeing et
al.,2012). This might be due to the presence of polyphenols in vegetables and fruits such as
berries (Wedick et al., 2012). One recent study showed that lingonberries can prevent high fat
induced weight gain, liver weight, increased plasma levels of glucose, cholesterol and
accumulation of body fat (Heyman-Lindén et al., 2016). The presence of reduced plasma levels
of LPS in mice receiving high fat and lingonberries suggests that the presence of berries alters the
gut microbes resulting in reduced leakage of proinflammatory LPS (Sun et al., 2010).
Polyphenols in berries can modulate the composition of gut flora by inhibiting the pathogenic
microbes that in turn increase the number of beneficial bacteria (Lee et al., 2016). Gut
permeability is controlled by a tight junction protein named occludin (Brun et al., 2007). An
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increase in the enzyme occludin in mice receiving high fat and lingonberries indicate that
polyphenols and proanthocyanidins in particular restore occludin, which reduces gut leakage of
proinflammatory compounds and improves host health (Roopchand et al., 2015, Kim et al., 2012,

Pierre et al., 2013).

1.8.5 Anti-cancer properties of lingonberry

According to a World Health Organization (WHO) report, one of the major causes of
morbidity and mortality worldwide is cancer (Stewart et al., 2014). The WHO report states that
an unhealthy diet, being overweight and consuming low amounts of fruits and vegetables in the
diet increase risk for developing cancer. In vitro and in vivo studies show that a diet emphasizing
fruits and vegetables reduce the risk for developing cancer (Stewart ef al., 2014, Boivin et al.,

2007, Block et al., 1992, Steinmetz et al., 1991).

There are several proposed mechanisms or risk modulators for cancer such as oxidative
stress, chronic inflammation, obesity, metabolic dysfunction, autophagy and apoptosis. These
factors can contribute to, initiate, or propagate cancer (Kristo et al., 2016). All of these factors
together or individually shift the balance away from a healthy status of a body. Resveratrol and
anethole compounds present in berries inhibit AP-1, which is related to growth regulation of
genes involved in apoptosis and also accelerate the transition of epithelial cell to mesenchymal
morphology, which is an early step marking metastasis. Resveratrol, a polyphenolic compound
and flavopiridol, a semisynthetic flavonoid, have produced downregulation of the expression of
apoptosis suppressor proteins (Bcl-2 and Bcl-XL) in a variety of cancer cell-lines (Aggarwal et

al., 2006).
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Many studies have shown that berries of the Vaccinium genus such as blueberries,
lingonberries, cranberries and billberries positively influence gut microbial health, cardiac health
and negatively promote tumor growth (Seeram et al., 2014). In an experiment when blueberries
and lingonberries were fed to mice the number and size of colonic adenoma was decreased,
suggesting the tumor preventing capacities of those berries (Mutanen ef al., 2008, Hoornstra et

al., 2018).

1.8.6 Anti-aging properties of lingonberry

Lingonberries contain several anti-aging compounds, including vitamins A, C, and E,
minerals, as well as other bioactive compounds which include proanthocyanidin, lignans,
cyanidins and resveratrol (Stang et al., 1990). Resveratrol can increase life span of yeast and flies
(Bhullar et al., 2015). In vitro studies have shown anti-inflammatory and anti-cancer properties of
lingonberries, as well as positive effects against cardiovascular and Alzheimer disease (Bhullar et
al., 2015). Studies show that lingonberry contains a higher amount of resveratrol than other
Vaccinium species such as blueberry, billberry and cranberry (Maatta-Riihinen et al., 2002,
Heininen et al., 2007). Proanthocyanidins present in lingonberries are short chained (dimer and
trimer) which have higher bioavailability and potency than long chain proanthocyanidins
(Maatta-Riihinen ef al., 2002). Proanthocyanidin, anthocyanidin and resveratrol demonstrate anti-
aging effects by scavenging free radicals and also by preventing wrinkles caused by ultraviolet

radiation (Wang et al., 2005, Shen-Hong et al., 2000).

Collagen protein and elastin are important for skin health. Collagen structure maintains
moderate cross linkage between proteins, but due to exposure to ultraviolet radiation or free

radical oxidation, excessive cross linking can happen, which consequentially causes wrinkles.
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However, antioxidants present in lingonberries can inhibit free radicals and protect skin from
further damage. Also, studies showed that mice fed with lingonberries produced more
hydroxyproline and SOD which are both beneficial for skin health (Valenzano et al., 2006, Baur

et al., 2006., Lagouge ef al., 2006, Kenjirou O et al., 2013).

1.8.7 Protective effects of lingonberry in neurodegenerative disorders

According to recent studies, berry fruits are capable of preventing or slowing the
progression of age-related neurodegenerative disorders (NDD) and improving motor and
cognitive function (Subash ef al., 2014). Many epidemiological studies suggest that flavonoid
rich fruits can delay the symptoms of Parkinson's disease (PD), Alzheimer's disease (AD) and
ischemic diseases (Ono et al., 2003; Savaskan et al., 2003; Marambaud et al., 2005; Alzheimer's
Association, 2008; Pandey and Rizvi, 2009). As oxidative stress and inflammation can trigger
brain aging-related disorders (Casadesus ef al., 2002), it can be assumed that antioxidants are
beneficial for those diseases. In vitro studies and experiments on animals suggest that different
antioxidants (e.g., anthocyanin and caffeic acid) from berry fruits are effective for brain aging

due to their anti-oxidative, anti-inflammatory, anti-viral and anti-proliferative properties (Y oudim

etal., 2001).

1.8.7.1 Brain aging caused by protein accumulation

Many factors can trigger neural disorders such as genetic factors, defective protein and
fibre accumulation and prolonged oxidative stress. There are also several mechanisms that lead to
neurodegeneration. One of the common theories is that misfolded protein accumulation in the
endoplasmic reticulum (ER) leads to AD or PD and activates an unfolded protein response (UPR)

(Haynes et al., 2004). An increase in misfolded protein increases oxidative stress (Frost and
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Diamond, 2009; De Calignon et al., 2012; Hardy et al., 2012). The UPR tries to normalize cell
function, activating signaling pathways and if cell normalization does not take place by protein

folding, ROS accumulation leads to cell death.

1.8.7.2 Parkinson’s disease and lewy body dementia

PD is the second most common NDD and Dementia with Lewy bodies (DLB) is the
second most common dementia after AD (Lees et al., 2009). The common pathological
characteristic of both PD and DLB are the formation of Lewy Bodies (Lewandowsky, 1912;
Okazaki et al., 1961; Kosaka et al., 1976). Lewy Bodies are composed of alpha-synuclein and
ubiquitin (Spillantini et al., 1997). Pathologically, aggregated alpha-synuclein proteins are seen
in the Lewy bodies in various regions of the brain in PD (Spillantini et al., 1997). Folding and
misfolding of this protein causes changes in the cell (Stefani and Dobson, 2003), such as

accumulation of ROS and oxidative stress.

1.8.7.3 Glutamate excitotoxicity

Other than neurodegenerative and neurological disorders, there are other conditions which
eventually result in production of reactive species. One such condition is excess activation of
glutamate receptors, which is termed glutamate excitotoxicity (Weber, 2012). Glutamate is an
excitatory neurotransmitter, which is essential for long-term potentiation, learning, memory, and
other cognitive functions (Yu ef al., 2008, Chen et al., 2009). When glutamate is released, it
interacts with three classes of ionotropic glutaminergic receptors, namely N-methyl D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and Kainate
receptors (Fig. 1.6) (Reidel et al., 2003). Activation of NMDA receptors leads to depolarization

which, releases the Mg?* block in the receptor and allows the transfer of Ca** ions (Spandou et
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al., 2007). Activation of glutamate receptor for a long time, increases in the glutamate
concentration at synapses, or decreases in the reuptake of glutamate lead to glutamate-mediated
excitotoxicity (Lipton ef al., 2008; Vincent and Mulle, 2009; Dong et al., 2009). Prolonged
exposure to glutamate hyper-activates the cells and increases intracellular Ca>* concentration,
which activates a cascade of reactions that lead to cell lysis (Mehta ef al., 2012). Cell lysis is a
major contributing factor in various neuro-degenerative diseases and other disorders such as

traumatic brain injury and stroke (Mehta et al., 2012).
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Figure 1.6: Glutamate-mediated neurotransmission and excitotoxicity
(modified from Weber, 2004).

Excessive intracellular Ca** activates different pathways which lead to cell death. Some
enzymes such as endonucleases, proteases, phospholipase A2, and NO synthase are involved in
these pathways (Figure 1.7) (Slemmer et al., 2008). Activation of Ca**-dependent endonucleases

can induce DNA cleavage that further causes cell death (Trump and Berezesky, 1995; McConkey
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and Orrenius, 1996; Toescu, 1998). Calcium related mitochondrial damage is another pathway of

cell destruction (Kristidn and Siesjo, 1998). Calmodulin and Phospholipase A2 activation

involves the production of excess free radicals post-injury, which causes cell damage (Slemmer

et al., 2008). Other enzymes like caspases are also activated due to increased levels of Ca*".

Induction of an apoptotic cascade takes place due to caspase activation (Slemmer et al., 2008).

The use of specific glutamate receptor blockers can inhibit intracellular calcium accumulation

and reduce the calcium-induced oxidative stress. Also, antioxidants can be used to combat the

oxidative stress condition and prevent further neurodegeneration.
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Figure 1.7: Calcium-induced oxidative stress and cell death (Modified from Weber., 2004).

1.9  Bioactive compounds in lingonberry

Bioactive compounds include phytochemicals found in foods that are capable of

modulating metabolic processes, resulting in the promotion of better health by showing

antioxidant activity, inhibition or induction of enzymes, inhibition of receptor activities, and
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induction and inhibition of gene expression (Galanakis, in Nutraceutical and Functional Food
Components, 2017). With the increase of the world population, there has been an increased need
for healthy food availability. Food industries are now looking for new food sources every day
that are not only tasty but also full of nutritious value. For the last few decades, berries have
brought great attention to researchers because of their immense positive health effects. Now,
berries are considered by many as one of the best available sources of bioactive compounds
(Halvorsen et al., 2002, de Souza et al., 2014, Slatnar et al., 2012, Namiesnik ef al., 2010). The
chemical composition of each species of berry differs, and it can also vary depending on cultivar,
growing location, environmental conditions, plant nutrition, ripeness stage and storage
conditions. In general, all berries are rich in sugar and low in calories. They contain only a small
amount of fat but are high in dietary fibre, organic acids, certain minerals in trace amounts, some
vitamins and phytochemicals such as phenolic compounds (Kowalenko et al., 2005, Nile ef al.,
2014, Skrovankova et al., 2015). Lingonberries are no exception. Similar to other Vaccinium
species most of their beneficial health effects are due to the phenolic compounds present in fruits
(Paredes-Lopez et al., 2010). Several studies have identified a number of polyphenols such as
polyphenolic acids, anthocyanins and procyanidins in lingonberries (Létti ef al., 2011, Ek et al.,
2006, Leeet et al., 2012, Hajazimi et al., 2016, Tian et al., 2017, Antolak et al., 2017). In addition
to these nutrients, they also contain organic acids, vitamins (A, B1, B2, B3 and C), potassium,

calcium, magnesium and phosphorous (Drézdz et al., 2017).

1.9.1 Polyphenols and their classification

As previously discussed, dietary polyphenols have received tremendous attention from
researchers and food industries due to some recent strong evidence that shows that polyphenols

are capable of preventing neurodegenerative diseases, cardiovascular diseases and cancer
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(Milner, 1994, Duthie and Brown, 1994). Also, polyphenols are well established as potent
antioxidants (Williams et al., 2004, Dong, 2009). Chemically, polyphenols are a group of
naturally occurring compounds with phenolic structures. Polyphenols are highly diverse and
contain different subgroups of phenolic compounds (Figure 1.8). Foods that contain polyphenols
include many vegetables, fruits, whole grains and beverages such as tea, coffee, wine and even
chocolates (Tsao, 2010). Polyphenols are the largest and most widely distributed natural products
in the plant kingdom. There are more than 8000 phenolic structures currently known and more
than 4000 flavonoids have been characterized (Harborne et al., 2000, Bravo ef al., 1998,
Cheynier et al., 2005). Polyphenols can be classified according to their source of origin,

biological function, and chemical structure (Tsao, 2010).
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Figure 1.8: Classification of polyphenols and examples (modified from Hardman., 2014;

drawn with Lucid chart)
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1.9.1.1 Flavonoids

Flavonoids are naturally found compounds having polyphenolic groups in their structure
and are mostly found in fruits, vegetables, grains, bark, roots and tea (Panche et al., 2016).
Flavonoids contain two benzene rings, A & B where they are connected by a heterocycle pyrene
ring C (Dias et al., 2021). Flavonoids are subdivided based on the hydroxylation pattern in the C
ring such as anthocyanins, flavan-3-ols, flavones, flavanones and flavonols. In most of the
flavonoid structure ring B attaches at the C2 position of Ring C (Figure 1.9). Some flavonoids
have their ring B attach at the C3 or C4 position, as example isoflavones and neoflavonoids
respectively. Chalcones are also categorized as flavonoid though the heterocycle ring is absent

(Tsao, 2010).

Figure 1.9: Basic backbone of flavonoid structures (drawn with Chem4word)

Flavonoids have effects both on plants and on human health. They play an important role
in producing colours and aroma in flowers and contribute to pollination (Griesbach, 2005). A

summary of their positive health effects on humans is represented in Figure 1.10.

24



Reduce the risk of high blood cholesterol, hence reduce
the risk of further cardiovascular diseases such as
stroke, unstable angina, antherosclerosis etc.

Give protection against neurodegeneralive disorders

———m=| such as parkinson's diseases, alzheimer's diseases etc.
-

Give protection against cancer by inducing apoptosis of
human oral tumor cell line and inhibiting each sage of
multistage carcinogenesis

Health benefits of

Y

Flavonoids

Have positive benefits on diabetes treatment by

Lt increasing insulin secretion and decreasing insulin
resistance.
i » [ Give protection against inflammation J
—p[ Protect against neurotoxic drug J

T the production of ROS in body by exerting antioxidant

action

Reduce plasma lipid peroxidation and hence decrease J

Figure 1.10: Some beneficial effects of flavonoids (modified from, Sharma & Thakur., 2018;

drawn with Lucidchart).

1.9.1.2 Anthocyanidins

Anthocyanidins (Figure 1.11) are the main compounds responsible for colours in plants.
The most common anthocyanidins are cyanidin, delphinidin, pelargonidin and there are a total of
31 anthocyanidins known (Anderson ef al., 2006). Anthocyanidins are the aglycon part of
anthocyanins which remain as glycosides in plants (Khoo et al., 2017). More than 500
anthocyanins are known, which are named depending on hydroxylation, methoxylation patterns
between the rings and glycosylation with different sugar units (Tsao and McCallum., 2009

McCallum et al., 2007).
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Figure 1.11: Basic structure of Anthocyanidins (drawn with Chem4word)

Table 1.1: A list of some anthocyanidins based on R and R». (See Figure 1.11)

Anthocyanidins R1 R>
Cyanidin -OH -H
Delphinidin -OH -H
Pergonidin -H -H
Malvidin -OCH3 -OCH;
Peonodin -OCHj3 -H
Petunidin -OH -OCH3

Although anthocyanidins are not essential bioactive compounds and there are no
deficiency incidences for human health, they help to maintain a healthy status throughout life.

Anthocyanidins are also helpful to lower low-density cholesterol (Wallace and Giusti., 2015).

1.9.1.3 Tannins

Tannins are water soluble polyphenols naturally occurring in plants. Tannic acid is a
specific tannin that usually contains 10 galloyl (3,4,5-trihydroxyphenyl) units surrounding a
glucose center (Figure 1.12). Tannic acid contains no carboxyl groups but is weakly acidic
because of the multiplicity of phenolic hydroxyls. The hydroxyls also cause it to be extremely
soluble in water (Tanaka et al., 2018). Tannins have antioxidant, anticarcinogenic and

antimutagenic properties (Okuda and Ito, 2011), and can also prevent the growth of yeast, fungi
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and bacteria. Tannins are used by food industries due to their antimicrobial properties (Singh and
Kumar., 2019). Among other physiological effects of tannins are accelerating blood clotting,
reducing blood pressure, decreasing serum lipid levels and modulating immune responses (Chung

et al., 1998).

Figure 1.12: Structure of tannic acid (drawn with Chem4word)

1.9.2 Absorption, metabolism and bioavailability of polyphenols

Absorption and metabolism of polyphenols have been studied using radiolabelled atoms
such as '*C (Williamson., 2017). Most polyphenols in food are present as esters, glycosides or
polymers, which cannot be absorbed in their native form and need to be hydrolyzed by enzymes
or microbial flora. Polyphenols form conjugates via methylation, sulfonation and glucoronidation
during absorption which facilitate biliary and urinary excretion by increasing hydrophilicity.
During biliary excretion, polyphenols secrete into the duodenum and interact with bacterial
enzymes such as f-glucuronidase and get reabsorbed, which ensures the prolonged presence of

these compounds in the body (Manach et al., 2004). All flavonoids except flavonols remain in
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their glycosylated forms and experiments have shown that glycosides are difficult to be absorbed
in gastric areas, probably due to their resistance against hydrolysis in lower or acidic pH (Crespy
et al., 2002, Piskula et al., 1999, Gee et al., 1998). Only aglycons and a few glucosides are
absorbed from the intestine. Polyphenols which are linked with rhamnose reach the colon where
they are hydrolyzed by rhamnosidase enzymes before absorption (Manach et al., 1995, Hollman
et al., 1997). Proanthocyanidin metabolism is very different than other classes of polyphenols as
due to their high molecular weight it is difficult for them to be readily absorbed (Deprez ef al.,
2001). The suggested theory for proanthocyanidin metabolism is that they are hydrolyzed into a
mixture of flavonols before absorption (Spencer et al., 2000). Because of their poor absorption
most proanthocyanidins might exert local activities in the intestine such as protecting it from

oxidizing agents, which induce inflammation and trigger cancer (Halliwell et al., 2000).

Various studies have shown that the bioavailability of polyphenols orally is not very high
due to poor absorption, instability, excessive metabolism or intestinal microbial transformation
(Cherubini et al., 1999). Despite their low bioavailability there is still evidence that they can
show pharmacological activity in low plasma concentrations (Nifli ez al., 2005). Many
approaches have now been improvised to increase bioavailability of polyphenols like chemical
derivatization and modified formulation (e.g., particle size and/or additives) (Abourashed ef al.,
2013). Recent experiments have shown that metabolites from parent polyphenols are able to cross
the blood brain barrier (BBB) endothelium at physiological concentrations and the endothelium
converts metabolites into novel compounds, which exert different neurological activities in brain

tissue (Figueira et al., 2017).

Despite a lot of evidence on the bioavailability of polyphenols in the systemic circulation,

there is not much evidence of their presence in the brain. To access the brain, they must need to
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cross the BBB (Abbott et al., 2010). In vitro experiments have shown that the permeability of
polyphenols greatly depends on their lipophilicity where less polar molecules have more
possibility to cross the BBB than polar compounds (Youdim et al., 2003). Bioavailability in the
brain also depends on the efflux transporters of the brain and the compound’s stereochemistry
(Youdim et al., 2004, Faria et al., 2011). Animal model experiments also showed that the
presence of polyphenols in brain tissue is independent of their route of administration (Peng et
al., 1998). Although there is strong evidence of the BBB’s uptake and distribution of dietary
polyphenols in the brain, the amount reaching different parts is still uncertain. A recent
mathematical correction model has shown that polyphenols localization in the brain after
distribution is below one nmol/g of tissue (Schaffer and Halliwell., 2012). Several other studies
also demonstrated the presence of polyphenols in different regions of rat and pig brain (Talavéra
et al., 2005, Passamonti et al., 2005, Kalt et al., 2008 and Milbury et al., 2010). All of the studies
demonstrating the presence of dietary polyphenols in brain tissue raise the hope of researchers in
that they may be potential candidates for direct neuroprotective effects and neuromodulatory

actions.

1.10 Hypothesis

Considering the immense evidence from in vitro and in vivo studies that lingonberries are
capable of exerting high free radical scavenging properties, anti-inflammatory, anti-microbial,
antimutagenic and anti-cancer activities, one can assume that there is the presence of bioactive
compounds, which are responsible for these beneficial effects. Also, studies show that
lingonberries can delay the ageing process and onset of neurodegenerative disorders, which are

very characteristic properties of polyphenols. Considering all of this information, I hypothesized
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that wild lingonberries from Fogo Island contain polyphenols such as anthocyanins, tannins and

flavonoids in an almost equal or higher concentration than other types of berries.

1.11  Objectives

The objectives of this research are:

- To perform a comparative analysis of different classes of polyphenols present in various berries

including blueberries, lingonberries, crowberries and bunchberries collected on Fogo Island, NL.

- To determine the free radical scavenging capacities of the fruits and leaves of different berries.

- To perform a comparative analysis of total phenolic, tannin and anthocyanin content and
determine antioxidant capacities in lingonberries collected from various locations on Fogo Island,

NL.

-To establish an analytical method for qualitative and quantitative analysis of lingonberry

samples.

- To characterize the compounds found in lingonberry samples by qualitative and quantitative

analysis.
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Chapter 2: Materials and Methods

2.1 Plant extraction procedure

2.1.1: Collection and storage

Four kinds of berries, both leaves and fruits, were collected from six different locations
(see Table 2.1) on Fogo Island in two consecutive years (2017 and 2018) in the fall season. These
species included blueberries, lingonberries, crowberries and bunchberries. All of the samples
collected were stored at -20°C within the first hour of collection. Samples were then stored in a -
80°C freezer to prevent degradation of bioactive compounds as it has been found that phenolic

content remains or increase in cold storage due to phenolic accumulation (Connor ef al., 2002).

Table 2.1 Geographical information on collection sites of berries from Fogo Island

Location Latitude Longitude

1.Island Harbour 49.6220°N 54.3086"W
2. Lion’s Den 49.7201 °N 54.2616 ‘W
3. Joe Batt’s Point 49.7385 °N 54.1554 W
4. Marconi Site 49.7191 °N 54.2622 “W
5. Seldom 49.3700 °N 54.1116 "W
6. Tilting 49.4200 °N 54.0400 "W
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2.1.2 Fruit and leaf extraction

Stored fruits and leaves were removed from the freezer and thawed at room temperature.
Debris, such as stems and dirt were removed, as well as extensively damaged berries. Extraction
solvent was prepared consisting of 80% (v/v) acetone, 0.2% formic acid, and 19.8% distilled
water (dH>0). The samples were placed in a mortar and mashed. Weight was measured, and then
extraction solvent was added to the ground samples to a concentration of 1:2 (v/w). The mixture
was then vortexed for 20 seconds, placed in a cooler with ice and shaken for 30 minutes. The
mixture was then centrifuged in a centrifugal machine at 4°C for 20 minutes at 10000 g. The
supernatant was then drained into a separate container, and the whole procedure was repeated
using the remaining residue. The final concentration was 250 mg/ml solvent of fresh weight,
which is the weight of the specimen including its water content. The procedure was consistent

with previous studies in the lab (Vyas et al., 2013).

2.2 Equipment

To prepare samples, a centrifugal machine, Model: Allegra 64R was used to collect the
supernatant. For biochemical assays, a Libra S32 PC UV/Visible spectrometer was used to record
absorbance. To prepare samples for HPLC, the prepared samples were freeze-dried using a
Labconco freezone 12 freeze dryer. The Agilent 1260 HPLC- 1260 DAD- 6230B MSD TOF

analyzer was used for chemical analysis of lingonberry fruits and leaves.

23 Chemicals and reagents

Reagents that were used in different experiments are acetone, formic acid, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), gallic acid, Folin—Ciocalteau reagent, catechin, vanillin, aluminium
chloride, ascorbic acid, potassium chloride, sodium nitrite, methanol, sodium acetate, sodium
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hydroxide and cyanidin 3- galactoside. Chemicals were purchased from Sigma-Aldrich, Canada

Ltd and Fisher scientific Ltd.

2.4  Biochemical assays

All stock samples of fruit and leaf extracts were analyzed within one week of extraction,
and all experiments were repeated three times for each sample. All the samples were stored in the
-80°C freezer before and after each experiment. Further dilution was necessary for the stock
extracts at 1:10 (stock:solvent) for the fruit and 1:100 for the leaves, to a final concentration of 25
mg/ml of fruit and 2.5 mg/ml of leaf fresh weight. dH>O was used for the blank and to rinse out
the quartz cubes between samples. All assays followed the same methods described by Vyas et al.

(2013) & Debnath-Canning et al. (2020).

2.4.1 Total antioxidant capacity

Total antioxidant capacity was determined using the 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) assay. DPPH is a stable free radical which is violet in color, but when it is neutralized, a
colorimetric reaction occurs that makes the solution lighter in color. This method allows for the
quantification of free radical scavenging ability of the sample, as antioxidants are able to
neutralize the radical DPPH. The method was adapted from Vyas et al. (2013), and Brand-
Williams et al. (1995), where 100 pl of berry extract was added to 1.9 ml of 0.04 mM stock
DPPH. The solution was then vortexed for 20 seconds, protected from light using aluminium foil
for 20 minutes and measured with a UV/Visible spectrometer at 517 nm. Total antioxidant
capacity is expressed as ‘%’ of inhibition of DPPH consumption, and the results are expressed as
‘Gallic Acid Equivalents’ (GAE). Gallic acid was used as standard due to its availability and easy

solubility in water.
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2.4.2 Total phenolic content (TPC)

In order to determine the TPC of the berry fruit and leaf extracts, Folin-Ciocalteu reagent
was used. Folin-Ciocalteu is a redox reagent that is blue in color, the higher the phenolic content
the darker the blue. Blueberry extract of 0.5 mL was added to 0.5 ml of Folin-Ciocalteu reagent.
Then, 1 mL of sodium carbonate (Na,CO3; 25 g of Na,COs into 250 ml dH>0) and 8 ml of dH>O
was added to the solution and vortexed for 30 seconds. The solution was protected from light
using aluminium foil for 35 minutes, and then centrifuged at room temperature for 10 minutes at
1000 g. Absorbance was measured at 725 nm using a UV/Visible spectrophotometer. TPC was
then determined using a gallic acid standard curve, and the results are expressed as milligrams of
GAE per gram of fresh weight. The method for this assay was adapted from Chandrasekara and

Shahidi (2011).

2.4.3 Total flavonoid content (TFC)

To determine the TFC of the samples, 1 mL of extract was added to 4 ml of dH»0O, and
0.3 ml of 5% sodium nitrite (NaNO) and left to sit for 5 minutes. Then, 0.3 ml of 10% aluminum
chloride (AICI3) was added, and one minute later 2 ml of sodium hydroxide (NaOH) and 24 ml of
dH>O were mixed in. The solution was protected from light for 15 minutes, and then centrifuged
at room temperature for 4 minutes at 4000 g. The absorbance was measured at 510 nm with a
UV/Visible spectrophotometer. The method was adapted from Zhishen ef al. (1999), and the

results are expressed as milligrams of catechin equivalents (CE) per gram of sample.

2.4.4 Total tannin content (TTC)

TTC was determined using vanillin-hydrogen chloride reagent (0.5g of vanillin added to
96 ml methanol [MeOH], plus 4 ml of HCI). For this assay, 1 ml of blueberry extract was added
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to 5 ml of 9.5% vanillin-HCI reagent which produced a bright red color. The solution was then
incubated and protected from light for 20 minutes using aluminium foil and the absorbance was
measured at 500 nm using a UV/Visible spectrophotometer. The results were expressed as
milligrams of CE per gram of sample. The method for TTC was adapted from Chandrasekara and

Shahidi (2011),

2.4.5 Total anthocyanin content (TAC)

To determine TAC two buffer solution were used which were potassium chloride (KCI)
and sodium acetate (NaCO,CH3) with hydrochloric acid. To make potassium chloride buffer of
pH 1 and 0.025 M was made by adding 1.86 g of potassium chloride and then hydrochloric acid
in water. Hydrochloric acid wad added to adjust the pH to 1. Sodium acetate buffer of pH 4.5 and
0.4 M was made by adding 54.43 g of Sodium acetate in water and then adjust the pH to 4.5 by
adding acetic acid. For experiment, one ml of berry extract was added to 4 ml of KCI/NaCO>CH3
buffer for a total volume of 5 ml and placed in the dark using aluminium foil for 15 minutes. The
absorbance was measured at both 510 nm and 700 nm using a spectrometer. The corrected
absorbance result was calculated as ([A510 — A700] pu=1.0 — [A510 — A700] pr=4.5). The method

was adapted from Foley and Debnath (2007), and the results are expressed as GAE.

2.4.6 Standard curve for biochemical assays

A standard curve was prepared for calculation of each biochemical assay using
absorbance given by standard solution over different concentration of 50,100, 150, 200 and 250

ug/ml. A linear equation was derived (y=mx-+c) from curve with R?>0.99.
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Figure 2.1: Representative graph of a standard curve.

2.5 HPLC and MS analysis of lingonberries

To determine which polyphenols were present in the leaf and fruit extracts, HPLC-MS
analysis was conducted for some lingonberry samples. From previous research conducted in our
lab it was shown that wild blueberry has a significant number of polyphenols and cell culture
studies of wild blueberry samples in our lab showed that they can potentially decrease
inflammation and cell death (Debnath-Canning et al., 2020). Research conducted by another lab
member showed that lingonberry extracts also have inhibited cell death in an in vitro model of
cell injury (Hossain et al., 2016), which might be the result of the presence of a number of
anthocyanins and flavonoids detected in lingonberry samples. In this project, we chose to focus
on anthocyanins in lingonberries. To simplify the analysis here we narrowed down the focus to
compounds available in lingonberries collected on Fogo Island. In order to quantify the amount
of certain anthocyanins detectable in the leaves and fruits, cyanidin 3-galactoside was used as a

standard.

2.5.1 Sample preparation for HPLC

The preparation of extracts was performed using methods outlined by Cho et al. (2004)
with modifications. Lingonberry samples were homogenized into a paste using a mortar and
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pestle. Leaf samples were ground into a fine powder using liquid nitrogen. Homogenate was
placed into a lyophilizer and freeze-dried overnight until dry. Twenty ml of extraction solution
(methanol/water/formic acid 60:37:3 v/v/v) was mixed with 5 g of fruit/leaf powder. This mixture
was then sonicated for 30 minutes in a water-bath sonicator, and then centrifuged at 2600 g for 30
minutes at 4°C. A 4 ml aliquot of the supernatant was collected and placed in a rotary evaporator
at 45 °C until at least 95% of extraction solvent was removed. The sample was then re-suspended

in 1 ml of 3% formic acid in water solution and filtered through a 0.45 um pore filter.

2.5.2 Standard curve for HPLC

Two grams of anthocyanin reference standard (cyanidin-3-galactoside) was dissolved in
10 ml of 3% formic acid to make a final concentration of 200 ug/ml. Serial dilutions were
conducted to obtain concentrations of 150 pg/ml, 100 pg/ml, 50 ug/ml, 25 pg/ml and 12.5 pg/ml
of the reference standard stock solutions. Each standard solution was injected separately under
the same HPLC conditions in order to create calibration curves for the reference compounds. The

aim was to generate a linear calibration curve with R?>0.99.

2.5.3 HPLC parameters

A mass spectrometer was used with HPLC, which uses time of flight (TOF) of ions to
determine their mass, named the Agilent 1260 Infinity LC-6230 TOF LC/MS system. Fruit and
leaf extracts from the location, which showed the highest levels of polyphenols in the
biochemical analysis, were injected (about 15 pl) into the HPLC system. Separation was
conducted using a 3.9 mm x 150 mm C18 (5 pm) column. Prior to each injection, the system was
equilibrated for 20 minutes. A Diode Array Detector (DAD) was used to detect flavonols at 360

nm and anthocyanins at 520 nm. The liquid chromatography flow rate was at 0.8 ml/min and the
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temperature was at 25 °C. The mobile phase consisted of a linear gradient of 1% formic acid (A)
and methanol (B) from 12% methanol to 55% methanol for 25 min at a rate of one ml/min. The

ratio of solvent A and B was fixed by trial and error to see which ratio gave the best results.

2.5.4 MS parameters

The parameters for MS were similar as developed by Cho ef al. (2004), where both
positive and negative electrospray ionization (ESI) were utilized. The capillary voltage was 4.0
kV, nebulizing pressure of 30.0 psi, temperature of 300 °C, drying gas flow rate of 9.0 ml/min.
The performance was at 1.0 second/cycle with a scanner mass range of 10-1000 m/z
(mass/charge). For identification of tentatively found compounds, HPLC chromatographs and

their MS values were compared to values obtained in the literature.

2.6 Statistical analysis

Each experiment included three biological samples that were tested in triplicate,
consistent with previous studies in the lab (Vyas et al., 2013; Debnath-Canning et al., 2020). All
of the results are expressed as mean =+ standard error (SE) of all three replicates. Using two-
sample assuming unequal variance t-test (Microsoft Excel), statistically significant differences
were determined between fruits and leaves. One-way ANOVA and Duncan’s Multiple Range
Variance Test (SPSS 39, IBM Inc.) were used to determine differences between different

locations.
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Chapter 3: Results

3.1 Biochemical Assays

Four types of berries, blueberries, lingonberries, crowberries and bunchberries were
collected from six locations on Fogo Island, Newfoundland. Samples were collected from
different regions of the island to observe the variation in quantities of polyphenols present in
berries of the same species due to the slight variations in climate, sun exposure, soil and
environment. Also, samples were collected for two consecutive years, 2017 and 2018, during the
Fall season in order to compare differences of one year. In 2017 blueberries, lingonberries,
crowberries and bunchberries were collected from six locations on Fogo Island which are
Seldom, Island Harbour, Tilting, Marconi Site, Joe Batt’s pt. Trail and Lion’s Den. In 2018
samples were collected from four location which are Seldom, Island Harbour, Tilting and Simm’s
Beach due to unavailability of samples from other locations. Samples have been collected in
triplicate from each location to make more accurate statistical comparison. Fruits and leaves of
each berry species have been assessed with each biochemical assay individually. For each
biochemical assay, all of the samples of the four mentioned types of berries have been compared
for the two-year periods of collection. A comparative study has been conducted among
blueberries, lingonberries, crowberries and bunchberries in terms of the presence of
nutraceuticals and antioxidant capacity. For the graphical representation to compare data from
each year here we have used mean value + Standard Error as samples were collected from
different regions for each year. Data from each assay were compared statistically. We only
focused here on lingonberries in more detail due to its previously mentioned potential health

benefits and also because our lab already has extensive data on chemical and biological activities
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of blueberries (Vyas et al., 2013, Debnath-Canning et al., 2020). Lingonberries from different
regions have been assessed and graphed for each biochemical test and each of the two years. It
has been shown that the number of polyphenols and antioxidants activities vary depending on
location, type of sample (fruits or leaves) and year. Data have been analyzed statistically to
determine the significant differences using t-test assuming unequal variances (P< 0.05). The
significant difference between samples of different locations was calculated by One-way
ANOVA, followed by Duncan’s Multiple Range Test. All of the results have been expressed as
mean £SE where experiments were performed for three biological replicates. Within the same
column the same letter with same number (ex. Al and A1, or, Bl and B1) has been used to
indicate no statistical significance but same letter with different number (ex. A1 and A2)

indicates statistical significance at P < 0.05.

3.1.1 TPC

In the TPC assay statistical analysis showed leaves have higher phenolic content than
fruits. Also, samples of leaves collected in 2018 have a higher value than from 2017. Blueberry
fruits and leaves from 2018 showed statistically higher phenolic content than other berries. Figure
3.1 shows the comparison among blueberry, lingonberry, crowberry and bunchberry fruits and
leaves from 2017 and 2018 in terms of TPC. Blueberry and lingonberry fruits have no significant
differences between the two years. However, all the leaves samples and crowberry fruits gave

significantly different results based on years.
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Figure 3.1: TPC in fruits and leaves of blueberry, lingonberry, crowberry and bunchberry

collected in 2017 and 2018.

The data are expressed as the mean + SE. Letters, A, B, C, D, E, F, G and H have been used to

express statistical data of blueberry fruits, lingonberry fruits, crowberry fruits, bunchberry fruits,

blueberry leaves, lingonberry leaves, crowberry leaves and bunchberry leaves accordingly. The

same letter with the same number indicates no statistical significance of two samples from two

different years. The same letter but different number indicates statistical significance where p <

0.05. GAE: Gallic Acid Equivilant.

In Figures 3.2 and 3.3, we statistically analyzed TPC in various lingonberry fruits and leaves

from 2017 and 2018. In the first graph (Figure 3.2), fruits from Island Harbour have the highest

content and differences with others are not statistically significant except for Tilting and Lion’s

Den. Leaves collected from Tilting show the highest amount of phenolic content but is also

similar with data found from other places. In the later graph (Figure 3.3), leaf samples collected

from Island Harbour have the highest value and the difference between this data and data from
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other places are statistically significant. Fruits from Simm’s Beach have shown the highest

phenolic content and the difference with other samples are statistically significant.
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Figure 3.2: TPC in fruits and leaves from lingonberry samples collected from six different

locations in 2017.
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Figure 3.3: TPC in fruits and leaves from lingonberry samples collected from four different

locations in 2018.

3.1.2 TFC

In the TFC assay, statistical analysis showed, overall leaves have higher values than fruit samples

(Figure 3.4). Samples collected in 2018 have a higher number of flavonoids than samples
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collected in 2017, but the result is not significant. Blueberry leaves have higher flavonoid content
compared to other species and lingonberry fruits have the highest value among fruit samples. In
figure 3.4 four types of berries have been compared for two years where all leaves samples are
statistically not significant except crowberries. Also, all fruits samples of each berry from two
years are not statistically significant. In Figures 3.5 and 3.6 lingonberry samples from different
locations have been compared. Fruit samples collected in 2017 from different locations almost
have similar flavonoid content and differences among them are not statistically significant. Like
2018, fruit samples collected in 2017 also are not statistically significant, although some leaf

samples are significantly different.
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Figure 3.4: TFC in fruits and leaves from blueberry, lingonberry, crowberry and

bunchberry samples collected in 2017 and 2018.
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Figure 3.5: TFC in fruits and leaves from lingonberry samples collected from six locations

in 2017.

TFC of lingonberries collected from Fogo Island in 2018
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Figure 3.6: TFC in fruits and leaves of lingonberry extracts collected in four different

locations in 2018.

3.1.3 TAC

Unlike the TPC and TFC assays, fruits had a higher anthocyanin content statistically than leaves

in the total anthocyanin assay. Figures 3.7 shows total anthocyanin content of blueberry,
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lingonberry, crowberry and bunchberry fruits and leaves. Crowberry leaves and fruits have a
higher anthocyanin value than blueberry, lingonberry and bunchberry. Anthocyanin content value
of fruit samples of all berries from each year are statistically significant, whereas the leaf sample
from both years are not statistically significant. Figure 3.8 and 3.9 shows the comparison of
anthocyanin content present in lingonberry fruits and leaves extract collected from different
locations. Differences between data of fruit samples from 2018 have no statistical significance.
However, differences between leaf samples collected from Seldom and other places are

statistically significant.

TAC of different berries collected from Fogo island in 2017 & 2018

o

% 3.5

9 3 1

S

£ 25 B1

é 2 D1

(T,

)

€ .
{D M Fruits
od

£ M Leaves
w

<

()

(@]

<

[

Different berry samples

Figure 3.7: TAC in fruits and leaves of blueberry, lingonberry, crowberry and bunchberry

from 2017 and 2018.
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TAC of lingonberries collected from Fogo Island in 2017
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Figure 3.8: TAC in fruits and leaves of lingonberry extracts collected from six different

locations in 2017.
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Figure 3.9: TAC in fruits and leaves of lingonberry extracts collected from four

different locations in 2018.

3.14 TTC

As with the total anthocyanin assay, fruits have shown higher tannin content than leaves. From
figure 3.10 statistics showed that crowberry fruits from 2017 have the highest tannin content
among all fruits sample and blueberry leaf sample from 2017 has the highest among all leaf
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samples. The difference between crowberry fruit samples of two years is statistically significant.
Differences between blueberry and crowberry leaf samples of two years are also statistically
significant. Figures 3.11 and 3.12 show that lingonberry fruits and leaves collected from Tilting
have higher values in both years than other locations. It has also shown that the differences

between samples from various locations are statistically significant for both years.
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Figure 3.10: TTC in fruits and leaves of blueberry, lingonberry, crowberry and bunchberry

from 2017 and 2018.
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Figure 3.11: TTC in fruits and leaves of lingonberry samples collected from six different

locations in 2017.
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Figure 3.12: TTC in fruits and leaves of lingonberry samples collected from four different

locations in 2018.

3.1.5 Free radical scavenging activity

Antioxidant activity has been measured in berry samples in terms of Diphenyl picrylhydrazyl
(DPPH) free radical scavenging capacity. Figure 3.10 compares the free radical scavenging

activities of all four types of berry samples from two years where both leaf and fruit samples of
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2018 of blueberry indicated high antioxidant capacity. According to statistics, lingonberry has a
higher antioxidant capacity than crowberry or bunchberry. Differences in samples from both
years are not statistically significant except for lingonberry fruit samples. Overall, samples of
leaves have higher free radical scavenging abilities than fruits. Figures 3.11 and 3.12 show the
statistical analysis of the antioxidant capacities of lingonberry samples from both years collected
from various locations. Extracts from samples collected from Simm’s Beach have the highest

value among all locations in 2018. Differences among all data from 2017 are not statistically

significant.
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Figure 3.13: Diphenyl picrylhydrazyl (DPPH) free radical scavenging activities of fruits and

leaves of blueberry, lingonberry, crowberry and bunchberry from 2017 and 2018.

49
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Figure 3.14: DPPH free radical scavenging activities of fruits and leaves of lingonberry

samples collected from six different locations in 2017.
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Figure 3.15: DPPH free radical scavenging activities of fruits and leaves of lingonberry

extracts collected from four different locations in 2018.

3.2 Identification of the compounds in lingonberry fruit and leaf extracts and

quantification of anthocyanin in extracts using HPLC and MS analysis

In this study more detailed chemical analysis of lingonberry extracts was carried out along

with biochemical assays. We chose to further analyze the sample with high free radical
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scavenging capacity, which were the samples from Simm’s Beach in 2018 and from Lion’s Den

in 2017 respectively.

From previous studies it is well known that berries are rich in flavonoids. The flavonoids
found in berries are mainly anthocyanin and flavanols exclusively present in their glycosylated
forms (Cho et al., 2004). The main anthocyanins in fruits are glycosides of six anthocyanidins,
with cyanidin as the predominant anthocyanidin, followed by delphinidin, peonidin, pelargonidin,
petunidin and malvidin (Moyer et al., 2002, Stintzing et al., 2002, Prior et al., 2006). Delphinidin
1s known to be responsible for bluish colours, whereas cyanidin and pelargonidin are responsible
for red and purple colours in the fruits and vegetables respectively. The antioxidant capacity of
flavonoids is influenced by the type of sugar moiety, degree of glycosylation, and acylation of
anthocyanin glucosides (Wang et al., 1997, Matsufuzi et al., 2003). HPLC analysis was
performed on samples of lingonberry fruits and leaves in order to characterize the phenolic
moieties present and a mass analyzer was used to determine the mass of the compounds. Samples
were run through a liquid chromatographic column which separated the compounds depending on
their interaction with stationary and mobile phases. The mass analyzer ionized the compounds
and determined the m/z value of the ionized compounds. Compounds were identified by
matching the m/z values with those reported in the literature (Sari et al., 2006, Rebecca et al.,
2017). Retention times were also used to aid in the identification of compounds. Retention time
varies depending on the instrument, its parameters, type and concentration of the mobile phase,
but as long as the chronological order of the compounds detected matches the literature values,
these compounds can be tentatively identified. The chromatograms for lingonberry fruit and leaf

extract from each year are given below.
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Figure 3.16: HPLC chromatogram of lingonberry fruits extract harvested in 2017.
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Figure 3.17: HPLC chromatogram of lingonberry leaves extract harvested in 2017.
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Figure 3.18: HPLC chromatogram of lingonberry fruits extract harvested in 2018.
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Figure 3.19: HPLC chromatogram of lingonberry leaves extract harvested in 2018.

The compounds found in the experiments are listed in Tables 3.1 through 3.4 according to
their retention times. The fruits were found to have more phenolic compounds than the leaves. A
total of 24 compounds from fruits and 18 compounds were tentatively identified from the leaves
sample collected in 2017. On the other hand, a total of 25 compounds have been tentatively

identified from the lingonberry fruits and 23 compounds from leaf samples collected in 2018.

53



Table 3.1: A list of tentatively identified compounds of lingonberry fruits from Lion’s Den in

2017 using HPLC- TOF mass analyzer.

No of the Retention time m/z value
compounds (Rumin) Tentatively identified compounds m/z value from literature
1 5.25 proanthocyanidin A 579.15 579
2 6.03 proanthocyanidin B 579.15 579
3 6.81 catechin 291.09 291
4 7.23 proanthocyanidin B 579.15 579
5 8.10 cyanidin 3-galactoside 449.11 449
6 9.63 epicatechin 291.08 291
7 10.23 cyanidin 3-glucoside 449.10 449
8 11.39 cyanidin 3-arabinoside 419.10 419
9 12.09 proanthocyanidin A 577.13 577
10 13.20 quercetin 3-O-f galactoside 465.14 465
11 13.98 ferulic acid hexoside 357.12 357
12 14.91 kaempferol deoxyhexoside 432.19 432
13 15.57 2" caffeoyl arbutin 435.16 435
14 15.74 ferulic acid hexoside 357.19 357
15 16.13 kaempferol pentoside 419.18 419
16 16.52 caffeoyl hexose hydroxyphenol 435.13 435
17 16.55 coumaroyl hexose hydroxyphenol 419.19 419
18 16.89 quercetin 3-glucoside 465.10 465
19 17.23 quercetin O (hexose deoxy hexoside) 611.16 611
20 17.56 quercetin 3-O-f3 xyloside 435.09 435
21 18.06 quercetin 3-O-a- arabinoside 435.09 435
22 18.63 quercetin 3-O-a arabinofuranoside 435.09 435
23 19.77 quercetin 3 -O- o thamnoside 449.11 449
24 20.88 quercetin 3- O-(1" HMG) a rhamnoside | 593.15 593
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Table 3.2: A list of tentatively identified compounds of lingonberry leaves from Lion’s Den

in 2017 using HPLC-TOF mass analyzer.

No of the Retention time m/z value
compounds (Rumin) Tentatively identified compounds m/z value from literature
1 4.93 2" caffeoyl arbutin 435.15 435

2 5.13 Quercetin 3-O-f galactoside 465.14 465

3 5.33 cyanidin 3-glucoside 449.10 449

4 6.09 cyanidin 3-arabinoside 419.15 419

5 6.21 caffeoyl hexose hydroxyphenol 435.13 435

6 7.62 kaempferol pentoside 419.15 419

7 8.12 Cyanidin 3-galactoside 449.17 449

8 8.40 coumaroyl hexose hydroxyphenol 419.19 419

9 18.52 Catechin 291.09 291

10 19.18 quercetin 3 O-(1" HMG) o rhamnoside 593.22 593

11 21.31 ferulic acid hexoside 357.19 357

12 21.44 quercetin 3-glucoside 465.22 465

13 21.57 ferulic acid hexoside 357.19 357

14 21.99 quercetin O (hexose deoxy hexoside) 611.16 611

15 22.42 proanthocyanidin A 577.23 577

16 22.73 Quercetin 3-O-f xyloside 435.09 435

17 23.03 Quercetin 3-O-o arabinoside 435.10 435

18 24.89 Quercetin 3-O-o rhamnoside 449.11 449
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Table 3.3: A list of tentatively identified compounds of lingonberry fruit from Simm’s beach

in 2018 using HPLC-TOF mass analyzer.

No of the Retention time m/z value from
compounds (Rumin) Tentatively identified compounds m/z value literature
1 5.61 proanthocyanidin B 579.14 579
2 8.45 cyanidin 3-galactoside 449.11 449
3 10.39 catechin 291.08 291
4 11.19 proanthocyanidin B 579.14 579
5 14.06 proanthocyanidin A 577.13 577
6 17.68 kaempferol deoxy hexoside 432.17 432
7 20.36 caffeoyl hexose hydroxyphenol 435.09 435
8 20.58 cyanidin 3-glucoside 449.11 449
9 20.78 proanthocyanin A 577.23 577
10 34.63 2" caffeoyl arbutin 435.17 435
11 35.36 proanthocyanidin B 579.15 579
12 37.38 cyanidin 3-arabinoside 419.15 419
13 42.07 coumaroyl hexose hydroxyphenol 419.19 419
14 42.67 quercetin 3-O-f galactoside 465.10 465
15 43.85 coumaroyl hexose hydroxyphenol 419.19 419
16 44.09 caffeoyl hexose hydroxyphenol 435.09 435
17 44.32 quercetin 3-O-glucoside 465.10 465
18 44.37 kaempferol pentoside 419.19 419
19 44.78 quercetin 3-O-f3 xyloside 435.09 435
20 45.25 quercetin 3-O-a arabinoside 435.09 435
21 45.65 kaemferol (HMG) rhamnoside 577.23 577
22 45.66 quercetin 3-O-a arabinofuranoside 435.09 435
23 45.98 quercetin 3-O-o rhamnoside 449.11 449
24 48.58 quercetin 3-O-(4" HMG) o rhamnoside 593.15 593
25 48.91 quercetin O (hexose- deoxyhexoside) 611.25 611
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Table 3.4: A list of tentatively identified compounds of lingonberry leaves from Simm’s Beach

in 2018 using HPLC-TOF mass analyzer.

No of the Retention time m/z value from
compounds (Rumin) Tentatively identified compounds m/z value literature
1 5.15 proanthocyanidin B 579.14 579
2 8.33 cyanidin 3-galactoside 449.11 449
3 10.08 catechin 291.08 291
4 11.19 proanthocyanidin B 579.14 579
5 14.34 proanthocyanidin A 577.13 577
6 20.40 caffeoyl hexose hydroxyphenol 435.09 435
7 20.93 cyanidin 3-glucoside 449.11 449
8 20.99 proanthocyanin A 577.23 577
9 33.57 2" caffeoyl arbutin 435.34 435
10 34.25 proanthocyanidin B 579.13 579
11 37.22 cyanidin 3-arabinoside 419.15 419
12 42.53 coumaroyl hexose hydroxyphenol 419.10 419
13 42.92 quercetin 3-O-f galactoside 465.11 465
14 42.99 coumaroyl hexose hydroxyphenol 419.09 419
15 43.32 caffeoyl hexose hydroxyphenol 435.10 435
16 43.42 quercetin 3-O-glucoside 465.14 465
17 43.82 kaempferol pentoside 419.10 419
18 44.78 quercetin 3-O-f3 xyloside 435.09 435
19 43.92 quercetin 3-O-a arabinoside 435.09 435
20 44.32 kaemferol (HMG) rhamnoside 577.23 577
21 45.25 quercetin 3-O-a arabinofuranoside 435.09 435
22 48.35 quercetin 3- O-(4" HMG) o rhamnoside 593.15 593
23 48.80 quercetin O (hexose- deoxyhexoside) 611.16 611

All compounds from all tables above have been tentatively identified according to the comparative

m/z values from Sari ef al. (2006) and Rebecca et al. (2017).
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3.3  Quantitative analysis using HPLC

To ensure the presence and amount of any compound in a sample both qualitative and
quantitative analysis should be performed. Usually, to quantify any amount of compound, a
standard of the same compound is used with which the amount can be compared. Based on
previous literature, an anthocyanin named cyanidin 3- galactoside is the major bioactive
compound in lingonberries (Lehtonen et al., 2009). In this study, the amount of cyanidin 3-

galactoside was determined in lingonberry fruits and leaves from 2017 and 2018.

In order to quantify the amount of cyanidin 3-galactoside present in samples,
commercially available cyanidin 3-galactoside was used as standard. Experiments were
conducted using a previously reported method (Hossain et al., 2016). A stock solution (200
pg/ml) was made by dissolving 2.0 mg of standard powder in 10 ml of 3% formic acid. A serial
dilution was conducted in order to obtain concentrations of 150 pg/mL, 100 pug/ml, 50 ug/ml and
25 ng/ml. Each standard solution was injected separately in the LC-MS. Readings of retention
time (R¢) and area of the peak were taken under the same HPLC conditions of the samples in
order to generate calibration curves for reference compounds. All readings were taken three times
to calculate SD. The % RSD value for all five concentrations was well below 5%. The average
values of all five peaks were plotted against the five concentrations and a linear equation was
obtained with an R? value of 0.983. This linear equation has been used to determine the amount

of cyanidin 3-galactoside in the samples.
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Calibration Curve of standard using
cyanidin 3-galactoside
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Figure 3.20: Calibration curve of standard using cyanidin 3-galactoside.

The results showed that the sample from 2017 had a higher cyanidin 3-galactoside content
than the sample from 2018 and fruits contain more anthocyanin than leaves, which comply with
the data of total athocyanin content from biochemical assays of lingonberry samples. Fruits had a
higher amount of this particular anthocyanin, which aligns with the total anthocyanin test as fruits

were richer in anthocyanin than leaves.

Table 3.5: Amount of cyanidin 3- galactoside detected in lingonberry extracts from Lion’s

Den in 2017 using mass analyzer.

Amount of
Concentration in | cyanidin 3- Percentage
Sample
. Retention injected sample galactoside of cyanidin
rom
time (R¢ Compound | pg/ml per 100 gram | 3-
Lion’s Den
min) (determined at berry fruit galactoside
in 2017
520 nm) weight in sample
(mg/100g)
Ligonberry | 8.10 cyanidin 3-
‘ ) 621.78 248.4 0.25%
fruits galactoside
Lingonberry cyanidin 3-
8.12 ‘ 281.82 112.4 0.12%
leaves galactoside
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Table 3.6: Amount of cyanidin 3- galactoside detected in lingonberry extracts from Simm’s

Beach in 2018 using mass analyzer.

Amount of
Sample Concentration in | cyanidin 3- Percentage
from injected sample | galactoside of cyanidin
Retention
Simm’s Compound | pg/ml per 100-gram | 3-
time (Ry)
Beach in (determined at berry fruit galactoside
2018 520 nm) weight in sample
(mg/100g)
Ligonberry cyanidin 3-
s 8.45 542.95 217.18 0.22%
fruits galactoside
Lingonberry cyanidin 3-
8.33 278.26 111.31 0.11%
leaves galactoside
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Chapter 4: Discussion

The objective of this research was to conduct comparative analysis of various berries
collected from Fogo Island and a detailed chemical analysis of polyphenols in lingonberry fruits
and leaves from different locations on Fogo Island. Berries were collected for two consecutive
years including blueberries, lingonberries, crowberries and bunchberries from different locations
on the Island. Samples have been extracted and subjected to different chemical analysis and
biochemical studies. We established a comparative statistical analysis of biochemical assays of
four local berries and chemical analysis of lingonberries at the end of this research and also
developed a gradient method for isolating compounds from lingonberry samples using a HPLC-

MS system.

Leaf and fruit samples from each of the species of berries have been subjected to
biochemical assays to determine and compare their phenolic contents. It was found that
blueberries have the highest amount of phenolics among all of the samples, which is consistent
with a previous study in our lab (Hossain et al., 2016). Phenolic amounts from blueberry leaves
were statistically different from 2017 and 2018 but the same was not observed with blueberry
fruits. Lingonberries have higher phenolic contents than crowberries and bunchberries and the
difference between phenolic content from each leaf sample of lingonberry was statistically
significant. Blueberries were also rich in flavonoids compared to other berries. After blueberries,
lingonberries contain more flavonoids than crowberries and bunchberries. In general, leaves had
higher flavonoid content than fruits, which is similar to previous studies in the lab (Vyas et al.,
2013, Debnath-Canning et al., 2020). None of the differences in samples were statistically
significant except leaves of crowberries. In the case of anthocyanin and tannin content
determination, crowberries had the highest amount of respective polyphenols. Leaves had higher
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anthocyanin content than fruits and samples from each year showed no statistical significance in
total anthocyanin content determination except crowberry fruit samples from each year. In both
total anthocyanin and tannin content assays fruits contain more than leaves. Crowberry fruit
samples from 2017 had the highest tannin content and fruits of the same berry from each year
were statistically significant. All leaf samples in the total tannin assay were statistically

significant except for lingonberries.

To get more detailed results we collected various berry samples from different locations
on Fogo Island and used the mean value to display in bar diagrams. Where each value has been
plotted as mean + SE. Not only did we collect from different locations, but we collected samples
throughout two consecutive years to acquire consistency and observe whether there are any
significant changes occurring between the time-lapse of one year. For most of the results, there
were no significant changes for the results from two years as there were few statistical
differences. Again, there were some samples which showed variation in the data for two years
even when the samples have been collected and tested following the same method. For example,
in the TPC test, blueberry, lingonberry and bunchberry fruits samples from two years have not
shown any significant differences in their result as the differences were not statistically
significant. On the other hand, all leaf samples of each berry from each year showed different
results as the differences among their two years' result were statistically significant. We analyzed
all of the results statistically where in the bar diagrams the same column with a different letter
and number indicate statistical significance at P< 0.05. According to this analysis, in TFC, the
differences between the two years of each sample did not show any statistical significance as
P<0.05 except for crowberry fruits. In the total anthocyanin test fruit samples of three berries

vary in time-lapse of one year as differences between their data were statistically significant,
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where leaf samples have not shown any statistical significance. Blueberry, lingonberry and
bunchberry fruits and leaves from each year have not shown much variation in the total tannin
assay as there were no statistical significances. Other samples were statistically different except
lingonberry. One reason for variation in the number of different polyphenols in berry samples
might be slight degradation over the period of one year. Another reason might be genotype. Other
than that, the concentration of bioactive compounds depends on climate of that location, pH of
the soil, water scarcity and exposure to sunlight (Kriiger ef al., 2014, Barnuud et al., 2013). The
weather archive of Fogo Island showed a 2° elevation of temperature in 2018 compared to 2017,
which might affect the final nutrient contents in berries (Weather archive of Fogo Island). One
study showed that a slight elevation in temperature can accelerate the maturation of berries and
manipulate further total nutrient content (Pestore et al., 2017), which is also reflected in our
present study. In the TPC assay, data with statistical significance showed that, samples from 2018
have higher phenolic content than samples from 2017. Here the slight increase in temperature

may have affected berry production in 2018.

Berries have been tested to assay their antioxidant ability in terms of neutralizing DPPH
free radicals where blueberries have the highest reducing capacity compared to lingonberries and
crowberries. Leaves have shown higher antioxidant activities than fruits. This might be due to the
presence of higher phenolic contents in leaves than fruits which is also consistent with previous
findings in our lab (Vyas ef al., 2013). In the DPPH free radical scavenging bioassay each sample
over the time lapse of one year have shown similar results as there were no statistical
significances except for lingonberry fruits, which results from two years varied as they were
statistically significant. After the general comparison of blueberries, lingonberries crowberries

and bunchberries in terms of biochemical activity and phenolic content we further compared the
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lingonberry data for each lingonberry sample that had been collected from different locations on
Fogo Island for two years, 2017 and 2018. Samples from one year showed higher phenolic
content than the other. Also, samples from different locations sometimes showed significant
differences or similarities. The variation in results might be due to the weather of that particular
year, sunlight exposure, temperature, soil, agronomic conditions and the genotype of the sample
from that particular location. As earlier mentioned, the temperature in 2018 was slightly elevated
compared to 2017, which might contribute to the higher number of polyphenols in 2018 in
lingonberry samples. Sometimes genotype can influence the presence of antioxidants compounds,
and this factor could vary based on the location where the sample has been collected from
(Hosseinian ef al., 2007). Previous research has shown that when the same cultivars produce
blueberries at different locations, and different cultivars produce blueberries at the same location,
it does not have the same outcome (Connors ef al., 2002). The antioxidant abilities of samples
varied significantly which suggests that the presence of bioactive molecules varied due to the
genotype and environmental factors (Connors et al., 2002). The outcome of our results also
supports this. Besides genotype and environmental factors here, the results over the time-lapse of
one year varied. The reason could be due to the changes in climate over the years, however we
stored one set of samples collected in 2017 for a year and samples collected in 2018 were fresher
when we tested compared to the previous years’ samples, which could affect polyphenol levels.
As an example, the phenolic content of lingonberry has been found higher in samples collected in
2018 and for TPC lingonberry fruits collected from Simm’s Beach and leaves from Island
Harbour have the highest phenolic content. However, we also tested some blueberry samples
from 2017 again after approximately one year in the freezer and overall polyphenol content only

decreased by ~2% (Unpublished data), so these compounds are quite stable.
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After determining the amount of different phenolic compounds in fruit and leaf samples,
we next characterized the compounds that lingonberry samples contain. Previously in our lab
blueberry samples have been chemically analyzed in detail (Debnath-canning et al., 2020). Also,
commercial extracts of different berries have been analyzed in our lab in previous years (Hossain
et al., 2016). So here we concentrated on lingonberry samples, as after blueberry lingonberry has
been found to have higher antioxidant capacity and phenolic content. Samples which gave the
highest antioxidant activity were chosen for further chemical analysis. Thus, the sample collected
from Simm’s Beach was selected for 2018 and the sample from Joe Batt’s pt. Trail have been
selected from 2017 for further chemical investigation. To isolate the compounds, we used HPLC
and to characterize the tentative compound we used mass ionization technique. In HPLC we used
different solvents for the mobile phase. The ratio of solvents was changed until we found the
desired separation. Thus, we developed a gradient method to separate lingonberry fruits and
leaves. HPLC-MS conditions remained the same for all of the analysis. We tentatively identified
25 and 23 compounds from lingonberry fruits and leaves samples respectively, which have been
collected in 2018. Also, we tentatively identified 24 and 18 compounds from fruits and leaves
sample accordingly which have been collected in 2017. In one of very few similar studies,
lingonberries growing in Finland were found to have, 28 compounds identified in methanolic
extracts (Sari ef al., 2006). Also previously in our lab, research conducted on different berries
identified only three compounds from a commercial extract of lingonberries (Hossain ef al.,
2016). The reason for the differences of identified compounds might be that during the present
study we used the natural extracts instead of commercially available samples and used advanced
equipment like the MS-TOF analyzer, which is more advanced than the analyzer which was

previously used.

65



After the initial analysis, we proceeded to a more detailed quantitative analysis. We used
a standard compound to quantify anthocyanins, which are unstable compounds. These are not
readily available, and the price is very high. To determine the level of anthocyanin in glycoside
form, it is very difficult to obtain a standard for every anthocyanin present in samples. For these
reasons, we only ran cyanidin 3—galactoside as a standard since it was available at that time and
also it has been reported to have high antioxidant capacity (Kahkonen et al., 2003). Thus, we
determined the percentage of this particular anthocyanin in fruit and leaf samples collected from
both 2017 and 2018. It has been revealed that fruits have a slightly higher amount of cyanidin 3—
galactoside than leaves. Also, samples collected in the year 2018 have higher cyanidin 3—
galactoside levels than samples from 2017. Again, it might be due to the variation in climate and
environment over the year that affects the presence of anthocyanin in lingonberries. We have
found that a sample from 2018 has 0.22% and 0.21% of cyanidin 3- galactoside in fruits and
leaves respectively. Also 0.13% and 0.12% cyanidin 3- galactoside was detected in fruits and
leaves samples collected in 2017. All of the amounts are higher than the amount of the same
compound found in blueberries in our lab that have been collected from the other parts of
Newfoundland. One reason might be that the Fogo Island climate is slightly different than the rest
of Newfoundland. From the weather data in Canada, we found that the average temperature in the
Fall on Fogo Island is slightly higher than in the rest of Newfoundland, which might increase the
amount of certain polyphenols in berries (Pestore ef al., 2017). Considering data from our

research, Fogo Island berries might be preferable to other berries.

One of the big limitations of this study is that we have not tested these specific samples in
any animal model or cell culture model. However, some of our previous lab members have tested

lingonberry samples on cell cultures to determine neuroprotective effects of lingonberries
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(Hossain et al., 2016). In that experiment, commercial samples provided complete protection
against cell damage in an in vitro cell injury model. Application of lingonberry samples 15
minutes prior to injury provided complete protection against injury. More recent data in the lab
showed protective effects of lingonberry extracts against neuroinflammation in cells (unpublished
data). The reason behind the neuroprotection is likely the presence of different types of
polyphenols in lingonberries samples. Different types of polyphenols exhibit various different
mechanisms to give protection (Basli ef al., 2012), such as flavonols are brain permeable and
metabolize glucuronic acid to give neuroprotection (Faria et al., 2004). Catechin provides
neuroprotection by inhibiting endogenous neurotoxins that can further delay the onset of
Parkinson’s disease (Vauzour et al., 2008). Catechins derivatives can also delay the onset of
neurodegerative disorders like Alzheimer’s disease by inhibiting mediators responsible for
apoptotic cell death (Li et al., 2004). Other mechanisms involve iron chelation, neutralizing free
radicals and modulating pro-survival genes (Mandel et al., 2004). Proanthocyanidin and tannins
exert their neuroprotective nature by interacting with specific neurons (Narita et al., 2011).
Studies have shown that proanthocyanidin and condensed tannins prevent cardiovascular diseases
and cancer and give protection against age related oxidative brain damage (Sato ef al., 1999,
Aldini et al., 2003, Deshane et al., 2004). As strong antioxidants, anthocyanins provide
protection against age-related oxidative stress thus preventing DNA fragmentation and lipid
peroxidation (Acquaviva ef al., 2003, Di Giacomo ef al., 2007). The present study showed the
presence of several polyphenols such as flavonols, catechin derivatives, anthocyanins,
proanthocyanidin and tannins. Also, cyanidin 3-galactoside is a major anthocyanin that has been
found in a noticeable amount in lingonberry from this present study, which indicates that the

lingonberry fruits might be a potential drug candidate for neurodegenerative disorders such as
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Parkinson’s disease, Alzheimer’s disease, motor neuron disease, Huntington’s disease and spinal

muscular atrophy.

Another drawback of our present study is that we have not done a bioavailability study to
determine the presence of polyphenols in animal organs, but as an extension of this present study,
we have fed mice lingonberry fruits and leaf samples and then preserved part of their brain tissue
to later determine the bioavailability of polyphenols in the brain. To exert neuroprotective
activity, polyphenols have to cross the blood-brain barrier (BBB). Though present research in in
vitro studies of lingonberries shows promise, several studies showed that the same samples might
have different in vivo results because of metabolization of compounds inside the body (Espin et
al., 2007). Again, other studies have shown compounds can cross the BBB, which increases the
interest to research these berries even further (Andrade et al., 2018, Jung et al., 2018). Another
study revealed that phenolic sulphates produced after colonic metabolism can reach the brain by
crossing the endothelial cells of the BBB and can modulate microglia-mediated inflammation and
exert neuroprotective effects (Figueira et al.,, 2017). Along with neuroprotection, lingonberries
have some other benefits over other berries that can make it a super berry of this century such as
improving gut health (Heyman-Lindén et al., 2016), combating obesity (Ryyti et al., 2020),

slowing the aging process (Shammas et al., 2011) and treating UTIs (Kontiokari et al., 2001).

The growing health benefits of lingonberry make it increasingly popular in North
America, although it is a lesser-known berry in this territory (Burt and Penhallegon, 2003,
Economic Evaluation of Lingonberry Production in Oregon). Commercially, lingonberries are
available now in powder (product name: arctic Powder), capsule (product name: Lingonberry
Dietary supplement Cranberry Capsule Food) and liquid (as juice) forms (Dryck Lingon by Ikea).

Although people are commercially producing lingonberries and eating them raw or cooked there
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are not many commercially available supplements that are currently available. In our present
research we have found that lingonberries have high tannin and anthocyanin levels and
considering the health benefits of polyphenols it might be a potential drug or nutraceutical

candidate used to treat neurodegenerative disorders or can be used as dietary supplements.

In a fast-changing world where climate and the environment are being altered drastically,
pollution is increasing more than ever, food habits are shifting in an unhealthy way, and stress is
releasing free radicals in our bodies continuously, we need to find an option that can reduce the
oxidative stress in our body along with adopting other healthier habits. Considering the health
benefits of lingonberries, the berries themselves or supplements made of lingonberries can be a

viable option for all of us.
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Chapter 5: Conclusions and future directions

In this study, the phenolic contents of blueberries, lingonberries, crowberries and bunchberries
native to Fogo Island were determined and compared. The results showed that blueberries have a
higher amount of phenolic content in comparison to the other berries. It was also found that
blueberry leaves contain higher amounts of phenolic content than blueberry fruits. There has been
a lot of research conducted on blueberries. However, research on lingonberry is rather limited,
although it has been shown to have antioxidant properties similar to blueberries (Adams et al.,
2011). In this research project, the chemical composition of lingonberry fruits and leaves was
studied. A total of 25 compounds including flavonoids, anthocyanins and various glycosides were
identified from lingonberry fruit and leaf samples using HPLC-MS. One anthocyanin named
cyanidin 3-galactoside has been quantified in fruits and leaves. It was found that statistically,
lingonberry fruits have higher amounts of anthocyanins than lingonberry leaves, which is

consistent with other berry species.

In this investigation, cyanidin 3-galactoside was the only standard that we used for quantification,
mainly due to the lack of availability of other standards and cost. Also, it was known to be the
major anthocyanin in berries. There are several other anthocyanins and bioactive molecules in
lingonberry, which still need to be quantified. These lingonberry extracts need to be further tested
in other studies such as toxicological and bioavailability studies. As examples, samples can be
tested in in vitro models of neurodegeneration and in in vivo diet studies in rodents. Based on
more biological studies and the existing data on the neuroprotective effects of lingonberries, the
development of dietary supplements or nutraceutical products could not only be beneficial for
health but may also be of economic benefit to Fogo Island, and to Newfoundland and Labrador as
a whole.
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