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ABSTRACT

The protective effect of polyphenol-rich haskap berry extracts against tobacco-
specific nitrosamine ketone (NNK)-induced DNA damage was studied in vitro. Normal
lung epithelial BEAS-2B cells were exposed to NNK, and to its precursor, 4-
[(acetoxymethyl) nitrosamino]-1-(3-pyridyl)-1-butanone (NNKOACc), to induce DNA
damage. Polyphenols present in haskap berries were extracted using ethanol and water,
separately. Quercetin-3-O-glucoside (Q3G) and cyanidin-3-O-glucoside (C3G) were used
as the reference compounds. BEAS-2B cells were pre-incubated with non-cytotoxic
concentrations of haskap extracts, Q3G, and C3G separately, and investigated for their
protective effects against NNK- and NNKOAc-induced DNA damage. Pre-incubation of
BEAS-2B cells with haskap extracts, Q3G, and C3G, significantly suppressed the NNK-
and NNKOAc-induced DNA strand breaks, and intracellular reactive oxygen species
generation. The protective effect of haskap extracts could be related to their polyphenol
content and high antioxidant capacity. An experimental animal model is proposed to
further investigate the chemopreventive potential of haskap polyphenols against NNK-
induced lung tumorigenesis.

X
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CHAPTER 1. INTRODUCTION

Worldwide, cancer has become an epidemic, and its high incidence has an annual
global economic impact of USD 1.2 trillion (approximately 2% of total global gross
domestic production), representing the cost of prevention, treatment and disability-
adjusted life years in 2010. When considering the long-term costs for patients and their
families, the estimated cost comes to USD 2.5 trillion (Knaul et al., 2012; Union for
International Cancer Control, 2014). It was estimated that 14.1 million people were
newly diagnosed with cancer in 2012, in which lung cancer represented about 1.8 million.
Lung cancer is more common in less developed regions of the world and is more
common in men than women (Ferlay et al., 2015). Tobacco smoke, ionizing radiation,
soot, radon, and asbestos are a few of the Group I lung carcinogens published by the
International Agency for Research on Cancer (IARC, 2012). Long-term tobacco smoking
causes 70% of lung cancer deaths globally (WHO, 2016) and 90% in the United States
(Carbone, 1992). The particulate phase of cigarette vapor contains at least 4,800
compounds, which include many carcinogens, such as polycyclic aromatic hydrocarbons
(PAH), nicotinic nitrosamines, aromatic amines, and metals (Hoffmann et al., 2001).
Although many constituents in tobacco smoke contribute to lung cancer, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK: nicotine-derived nitrosamine
ketone) plays a significant role in lung carcinogenesis (Akopyan and Bonavida, 2006; Jin
et al., 2004).

Current cancer treatments, such as chemotherapy, surgery, and radiation therapy,
cause many side effects (National Cancer Institute 2012; Zhang et al. 2015).

Chemotherapeutics cause cytotoxicity to healthy cells and induce a broad spectrum of



degenerative diseases (MacDonald, 2009). Even if cancer is properly treated, recurrence
is common (Maeda et al. 2010; Uramoto & Tanaka 2014). Therefore, prevention is an
essential component in the fight against cancer. Ceasing cigarette smoking is the most
effective strategy for preventing lung cancer, followed by maintaining healthy dietary
habits (Clancy, 2014). Unfortunately, those cost-effective and non-toxic cancer
preventive strategies are yet to be popularized and implemented in many countries
(Morgan, 2007). In economic perspectives, investing USD 11 billion in cancer preventive
strategies could be able to save up to USD 100 billion in cancer treatment cost annually
(Knaul et al., 2012). Therefore, investigating alternative therapeutic measures in reducing
the risk of lung cancer is useful, especially for high-risk- and cancer recurrence-
populations.

The consumption of polyphenol-rich fruits and vegetables reduces lung cancer
risk among high-risk populations (Gnagnarella et al., 2013; Vauzour et al., 2010). A
population-based case control study, conducted in Shanghai, China, reported that regular
consumption of green tea reduces lung cancer risk among women. A similar observation
was reported with high intake of fruits and vegetables in a health follow-up study
(Feskanich et al., 2000). Many studies have confirmed regular consumption of
polyphenol-rich fruits and vegetables in reducing lung cancer risk among smokers
(Biichner et al., 2010; Linseisen et al., 2007; Le Marchand et al., 2000). Alternatively,
polyphenols have gained recent attention as an adjuvant therapeutic agent. Lecumberri et
al. (2013) reviewed the potential use of green tea polyphenols in combination with
chemo/ radiation therapy as an adjuvant treatment for cancer patients. Green tea

polyphenols can act synergistically with conventional therapies as a radiosensitizer, and



ameliorate the side effects of conventional cancer therapies (Chem et al., 2010; Hu et al.,
2011; Zhang et al., 2012). In addition, dietary supplementation of anthocyanins and
resveratrol for breast cancer patients during adjuvant radiation therapy reduces radiation-
induced dermatitis (Franco et al., 2012). The role of dietary plant flavonoids in genome
stability and protection against DNA damage caused by various carcinogens has been
reviewed (George et al., 2017). Polyphenol-rich berries are a popular dietary component
in many countries, and available in fresh or processed form for consumption. Therefore,

it is important to investigate the potential usefulness of berries in chemoprevention.



1.1 Hypothesis

Polyphenol-rich haskap berry extracts can prevent or suppress the NNK-induced

DNA damage in normal lung epithelial cells in vitro.

1.2 Research Objectives
Overall objective
To investigate the efficacy of polyphenol-rich haskap berry extracts in preventing

or reducing NNK-induced DNA damage in cultured normal lung epithelial cells.
Specific objectives of the research

1)  To prepare polyphenol-rich extracts from haskap berry and characterize their

polyphenol composition and antioxidant capacity in vitro; and
2)  To evaluate the potential of the haskap extracts in protecting normal lung

epithelial cells against carcinogen-induced DNA damage.



CHAPTER 2. LITERATURE REVIEW

This section discusses lung cancer and its classification, NNK-induced lung
carcinogenesis, the effect of polyphenols in preventing lung carcinogenesis and the
botanical description of the haskap plant.
2.1 Lung cancer

Lung cancer is a heterogeneous disease arises when genetic, and epigenetic
alterations happen in lung epithelia (Zhan et al., 2012). Most lung tumors originate as a
result of frequent exposure to exogenous carcinogens, such as tobacco smoke, vehicle
exhaust, and other environmental carcinogens (Bailey-Wilson, 2008). Based on clinical
and therapeutic characteristics, lung cancer is broadly divided into small cell lung cancer
(SCLC) and non-small cell lung cancer (NSCLC). NSCLC is further divided to squamous
cell carcinoma (SCC), Adenocarcinoma (ADC) and large cell carcinoma. Combination
chemotherapy is the most efficient treatment given for patients with SCLC, whereas lung
surgery works better for NSCLC patients with early stage disease (Linnoila and Aisner,
1995; Shames et al., 2008). The classification and characteristics of lung cancer are given
in Table 1. The incidence of SCLC and SCC are strongly related to tobacco smoking
(Linnoila and Aisner, 1995; Yang et al., 2002). With the introduction of low-tar
containing filter-tipped cigarettes, the incidence of ADC has become more frequent
(B’chir et al., 2007; Brooks et al., 2005). It is suggested that filter-tipped cigarettes
increase the exposure of the bronchioalveolar junction to nitrosamines present in smoke.
Usually, ADC arises near the bronchioalveolar junction (B’chir et al., 2007). A cohort
study conducted in lowa with postmenopausal women has shown a clear relationship

between ADC formation and smoking (Yang et al., 2002).



Table 1 A brief classification of lung cancer with main characteristic features of each type.

Classification Location on the lung Characteristics
SCLC
SCLC Mostly perihilar found in bronchus ~ Macroscopic: soft, friable white tumors with necrotic tissues
Cytology: small cells with limited or no cytoplasm. Cells are
round- or spindle-shaped with granular nuclear chromatin (“salt
and pepper” nature)
NSCLC
SCC Usually located centrally on the Cytology: keratinized epithelial cells having intercellular
main stem, lobar or segmental bridges (“squamous or keratin pearl” formation)
bronchi
ADC Mostly peripheral solid tumors Macroscopic: gland formation and mucus production
Cytology: single or clump of cells arranged as acini,
pseudopapillary, papillary or solid tumor. Cells have prominent
cytoplasm with round shaped nuclei
Large cell Mostly peripheral Macroscopic: poorly differentiated large mass of cells
carcinoma Cytology: cellular aggregates in samples. Nuclei are large and

prominent, vary from round to irregular in shape. Cells have
high nuclear to cytoplasm ratio

Source: Linnoila and Aisner, 1995; Travis et al., 2004, 2015



Long-term exposure to direct or indirect tobacco smoke has been identified as a primary
cause of lung cancer around the world. More than 70 carcinogens, such as
benzo(a)pyrene [B(a)P], arsenic, cadmium, chromium, nickel, and acrylonitrile, which
are known to initiate or promote cancer, are present in tobacco smoke (Health Canada,
2011; Hoffmann et al., 2001). Among them, NNK has been identified as a major
compound causing lung cancer (Jin et al., 2006; Wu et al., 2015). The precursor of NKK,
4-[(acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-butanone (NNKOAc), was also studied
in the present study.
2.2  Metabolism of NNK and NNKOAc¢
2.2.1 NNK

The aromatic compound NNK (CAS number: 64091-91-4) is a pale-yellow
crystalline powder with a molecular formula of C;0H13N302 and molecular weight of
207.22912 g/mol. Nitrosamines are formed during the curing, fermentation and storage of
tobacco leaves by N-nitrosation of the Nicotiana alkaloids. Alternatively, NNK can
generate during smoking (Hoffmann 2001; Hoffmann et al. 1994). The chemical

structure of NNK is illustrated in Figure 1.

Figure I The chemical structure of NNK.
All tobacco products contain NNK, and it is unique to tobacco (Hecht et al.,
2016). Humans can be exposed to tobacco-specific nitrosamines through the direct

inhalation of mainstream tobacco smoke and passive inhalation of environmental tobacco



smoke, chewing tobacco leaves and by snuff dipping (Hecht et al., 2016; Hoffmann and
Hecht, 1985). Among other nitrosamines, NNK is the most potent tobacco-specific
carcinogen involved in lung cancer (Hecht et al., 2016; Hoffmann and Hecht, 1985; Lin
etal., 2011).
2.2.2 NNKOAc¢

A precursor of NNK, NNKOACc, has been used in many studies to bypass the
complexities in NNK metabolism and to induce nuclear DNA damage in cells (Cloutier
etal., 2001; Proulx et al., 2005). NNKOAc (CAS number: 127686-49-1) is an aromatic
compound with a molecular formula of C12H;5sN304 and molecular weight of 265.27

g/mol. It is a white powder. The chemical structure of NNKOAc is presented in Figure 2.
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Figure 2 The chemical structure of NNKOAc.

2.2.3 Metabolism of NNK in cells

As a procarcinogen, NNK is activated by cofactors, such as cytochrome pigment
450 (CYP450) enzymes, present in cells. Three central metabolic pathways are (Figure 3)
involved in NNK metabolism. They are carbonyl reduction, oxidation of the pyridine
nitrogen molecule and a-hydroxylation of the methyl or methylene carbons (Hecht et al.,
2016).

The carbonyl reduction pathway is the dominant pathway (Yalcin and Monte,
2016), converting a great portion of NNK into 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanol (NNAL) via carbonyl reductases (11p-hydroxysteroid dehydrogenase [11p3-



HSD]) (Maser et al., 1996). The resultant NNAL conjugates with glucuronic acids and
forms NNAL-glucuronides (NNAL-Glu). This reaction is catalyzed by uridine-5’-
diphospho-glucuronosyltransferases (UGT) (Hecht et al., 1993; Morse et al., 1990).
NNAL-Glu is nontoxic and excreted through urine (Carmella et al., 1993; Wiener et al.,
2004). However, NNAL is carcinogenic and partially oxidized back to NNK. Also,
NNAL undergoes a-hydroxylation via CYP450 enzymes, generating electrophilic
intermediates that can react with DNA, forming bulky pyridyloxobutylation DNA (POB-
DNA) adducts (Hecht et al., 1993).

Pyridine N-oxidation is a detoxification process in which both NNK and NNAL
oxidize at the nitrogen atom of the pyridine ring and form nontoxic NNK-N-oxide and
NNAL-N-oxide, respectively. The oxidation reaction of NNK and NNAL occurs in lung
microsomes, and the resulting metabolites are excreted through urine in rodents and
primates (Carmella et al., 1997; Hecht et al., 1993, 2016; Yalcin and Monte, 2016).

The a-hydroxylation of NNK and NNAL form reactive electrophilic metabolites.
Methylene or methyl carbon atoms adjacent to the N-nitroso nitrogen of NNK and NNAL
are hydroxylated by CYP450 (Hecht et al., 1993). The resultant electrophilic metabolites
can covalently bind to DNA and induce methylation, pyridyloxobutylation and
pyridylhydroxybutylation of nucleobases in DNA, forming bulky DN A adducts that
cause mutations in oncogenes and tumor suppressor genes (Yalcin and Monte, 2016).
There are several cytochrome isoforms involved in the activation of NNK (Wu et al.,
2008).

The process of a-methylene hydroxylation of NNK yields a-methylenehydroxy

NNK. Human liver microsomal enzymes, CYP2A6 and 3A4, are involved in a-



methylene hydroxylation (Patten et al., 1996). They convert NNK to keto aldehyde and
methane diazohydroxide, which later reacts with DNA, producing methyl DNA adducts;
mainly 7-N-methylguanine (7-mGua) and O%-methylguanine (O%-mGua), as well as small
amounts of O*-methylthymine (Devereux et al., 1988; Hecht and Hoffmann, 1988;
Loechler et al., 1984). Keto aldehydes oxidize into a keto acid, a urinary metabolite
which is excreted from the body (Peterson et al. 1991).

The a-hydroxylation of NNK at the methyl carbon atom produces a-
hydroxymethyl NNK. Several liver microsomal enzymes, such as CYP1A2, 2E1 and
2D6, are involved in methyl hydroxylation (Patten et al., 1996). a-Hydroxymethyl NNK
spontaneously loses formaldehyde, producing 4-3- pyridyl-4-oxobutane-1-
diazohydroxide, which reacts with water, yielding a urinary metabolite, keto alcohol that
is excreted from the body (Hecht, 1998). Additionally, 4-3- pyridyl-4-oxobutane-1-
diazohydroxide is capable of forming POB-DNA adducts, leading to lung cancer (Yalcin
and Monte, 2016). There are four types of POB-DNA adducts, designated 7-[4-(3-
pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine (7-pobdG), O*-[4-(3-pyridyl)-4-oxobut-1-yl]-
2'-deoxycytosine (O*- pobdC), O?-[4-(3-pyridyl)-4-oxobut-1-yl]-2'-deoxythymidine (O*-
pobdT) and O°-[4-(3-pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine (O%-pobdG), identified
so far (Peterson, 2010).

2.2.4 Metabolism of NNKOAc¢

In cell culture systems, NNKOAc generates a-hydroxymethyl NNK, which
spontaneously yields 4-3-pyridyl-4-oxobutane-1-diazohydroxide. The resulting
diazohydroxides react with DNA, forming POB-DNA adducts (Figure 3). Therefore,

NNKOAc mimics the DNA damage pattern of NNK (Cloutier et al., 2001).
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Monte, 2016.



However, activation of NNKOAc does not depend on cytochrome enzymes. It is
activated by esterase enzymes to generate o-hydroxymethyl NNK (Ma et al., 2015).
2.3 NNK-induced lung carcinogenesis

The somatic mutation of onco-, tumor suppressor-, cell cycle regulatory- and
DNA repair-genes is common in cancer (Cooper, 2005). NNK induces lung
carcinogenesis through genetic and epigenetic modifications of genes and activation of
cell surface receptors present in lung epithelial cells (Cooper, 2005; Lin et al., 2011; Xue
et al., 2014). Long-term smoking can disturb the balance in metabolic activation and
detoxification of NNK. The accumulation of reactive metabolites causes the formation of
DNA adducts. However, DNA repair through nucleotide excision repair (NER) and base
excision repair (BER) can reconstruct the damaged DNA (Peterson, 2010; Sheets et al.,
2006). Some cells can escape from DNA repair mechanisms, leading to miscoding of
genes and permanent gene mutation (Hecht, 1999). The proto-oncogene mutation and
tumor suppressor gene inactivation are common among lung cancer patients having a
smoking history.
2.3.1 NNK-induced gene mutation in relation to lung cancer
2.3.1.1 Oncogene mutation

The mutation of the KRAS oncogene is shared among smokers and in NNK-
injected experimental mouse models (Ding et al., 2008; Keohavong et al., 2011; Mascaux
et al., 2005). Metabolically active NNK can bind with the deoxyguanosine nucleotide
bases of the coding region of KRAS gene, leading to G to T transversions, which are more
common among adenocarcinoma patients having a smoking history. For example, codon

(12" codon) GGT, which codes for glycine amino acid, alters into GTT, and TGT, which
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code for valine and cysteine amino acids due to G to T transversion, respectively (Wen et
al., 2011). Mutation of the KRAS gene at codon 12 was reported in NNK injected FVB/N
mouse lung tumors (Keohavong et al., 2011). These modifications in the gene sequence
lead to activation of the KRAS oncogene and trigger the expression of its resultant protein
RAS. In the cytoplasm, RAS protein binds with guanosine triphosphate (GTP) and
activates a cascade of signal transduction pathways (RAS/RAF-1/mitogen-activated
protein kinase [MAPK] pathway, PI3K/AKT pathway), which activate transcription
factors MYC, FOS, and JUN (Dhillon et al., 2007; Fernandez-Medarde and Santos, 2011;
Meloche and Pouysse, 2007) . The activation of these genes encourages epithelial cell
proliferation, survival and the inhibition of apoptosis. However, Yamakawa et al. (2016)
found that the activation of extracellular signal-regulated kinase 1/2 (ERK1/2) signaling
pathway does not only depend on KRAS gene mutation, but also on other signaling
pathways (Figure 4).
2.3.1.2 Tumor suppressor gene mutation

Tumor suppressor genes act as “guardian genes’ to protect cells from becoming
cancerous (Lane, 1992). Mutation and inactivation of the tumor suppressor gene, 7P53, is
more common among smokers than non-smokers (Ding et al., 2008). The 7P53 gene
produces a nuclear protein p53 that is involved in multiple cellular functions, such as
DNA repair, cell cycle regulation and programmed cell death (Cooper, 2005). The
expression of p53 is lower in healthy cells but is upregulated under stress conditions. The
pS3 protein acts as a transcription factor for P2/ and growth arrest and DNA damage-
inducible 45 (GADD45) genes, which suppress the activation of cyclin-dependent kinases

(cdk2) at cell cycle checkpoints Gap 1/Synthesis (G1/S) phase and Gap 2/Mitosis (G2/M)
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phase (Zhan et al., 1993, 1999). Therefore, p53 prevents the binding of cdk2 with cyclin
E and cyclin B at each phase. Hence, p53 inhibits the cell cycle progression from G1 to
S-and G2 to M phases in damaged cells. Meanwhile, DNA damage activates damage
repair proteins, ataxia telangiectasia mutated (ATM), DN A-protein kinase (DNA-PK)
and nuclear serine/threonine protein kinase (CHK2), to phosphorylate p53 (Banin et al.,
1998; Lees-Miller et al., 1990; Zannini et al., 2014). The activation of p53 induces the
ribonucleotide reductase, PS3R2 which facilitates DNA repair by transporting
deoxynucleotides to the damaged DNA site (Nakano et al., 2000). If the recovery of cell
damage is not possible, p5S3 induces cell apoptosis by activating BCL-2 associated X
protein (BAX) and apoptotic protease activating factor-1 (APAF1) (Fridman and Lowe,
2003). BAX protein interacts with the mitochondrial membrane and induces the release
of cytochrome c into the cytoplasm. In the cytoplasm, cytochrome ¢ binds with APAF1
and activates cysteine-aspartic acid protease-9 (caspase-9), causing apoptosis (Acehan et
al., 2002; Mcilwain et al., 2013). Therefore, mutation of 7P53 gene can suppress the cell
cycle regulation, impair the DNA damage repair and inhibit apoptosis, causing
unregulated cell growth, leading to lung carcinogenesis.
2.3.1.3 Mutation of the other related genes

In addition to the direct gene mutations, NNK-induced epigenetic modifications
in tumor suppressor- and DNA repair-genes cause lung carcinogenesis. The inactivation
of P16, another tumor suppressor gene, by promoter hypermethylation occurs in
adenocarcinomas (Kawabuchi et al., 1999; Tam et al., 2013). P16 induces the Cdks,
which bind with cyclin during cell cycle progression and phosphorylate retinoblastoma

protein (Rb), preventing its association with E2 factor (E2F) transcription factor. Free
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E2F activates cell cycle genes and induces cell proliferation (Ohtani et al., 2004; Rayess
etal., 2012). On the other hand, promoter hypermethylation of the DNA repair gene, O°-
methylguanine DNA methyltransferase (MGMT), has been identified in the early stages
of adenocarcinomas (Pulling et al., 2003). The respective gene product O%-alkylguanine
DNA alkyltransferase (AGT) helps in repairing O%-alkylguanine DNA adducts by
transferring the methyl group from guanine to a cysteinyl residue on the protein (Pegg,
2000). Promoter hypermethylation reduces the expression of AGT (Devereux et al.,
1988), resulting in the accumulation of DN A mutations in oncogenes and tumor
suppressor genes.
2.3.2 NNK activates cell surface receptors and cell signal transduction pathways
Similar to nicotine, NNK is an agonist of alpha7 nicotinic acetylcholine receptors
(a7nAchR) and enables the voltage-gated calcium ion (Ca*™") channel, causing membrane
depolarization (Al-Wadei and Schuller, 2009; Improgo et al., 2013). The Ca™ ion influx
stimulates several cellular transduction pathways, such as PI3K/AKT pathway (West et
al., 2003), PKC pathway and RAS/RAF/MAPK pathway (Dasgupta et al., 2006; Schuller
et al., 2003), which induce transcription factors FOS, JUN and MYC, leading to cell
proliferation (Al-Wadei and Schuller, 2009), survival and suppression of apoptosis (Xue
etal., 2014) (Figure 3). It has been found that Ca** ion antagonists prevent NNK-induced

lung epithelial cell transformation in vitro (Boo et al., 2016).
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Figure 4 The mechanism of NNK-induced carcinogenesis in lung epithelial cells.
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(A) There are two primary carcinogenesis mechanisms related to NNK. 1) NNK forms reactive electrophilic metabolites, which
react with nuclear DNA, creating methylated- and POB-DNA adducts on oncogenes (KRAS) and tumor suppressor genes (7P53).
The mutation of KRAS gene enhances the expression of RAS protein, which induces a cascade of signal transduction pathways in the
cytoplasm leading to the activation of transcription factors FOS, JUN and MYC in the cell nucleus. Activated RAS activates

the proto-oncogene serine/threonine-protein kinase (RAF), which after phosphorylation activates mitogen-activated protein kinases
(MAPK). Furthermore, RAS can activate phosphatidylinositol 3-kinase (PI3K), which converts phosphatidylinositol (4,5)-
bisphosphate (PIP;) into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) on the cell surface, stimulating the activity of
serine/threonine kinase (AKT/PKB). Activated AKT induces E3 ubiquitin-protein ligase (MDM?2), which negatively regulates p53
tumor suppressor protein in cells. AKT also phosphorylates and activates mammalian target of rapamycin (mTOR), stimulating cell
growth. Also, AKT suppresses caspase-9 activation and prevents apoptosis. 2) NNK is an agonist for a7nAchRs located on the cell
surface. NNK binds with a7nAchRs receptors and causes Ca’" influx into the cell. Intracellular Ca™ induces the release of serotonin
and mammalian bombesin, which activates the protein kinase C (PKC)-induced signaling cascade, leading to the activation of
MAPKSs, which stimulate cell proliferation and inhibit apoptosis. High concentrations of Ca'" in the cytoplasm triggers the release of
epidermal growth factors (EGF), activating the epidermal growth factor receptor (EGFR) signaling cascade. EGFR activates the
RAS/RAF signaling pathway and the PI3K/AKT signal transduction pathway, leading to cell proliferation, survival, and inhibition
of'apoptosis. Literature used to create the figure are cited in the text.

(B) When healthy lung epithelial cells are chronically exposed to NNK, the balance between NNK-activation and -detoxification
breaks down, leading to persistent genetic and epigenetic alterations in the cells. Mostly, this damage is identified and repaired by
the cell cycle regulatory and DNA repair proteins, and if not, apoptosis destroys the damaged cells. In certain situations, cells can
escape from these checkpoints and acquire independence, leading to uncontrolled cell proliferation. Uncontrolled cell division can
lead to hyperplasia, dysplasia and cell growth that extends beyond the basement membrane and invades the submucosa of the lung
tissues.



Therefore, NNK-induced lung carcinogenesis depends on two primary
carcinogenic mechanisms. Firstly, NNK causes genomic instability in lung epithelial cells
through point mutation and promoter hypermethylation. Secondly, NNK activates
membrane-bound cell surface receptors and downstream signal transduction pathways,
inducing cell proliferation and survival (Figure 4). When lung epithelial cells are exposed
to NNK, oncogene and tumor suppressor genes mutate along with the activation of other
carcinogenic pathways, leading to uncontrolled cell proliferation and tumorigenesis
(Soria et al., 2003). Mutagenic DNA damage is an early step in tobacco-related lung

carcinogenesis (Wang et al., 2012).

2.4 Definition and classification of plant polyphenols

Polyphenols have gained attention due to their potential health—benefiting
properties of reducing the risks for many human chronic diseases. Fruits, vegetables,
cereals, and beverages, such as tea, coffee, wine, are familiar polyphenol-rich dietary
sources. For plants, polyphenols provide protection against pathogens and environmental
stresses and give signaling characteristics, such as fragrance, color, and flavor, which
help plants to maintain interactions with the surrounding environment (Bravo, 1998;
Rupasinghe et al., 2014). More than 8000 phenolic structures have been identified so far
(Cheynier, 2005; Tsao, 2010), ranging from simple molecules (monomers and oligomers)
to higher molecular weight polymeric structures (Cheynier, 2005). Figure 5 illustrates the
classification of polyphenols, based on the nature of their chemical structure.

All the polyphenols contain at least one aromatic ring with one or more hydroxyl
groups (Ferrazzano et al., 2011; Tsao, 2010). Flavonoids contain two aromatic rings (A

and B rings) linked by three carbon atoms confined by an oxygenated heterocyclic ring
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presented in Figure 6.
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Figure 5 A general classification of commonly found dietary polyphenols.
*EGCG, epigallocatechin gallate
Adapted from Pandey and Rizvi, 2009; Rupasinghe et al., 2014

2.5 Protective effect of polyphenols against NNK-induced carcinogenesis
2.5.1 Polyphenols can maintain genetic integrity

The phenolic hydroxyl groups of polyphenols are capable of donating hydrogen
molecules to free radicals, transforming them into stable molecules in the cells (Valentao
et al., 2003). Oxidative DNA lesions induced by NNK (the formation of 8-hydroxy
deoxyguanosine [8§-OH-dGuo] DNA adducts) were reduced in mice fed with green tea
and EGCG (Xu et al., 1992). By stabilizing intracellular oxidative radicals, polyphenols

reduce the autoxidation and accumulation of radicals in cells, preventing oxidative DNA
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damage (Guo et al., 1996). The main constituent of green tea, EGCG significantly
reduced NNK-induced DNA single strand breaks (SSBs) in cultured lung epithelial cells
(Weitber and Corvese, 1999). In addition, Liu and Castonguay (1991) have observed the
protective effect of catechin (present in tea) against NNK in rat hepatocytes. Pretreatment
of rat hepatocytes with catechin inhibits the a-hydroxylation of NNK and suppresses
NNK-induced SSBs. Duthie (2007) reviewed the berry extracts and reported that they
maintained genetic integrity in both in vitro and in vivo studies.
2.5.2 Polyphenols involved in the expression of enzymes associated with NNK
metabolism

Polyphenols have the ability to engage the activation- and detoxification-enzymes
of NNK (Figure 3). Citrus flavonoids, quercetin, and naringenin inhibit the a-
hydroxylation of NNK in hamster liver and lung microsomes in vitro. Both flavonoids
suppress the activity of CYP450 enzymes (Bear and Teel, 2000). Proanthocyanidins
extracted from grape seeds have a protective effect against NNK-induced carcinogenesis
in MCF10A human breast epithelial cells by regulating the level of 113-HSD, which
enhances the carbonyl reduction of NNK in cells, and by suppressing the activity of
CYP1Al and 1B1, which prevent the formation of reactive electrophilic metabolites
(Song et al., 2010). Russell et al. (2015) observed that delphinidin reduces
dibenzo(a,/)pyrene-induced adduct formation by suppressing CYP1Al 1A2 and 1B1,

reacting with carcinogenic metabolites.

20



IC

Phenolic acids Flavonoids

Hydroxybenzoic acid Anthocvanin Flavanols Flavanones
Ry Ry
0 |
HO 0 HO. Q
OH OH
Rs OH OH

Gallic acid: R1= R2= R3 =0H Pela.rgm.ldm Rl: R2= H Catechin: R1= Rg = OH R3 =H Na.rmgemn le R5 = H= RQ =0H
Protocatechuic acid: ), Ry =0H, R;=H Cyanidin: Ry=0H, R;=H Epicatechin: Rj=H. R;. R;=0H Hesperetin: R}, = 0H, R; =0CH;, R;=H

Onion, black radish II')daih;dLr;RlRREI: ?%I_]I_; EGCG =R, R;,R;=0H Eriodictyol: Ry, =H, R; R; = 0H

elpfumam. Ky Ba= Green tea, black tea Oranges, pomelo, sorghum
Blueberry, strawberry, pomegranate, cherrv
Hydroxycinamic acid Favonol Flavones Isoflavonoids
R, T
R, Ry e
HO o .
HO. o =
Ry \ p /H‘T/ | Ry -
= oH
OH oH © oH O
Caffeic acid: R, R;=0H Quercetin: R), R, =0H, R;=H Apigenin: Rj=H R;=0H Genistein: B =0H, R;=H
Ferrulic acid: R;= OCH;, R,=0H Kaempferol: R, Rs=H R;=0H Luteolin: Ry, Ry = 0H Daidzem: Ry R;=H
Coumaric acid: Ry =0H, R;=H Fisetin: Ry=H, R, R;=0H Chrysin: R, Ry =H Glycitein: By =H, R;=0CH;
Coffee, tea Galangin: Ry, Ry Ry=H Sorghum, parslev, celery, red pepper Soybean and legumes

Apples, onion, grape

Figure 6 Structural differences among major polyphenols found in foods.
Adapted from Bellik et al., 2012; Markakis et al., 2015; Pan et al., 2001; Patel et al., 2007; Zhu et al., 2014



In addition, polyphenols have the ability to induce phase Il enzymes, which
detoxify endogenous and xenobiotic electrophilic metabolites through glucuronidation,
sulfation, methylation, acetylation, glutathione and amino acid conjugation (Jancova et
al., 2010). For example, genistein, present in soybeans, induces phase II detoxifying
enzymes, such as glutathione S-transferase (GST), UGT and quinone reductases (QR), in
cell culture models and in vivo rat experimental models (Appelt and Reicks, 1997; Froyen
et al., 2009). The anthocyanin-rich rice bran extracts show a protective effect against
aflatoxin B1-induced hepatic carcinoma in Wistar rats. Rice bran modulates the
activation of aflatoxin B1 by suppressing CYP1A2, 3A, and enhancing the activity of
UGT, NAD(H); quinone oxidoreductase (NQOR) and GST phase II enzymes
(Suwannakul et al., 2015). Similarly, anthocyanin-rich extracts from Hibiscus sabdariffa
calyxes restore carbon tetrachloride (CCL4)-suppressed UGT and GST in albino rats.
Additionally, the extracts suppress oxidative stress by reversing CCLs-reduced
antioxidant enzyme activity [superoxide dismutase (SOD), catalase (CAT), and
glutathione reductase (GR)] (Ajiboye et al., 2011). UGT is involved in detoxification of
the NNK metabolite NNAL, through glucuronidation (Figure 3).

2.5.3 Polyphenols regulate cell surface receptors and signal transduction pathways
activated by NNK

The hydrophobic benzoic ring of polyphenols has the potential to react with
proteins. Also, the hydroxyl groups present in polyphenols have the ability to form
hydrogen bonds with proteins. This property helps them alter the regulation of
membrane-bound enzymes and receptors. Quercetin and resveratrol, which are

abundantly present in apples and grapes, have been identified as potent antagonists of
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aryl hydrocarbon receptors (AhR) (Murakami et al., 2008; Revel et al., 2003). The AhRs
regulate the expression of CYP450 enzymes and transcription factors that can be
activated by polycyclic aromatic hydrocarbons (PAHs) and cause lung carcinogenicity
(Cos et al., 1998; Denison and Nagy, 2003; Denison et al., 2002; Murakami et al., 2008;
Parr and Bolwell, 2000; Revel et al., 2003). Combined treatment with quercetin, luteolin
reduces 09nAchR expression in MDA MB 231. Similarly and EGCG down-regulates the
a9nAchR expression in MCF-7 breast cancer cells (Shih et al., 2010; Tu et al., 2011).
Genistein is an isoflavonoid that suppresses the MAPKSs induced by nicotine and the
phosphorylation of a7nAChR in SH-SYS5Y neuroblastoma cells (Charpantier, 2005).
Genistein also increases the expression of nuclear factor E2-related protein 2 (Nrf2),
which interacts with antioxidant response element (ARE) (Zhai et al., 2013). Most of the
genes that encode phase I enzymes contain an ARE sequence in their promoter regions
(Lietal.,2011). Fisetin, a flavonoid commonly found in apple and strawberries (Khan et
al., 2013), suppresses the PI3K/AKT and mTOR signaling cascades in NSCLC, A594,
and H1792 cells and suppresses cell proliferation (Khan et al., 2012). The anthocyanins
extracted from black rice have the potential to reduce the expression of PI3K, AKT, RAS
and JUN proteins and suppress the proliferation of CAL 27 human oral cancer cells (Fan

etal., 2015).
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Table 2 Evidence for polyphenols in reducing NNK-induced tumorigenesis in vivo.

Animal  Reagent or Observation Ref.

model chemical

A/J mice EGCG Reduced tumor multiplicity. (Jin et al.,
Attenuated the expression of DNMT1, p- 2015)
AKT, and y-H2AX in lung epithelial cells.

Sprague- Cape Reduced pulmonary hyperplasia. (El-Kenawy

Dawley  gooseberry Reduced the expression of cell proliferation etal., 2015)

rats extract marker Ki-67

Enhanced the p53 tumor suppressor gene

expression
A/) mice Black teaand Reduced the incidence and multiplicity of (Landau et
green tea lung tumors al., 1998)

A/J mice Polyphenol E Inhibited the progression of lung adenomato  (Lu et al.,
adenocarcinoma 2006)
Reduced PCNA — cell proliferation
Induced caspase-3 expression - apoptosis
Inhibit the phosphorylation of c-Jun and ERK

1/2
A/J mice Adlay seed Reduced lung tumor multiplicity (Chang et
al., 2003)
A/J mice Theaflavin Reduced tumor multiplicity and volume (Yang et al.,
1997)
A/ Hesperidin Suppressed tumor multiplicity (Kohno et
mouse rich mandarin Reduced the expression of PCNA in lung al., 2001)
juice tissues
Swiss Black tea Reduced diethylnitrosamine- induced lung (Shukla and
albino tumorigenesis Taneja,
mice 2002)
F344 rats Catechin Reduced SSBs and methylation of DNA (0% (Liu and
mGua) Castonguay,
1991)
F344 rats Black tea and Reduced the formation of adenomas and (Chung et
caffeine adenocarcinoma al., 1998)

Polyphenol E contains 65% (-) epigallocatechin-3-gallate; PCNA, proliferating cell
nuclear antigen; c-Jun, protein product of JUN gene
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2.6 Haskap (Lonicera caerulea L.)

Haskap berries, also known as honeyberries or blue honeysuckle berries, are a
berry fruit newly introduced to North America. The indigenous Ainu people in Hokkaido
Island of Japan have given it the name “Haskap,” which means “bearing many fruits on
branches.” They recognized the value of haskap and treated it as “the elixir of life”
(Thompson, 2006). Wild haskap is a circumpolar species belonging to the Lonicera
genus, and is native to the Northern boreal forests spread across Canada, Russia, and
Japan. Russian cultivars are good survivors of extremely low-temperature conditions (-46
°C) and the flowers can withstand -10 °C at full bloom (Thompson, 2006; Vavilov and
Plekhanova, 2000). Early fruiting and fruit ripening, higher ascorbic acid content,
richness in bioactive flavonoids and outstanding frost tolerance are key features of the
haskap plant, which earns it greater attention as a potential commercial fruit crop
(Vavilov and Plekhanova, 2000).

2.6.1 Botanical description

Kingdom: Plantae
Subkingdom: Tracheobionta — vascular plants
Super division: Spermatophyta — seed plants
Division: Magnoliophyta — flowering plants
Class: Magnoliopsida — dicotyledons
Subclass: Asteridae
Order: Dipsacales
Family: Caprifoliaceae
Genus: Lonicera L.
Species:  Lonicera cearulea L. — Honeysuckle berry/haskap
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Haskap is a perennial, deciduous shrub having an upright to spreading growth
habit. Wild types of haskap grow up to 0.8 — 3.0 m tall, but domesticated shrubs are
typically 1.0 m wide to 1.8 m in height. Flowers are small, pale yellow or cream colored
and mostly self-incompatible. Fruits are oval to long in shape, deep purple to dark blue in
color, and covered with a white, waxy bloom. Fruits are soft and, hence, tend to rupture
at harvesting. Fruits have a unique flavor, which varies among species, from a pleasant
mild taste, tart-sweet, mildly tart, very sour to slightly or very bitter (Hummer, 2006;
Thompson, 2006).

2.6.2 The polyphenolic profile of commercially grown haskap species in Canada

Haskap berries are well-known for their phenolic phytochemicals and antioxidant
potential. The berries contain a diversity of phytochemicals, mainly anthocyanins and
phenolic acids (Khattab et al., 2016; Rupasinghe et al., 2015; Takahashi et al., 2014). The
polyphenol profile of haskap fruits is affected by factors, such as genotype, ripening
stage, harvesting period, postharvest handling and growing environment (Kaczmarska et
al. 2015; Khattab et al. 2015; Ochmian et al. 2012; Skupien et al. 2009), as documented

in Table 3.
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Table 3 Polyphenol profile of the commonly grown haskap varieties in Canada (mg/100 g
fresh weight of haskap berries).

Type of phytochemical Borealis Berry Blue Tundra Indigo Gem

Phenolic acids

Chlorogenic acid 0.9 23.1-44.0 26.0-42.0 22.4-35.0

Neochlorogenic acid ND 4.0 5.0 2.0

Cafteic acid 0.2 0.1 0.2 0.1

Flavan —3-ols

Epigallocatechin 0.1 0.1 0.1 0.6

Catechin 2.5 1.7 3.5 2.9

Epicatechin 1.2 1.7 0.7 1.5

Epigallocatechin gallate 0.1 0.2 0.2 0.2

Flavonols

Quercetin-3-O-glucoside 3.6 4.0-4.2 1.4-10.0 2.8-8.0

Quercetin-3- O-rutinoside 24.3 16.7-31.0 199-22.0 21.6-34.0

Quercetin-3-O-arabinoside 2.9 2.0 1.4 1.1

Anthocyanins

Cyanidin-3-O-glucoside 170.0 140.8 — 104.7 — 143.9 —
342.0 597.0 649.0

Cyanidin-3-O-rutinoside 39.2 26.1-37.0 10.0-64.9 15.0 - 38.6

Cyanidin-3-O-galactoside 0.4 0.2 0.8 0.0

Peonidin-3-O-glucoside 13.7 3.0-95 6.7-22.0 8.2-25.0

Pelargonidin-3-O-glucoside 12.0 5.0 6.0

Delphinidin-3-O-glucoside 0.4 0.4 0.3 0.4

Delphinidin-3-O-ruinoside 0.2 0.1 0.1 0.1

(Khattab et al., 2016; Rupasinghe et al., 2015)
2.6.3 Medicinal properties of haskap plant

Haskap is popular in Russian, Chinese, Japanese and Indian folk medicine. Its
berries are used in treating high blood pressure, diabetes, and glaucoma. Also, berries are
believed to decrease the risk of heart attack, prevent anemia, heal malaria and
gastrointestinal diseases, prevent osteoporosis, slow aging and increase skin elasticity

(Lefol, 2007). Recent studies have confirmed the pharmaceutical value of haskap fruit
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extracts. Polyphenol-rich haskap extracts have shown anti-inflammatory, antioxidant and

antitumor properties in vitro and in vivo (Table 4).

Table 4 The recent findings of haskap berry related to its pharmaceutical properties.

Experimental Observation Ref.
Model
HaCaT human Pre-and post-treatment of cells reduced (Svobodova
keratinocytes UVA-induced ROS generation, lipid et al., 2008)
exposed to UVA peroxidation, and elevated cellular

glutathione level.
THP-1 macrophages Reduced the pro-inflammatory cytokines (Rupasinghe
differentiated from such as IL-6, TNF-a, PGE2, and COX-2 etal., 2015)
human leukemic induced by LPS.
monocytes
RAW264.7 LPS- Reduced TNF-a, PGE2, and NO formation (Jin et al.,
induced mouse and inhibited iNOS and COX-2 protein 20006)
macrophage expression.
Male SD/SPF rats Decreased the postprandial blood lipid, blood (Takahashi
given high-fat diet glucose, and adipose tissue etal., 2014)
Walker 256 Reduced the tumor volume (Gruia et al.,
carcinoma bearing 2008)
Wister rats
Lewis rats with LPS- Reduced the inflammatory cells and pro- (Jin et al.,
induced EIU inflammatory cytokines in the aqueous 2006)

humor of rats.
Suppressed the activation of NF-kB.

UVA, ultra violet-A; ROS, reactive oxygen species; LPH, lipopolysaccharide; IL-6,
interleukin-6; TNF-a, tumor necrotic factor-a; PGE2, prostaglandin; COX-2,
cyclooxygenase-2; NO, nitric oxide; iNOS, inducible nitric oxide synthase; EIU,
endotoxin-induced uveitis; NF-kB, Nuclear factor kappa activated B cells

These findings suggest the pharmaceutical value of haskap berry polyphenols in

human diseases. However, very few studies have been conducted to evaluate the potential

of using haskap berries in relation to cancer prevention.
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CHAPTER 3. MATERIALS AND METHODS
3.1 Instruments and chemical reagents

A class II-type A2 biological safety cabinet (LR2-452, ESCO Technologies Inc.
Horsham, PA, USA), inverted microscope (eclipse TS100F, Nikon Instruments, Melville,
NY, USA) water bath (ISOTEMP 205, Fisher Scientific, Mountain View, California,
USA), CO; incubator (3074, VWR International, Edmonton, AB, Canada) centrifuge
(Sorvail Legend Micro 21 R, Thermo Fisher Scientific Inc., Waltham, MA, USA), rotary
evaporator (Heidolph RotaChill, UVS400-115, Thermo Electron Corporation, Milford,
MA, USA), microplate reader (Tecan Infinite® M200 PRO, Morriscille, NC, USA),
nitrogen evaporator (N-EVAP™ [11, Organomation Associates Inc., Berlin, MA, USA),
micro centrifuge (Sorvail ST 16, Thermo Fisher Scientific Inc., Waltham, MA, USA),
mini shaker (980334, VWR International, Edmonton, AB, Canada), heat block (Isotemp®
2001, Fisher Scientific, Ottawa, ON, Canada), freeze dryer (Dura-Dry™ MP FD-14-
85BMP1, DJS Enterprises, Markham, Ontario, Canada), commercial blender (HBB909,
Hamilton Beach Brands Inc., Glen Allen, VA, USA) and confocal microscope (Zeiss
Axiovert 200M coupled with Hamamatsu Orca R2 Camera, Olympus Microscopes,
Thornwood, NY, USA) were used for the experiments.

Bronchial Epithelial Basal Medium (BEBM) and Bronchial Epithelial Growth
Medium (BEGM) were purchased from Lonza Clonetics® Walkersville, MD, USA.
Dulbecco’s phosphate buffered saline (PBS, cat # D8537), NNK (cat # 78013),
fibronectin from human plasma (cat # F2006), bovine serum albumin (BSA, cat #
A8022), dimethyl sulfoxide (DMSO, cat #D2438), 0.25% Trypsin — 0.53 mM

ethylenediaminetetraacetic acid (Trypsin- EDTA) (cat # T3924), Triton X-100 (cat #
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T8787), polyvinylepyriilodone (cat # P0930), penicillin-streptomycin (cat # P0781),
phosphatase substrate (cat # S0942), phenazine methosulfate (PMS, cat # P9625),
methotrexate (MTX, cat # M9929) Dulbecco’s Modified Eagle’s Medium (DMEM, cat #
D5671) Minimum Essential Eagle’s Medium (EMEM, cat # M2279), Folin-Ciocalteu
reagent (Folin-C, cat # F9252), 2,2 diphenyl-1-1picryl-hydrazyl (DPPH, cat # D9132),
2,3,4-tris(2-pyridyl)-s-triazine (TPTZ, cat # T1253) and agarose (cat # A9539) were
purchased from Sigma® Life Science, St. Louis, MO, USA. NNKOAc (cat # 167550) was
purchased from Toronto Research Chemicals, North York, ON, Canada. Alexa fluor®
594 donkey anti-mouse (cat# A21203) and anti-phospho-histone H2A.X (ser139, clone
JBW301, cat # 05-636) were purchased from Life Technologies, Eugene, OR, USA and
EMD Millipore, Etobicoke, ON, Canada respectively. Bovine collagen type I (PureCol®
5409) was purchased from Advanced BioMetrix, Carlsbad, CA, USA. Glass coverslips
(1.5, 18 x18 mm, cat # B10143263NR15) were purchased from VWR International,
Radnor, PA, USA).

Experiments were conducted in four stages; 1) preparation of polyphenol-rich
haskap extracts, 2) evaluation of the polyphenol profile and antioxidant capacity of
extracts, 3) development of the carcinogenic model using two nitrosamines and finally, 4)
determination of the cytoprotective properties of haskap extracts against carcinogenesis.
3.2 Preparation of haskap berry extracts and determination of polyphenols
3.2.1 Preparation of polyphenol-rich extracts

Well ripe fresh haskap fruits (Brix value 14-16%) were obtained from the LaHave
Natural Farms (Blockhouse, NS, Canada) and frozen at -20 °C. The variety ‘Indigo-gem

915’ was selected for the study since it was the most popular variety among growers.
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Two polyphenol-rich extracts were prepared using; 1) anhydrous ethanol and 2)
deionized water (DI water).
Preparation of ethanolic extracts [H(E)]

The extracts were prepared according to a previously described method
(Rupasinghe et al., 2015). The frozen haskap berries (50 g) were immediately ground in
absolute ethanol (1: 5, w/v) using a commercial blender in a semi-dark environment (for
20 min). The resulting ethanolic extract was filtered through P2 grade filter papers (09-
805-5C, Fisher Scientific, Ottawa, ON, Canada) under vacuum in the semi-dark. The
remains were washed with ethanol until a clear filtrate was obtained. Filtrates were rotary
evaporated using a 45 °C water bath and -9 °C chiller temperatures at 80 - 100 rpm in the
dark. The remaining ethanol was evaporated by a gentle flow of nitrogen, using a dry
evaporator (N-EVAP™ 111, Organomation Associates Inc., Berlin, MA, USA), followed
by freezing at -20 °C overnight. The frozen samples were dried in a freeze-dryer (Dura-
Dry™ MP FD-14-85BMP1, DJS Enterprises, Markham, ON, Canada) under 3600 mT
vacuum at -20 °C for 48 h. The crude extracts were further purified to obtain sugar-free
polyphenol-rich extracts by solid phase column chromatography (O’Kennedy et al.,
2006). Briefly, 1 g of freeze-dried sample was dissolved in 1 ml of 20% ethanol and
loaded to the preconditioned Sepabeads Resin stationary column (cat # 207-1, Sorbent
Technologies, Atlanta, GA, USA). The column consisted of the brominated styrenic
adsorbent with >250 pum particle size, 210A porosity, 630 m?/g surface area, 43 — 53%
water content and 780 g/L bulk density. The water-soluble sugar fraction was slowly
eluted with deionized water while the Brix value was measured (< 0.1) by refractometer

to confirm the sugar level. The non-sugar fraction was eluted with 20%, 70% and 95% in
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an ethanol gradient. The elute was rotary evaporated and freeze-dried, as described
before, to obtain a polyphenol-rich haskap extract. Three individual extracts were
prepared in ethanol as three replicates, and powdered polyphenol-rich extracts were
stored at -80 °C in dark airtight containers.

Preparation of aqueous extracts [H(A)]

Frozen fruits were ground for 20 min using a commercial blender (HBB909,
Hamilton Beach Brands Inc., Glen Allen, VA, USA) and filtered through eight layers of
cheesecloth at room temperature in the dark. The remains were washed with DI water
until a clear filtrate was obtained. The filtrate was centrifuged at 1000 % g for 10 min in
the dark, and the supernatant was frozen at -20 °C overnight. The frozen samples were
freeze dried under 3600 mT vacuum at -20 °C for 48 h. The resulting crude extracts were
stored at -80 °C in dark airtight containers. Free sugar was eluted from the crude extracts
to obtain polyphenol-rich extracts, following the same procedure explained before.

3.2.2 Measurement of major polyphenols present in each haskap extract

The total polyphenols were measured in haskap extracts by ultra-performance
liquid chromatography-electrospray tandem mass spectrometry (UPLC-ESI-MS/MS)
(Rupasinghe et al., 2015). Briefly, extracts were dissolved (10 mg/ml) in methanol
containing 1% acetic acid to obtain a final concentration of 10,000 ppm. Dissolved
samples were filtered through 0.22 um syringe filter and analyzed.

3.2.3 Determination of the total phenolic content (TPC)

TPC in ‘Indigo-Gem 915’ extracts was tested by the Folin-C assay in 96-well

plate (COSTAR 9017, Fisher Scientific, Ottawa, ON, Canada) as described by

Rupasinghe et al. (2012). The polyphenol-rich extracts were dissolved in methanol to
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determine TPC. The diluted sample (200 pg/ml) was mixed with 0.2 N Folin-C and
incubated at room temperature for 5 min in the dark. Then 7.5% sodium carbonate
solution was added and incubated for 2 h at room temperature before reading at 760 nm.
The final reaction mixture consisted of 20 ul sample or gallic acid standard, 100 pl of
Folin-C and 80 pl of sodium carbonate per well. A standard curve was prepared using
gallic acid (10 — 250 mg/L) and TPC was expressed as mg gallic acid equivalent/g dry
weight (mg GAE/g DW). The solutions were made fresh under reduced light and the
reaction was carried out under dark conditions.
3.2.4 Evaluation of the antioxidant capacity

The antioxidant capacity of haskap extracts was determined by Ferric Reducing
Antioxidant Power assay (FRAP) and the free radical scavenging assay using DPPH
radical (DPPH assay).
FRAP assay

The antioxidant capacity of samples was determined by measuring the electron
donation potential of samples, as described by Benzie and Strain (1996), and modified by
Rupasinghe (2010). Polyphenol-rich extracts were dissolved in methanol to a final
concentration of 200 pg/ml. A working solution consisting of 300 mM acetate buffer (pH
3.6), 20 mM ferric chloride, and 1 mM TPTZ solution (10:1:1, v/v/v) was made freshly
and added (180 pl) to 20 pl of sample or standard in 96-well microplate. The absorbance
value was measured at 593 nm after a 6-min incubation at room temperature in the dark.
The antioxidant capacity of extracts was calculated based on the Trolox standard curve (5
— 450 uM). The Trolox equivalent antioxidant capacity was expressed as pmole Trolox

equivalent/g dry weight (umole TE/g DW).
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DPPH" assay

The assay was adapted from Blois (1958) to be performed in 96-well microplate.
Briefly, 0.2 mM DPPH reagent was prepared. Haskap extracts were dissolved into a
concentration gradient (50, 100, 200, 400, 800 and 1600 pg/ml), and 150 pl of DPPH
reagent was pipetted into each well containing 150 pl of sample. The inhibition

percentage was calculated by the following equation.

O inhibition = (Ab blank — Ab sample)X 100
0 inhibition = b blank

Ab sample represents the absorbance value of the sample containing the haskap extracts
and Ab blank represents the absorbance value of the sample that did not contain haskap
extracts. The antioxidant capacity of haskap extracts was expressed as ICso, which is
defined as the concentration of tested material required to cause a 50% decrease in initial
DPPH concentration. The ICso value was calculated using the % inhibition vs. antioxidant
concentration curve.
3.2.5 Determination of the stability of haskap extracts in cell culture medium
Haskap extracts were dissolved in DMSO for cell culture and stored at -80 °C. An
Amplex® Red hydrogen peroxide/peroxidase assay kit (A22188, Thermo Fisher
Scientific, Waltham, MA, USA) was used to determine the possible oxidation
degradation of the haskap polyphenols in the cell culture medium. Haskap extracts were
dissolved in standard cell culture media (250 ug/ml); BEBM, DMEM, and EMEM,
separately. Additionally, Trolox (25 pg/ml) and N-acetyl-L-cysteine (NAC, 25 pg/ml)
were added separately to the media along with haskap extracts, to determine their
protective effects. Treatment combinations were prepared in 96-well plates, which were

incubated at 37 °C, 5% COa, in the dark for 8 h. Then, each sample was transferred into
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another microplate containing the working solution (1:1, v/v), which consisted of 50 pl
of 10 mM 10-acetyle-3,7-dihydroxyphenoxazine (Amplex® Red) reagent, 100 ul of 10
U/ml horseradish peroxidase (HRP) and 4.85 ml 1% reaction buffer (sodium phosphate,
pH 7.4). The reaction mixture was incubated at room temperature in the dark for 30 min,
and the formation of resorufin was measured at 570 nm excitation/585 nm emission. The
level of H,0; in the cell culture medium was calculated based on the H>O, standard curve
(0 — 5 uM). In the presence of peroxidase enzyme, the Amplex® Red reagent reacted with
hydrogen peroxide (1:1 stoichiometry), producing resorufin, a red colored fluorescent
product. Therefore, the oxidative degradation of haskap extracts was detected by
measuring the level of resorufin in the cell culture medium.

3.3 Cell culture

3.3.1 Human lung epithelial cell line.

The non-tumorigenic bronchial epithelial cell line, BEAS-2B (ATCC® CRL-
9609™) was purchased from American Type Cell Culture Collection (ATCC, Manassas,
VA, USA). BEAS-2B cells were derived from the normal human bronchial epithelium of
a healthy individual and transfected with 12-SV40 adenovirus hybrid Ad12SV40. Cells
were grown according to the guidelines recommended by ATCC (ATCC, 2016).

BEAS-2B cells were cultured in T-75 flasks, coated with a mixture of 0.03 mg/ml
bovine collagen type I, 0.01 mg/ml BSA and 0.01 mg/ml fibronectin, dissolved in
BEBM. BEGM bullet kit was used as the cell culture medium, consisting of BEBM
supplemented with bovine pituitary extract, retinoic acid, insulin, transferrin,
tritodothyronine, hydrocortisone, epinephrine and human epidermal growth factor

(hEGF). Penicillin and streptomycin (1:50, v/v) were added. BEAS-2B cells were

35



maintained at 37 °C, 5% CO2 and in a 100% humidified environment throughout the
experiment. Sub-culturing was carried out before confluence was reached. The medium
was aspirated from the flask, and the cell monolayer was rinsed with CaCl, and MgCl»
free PBS. Then, Trypsin-EDTA, containing 0.5% polyvinylpyrrolidone, was added and
incubated at 37 °C, 5% CO; for 5 — 10 min until the cells detached from each other.
Dispersed cells were gently aspirated out with an additional amount of fresh BEGM
medium, transferred into a centrifuge tube and centrifuged at 125 x g for 5 min. The
pellet was resuspended in fresh culture medium and then transferred into a newly coated
T-75 flask (1500 — 3000 cells/cm?). All the experiments were conducted between the 5
and 30 passages of BEAS-2B cells.
3.4 Optimization and development of the NNK- and NNKOAc-induced
carcinogenic model in BEAS-2B cells

The sub-lethal concentrations of NNK and NNKOAc were evaluated in a dose-
and time-dependent manner using MTS and YH2AX assays. A chemotherapeutic drug,
MTX (BC Cancer Agency, 2016) was used as a positive control. The same assays were
performed to determine the non-cytotoxic concentration of haskap extracts.
3.4.1 Determination of the BEAS-2B cell viability
The effect of NNK and NNKOAc on BEAS-2B cell viability

The BEAS-2B cells were cultured in 96-well microplates and incubated for 24 h.
After 24 h, they were treated with NNK (1, 10, 75, 150, 250, 350, 500 and 600 uM) and
NNKOACc (10, 25, 50, 75 and 100 uM), and incubated for 4 h and 3 h, respectively.
Based on the results, the effect of NNK on cell viability was further tested for 24, 48 and

72 hat 100, 200 and 300 uM concentrations.
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The effect of haskap extracts on BEAS-2B cell viability

Initially, cells were treated with 1, 10, 50, 100, 150 and 200 pg/ml H(E) extract,
for 3 h before determining the cell viability.

The effect of MTX as a positive control in carcinogenic model development

MTX was used as a positive control in designing NNK- and NNKOAc-induced
carcinogenesis model development. The effect of MTX (25, 50, 75, 100 and 200 uM) on
the viability of BEAS-2B cells was determined at 12 and 24 h after treatment.

In all the above assays, DMSO (0.05% of final concentration) was implemented
as the vehicle control since it was used as the solvent for all the tested compounds. Also,
blanks were (cell-free system) run for each measured concentration to eliminate the
background effect. Three independent experiments were carried out with four replicates
per experiment.

3.4.2 Determination of the DNA double-strand breaks (DSBs)

Dose- and time-dependent DSBs were determined by YH2AX assay, to assess the
sub-lethal concentrations of NNK and NNKOAc, and non-cytotoxic concentrations of
haskap extract.

Cells were seeded on sterilized, coated glass coverslips, kept in 6-well plates and
incubated for 24 h. Based on the cell viability data, they were treated with NNK (200 and
300 uM, for 72 h), NNKOACc (10, 25, 50, 75 and 100 uM for 3 h) and haskap extract (5,
10, 20 and 50 pg/ml for 3 h). The positive control MTX (200 uM for 24 h) and the

DMSO vehicle control (0.05%) were included for comparison.
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3.5 Investigation of the cytoprotective effect of polyphenols on BEAS-2B cell
viability
The time and dose combinations for NNK (200 uM for 72 h), NNKOAc (100 uM
for 3 h) and hasakp extract (50 pg/ml for 3 h) were selected, based on previous
preliminary optimization experiments. Quercetin-3-O-glucoside (Q3G, 50 uM for 3 h)
and cyanidin-3-O-glucoside (C3G, 50 pg/ml for 3 h) were used for the comparisons. The
above-mentioned concentrations were used in cytoprotective assays to determine the

protective effect of polyphenol-rich haskap extracts.

3.5.1 Cell viability assays

The effect of polyphenols; H(E), H(A), Q3G, C3G, NNK and NNKOAc on
BEAS-2B cell viability was determined by MTS and acid phosphatase assays.
MTS Assay

Epithelial cells were cultured in 96-well transparent flat bottom microplates at a
density of 1 x 10* cells/100 ul/well and incubated for 24 h. Then the cells were incubated
with H(E)-, H(A)-extracts, C3G, Q3G, NNK, and NNKOACc separately. A DMSO
(0.05%) vehicle control and medium were also included. At the end, MTS reagent (10 pl,
freshly prepared in the dark by adding 2 ml of MTS to 100 ul PMS), was added to each
well and incubated at 37 °C for 3 h. MTS does not penetrate the live cell membrane, but
PMS can penetrate through the cell membrane and be reduced in metabolically active live
cells by NADH (NAD(P)H-dependent dehydrogenase enzymes). Reduced PMS donates
electrons to MTS in the culture medium, converting it to red colored formazan. Formazan
is soluble in the tissue culture medium and absorbance was measured at 490 nm. The cell

viability was calculated as below:
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% cell viability = Absorbance value of the treated cells — Blank * ¥ 100
o cett viagiity = Absorbance value of the DMSO control cells — Blank *

*Blank, the absorbance of the tested compounds without cells.
Acid phosphatase assay

Cultured BEAS-2B cells 1 x 10* cells/well were incubated with respective
polyphenol and carcinogen, separately. After each treatment, cells were centrifuged at
250 x g for 10 min, aspirated out the culture medium gently and washed with Ca™ and
Mg ions free PBS. Cells were incubated with sterilized phosphatase buffer (pH 5.5, 100
ul/well), containing 0.1 M sodium acetate, 0.1% Triton X-100 (v/v) and 4 mg/ml p-
nitrophenyl phosphate for 2 h. The acid phosphatase reaction was stopped with 1 N
NaOH (10 pl) and the absorbance was measured at 405 nm. The cell viability was
calculated by the phosphatase activity using the following equation.

% acid phosphatase activity

_ (Absorbance value of the treatment — Blank *)
" (Absorbance value of the DMSO control — Blank *)

X 100

*Blank, the absorbance of the phosphatase buffer without cells.
3.6 Cytoprotective effect of haskap extracts against NNK and NNKOAc

Cultured BEAS-2B cells were pre-incubated with H(E) 50 pg/ml, H(A) 50 pg/ml,
Q3G 50 uM and C3G 50 pg/ml for 3 h. The pre-incubated cells were exposed to 200 uM
of NNK for 72 h and 100 uM NNKOACc for 3 h separately to determine the
cytoprotective effects of each polyphenol against NNK-and NNKOAc-induced toxicity.
The cytoprotective effect was determined by evaluating the reduction of DNA damage

and a decrease of ROS level using various assays explained below.
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3.6.1 Gamma H2AX assay

Cells were cultured on sterilized, coated glass coverslips (5 x 104 cells/well), kept
in 6-well plates and incubated for 24 h. They were treated with haskap extracts, Q3G,
C3G, NNK and NNKOACc separately and in combination, as explained earlier. After each
treatment, cells were washed using cold PBS and fixed in 3.7% paraformaldehyde
dissolved in PBS at room temperature for 20 min in the dark. The fixed cells were rinsed
with PBS three times and immersed in 0.5% Triton X-100 dissolved in PBS. The cells
were incubated on a shaker at room temperature, to induce cell membrane permeability.
Triton X-100 was removed with PBS and non-specific sites were blocked by inverting
the cell-side of the coverslips on a drop of 4% BSA on parafilm. A humidifying chamber
(100% humidity) was used at room temperature to avoid desiccation. Blocking was done
at room temperature for 20 min, followed by staining with anti-phospho-histone H2A.X
primary antibody (1:250 in 4% BSA) for 1 h at room temperature in the humidity
chamber. Stained cells were rinsed three times with PBS for 10 min each and stained with
Alexa fluorophore® 594 donkey anti-mouse IgG, (1:500 in 4% BSA), the secondary
antibody, at room temperature (dark) for 45 min. Cells were washed again with PBS,
blotted thoroughly and mounted on a microscope slide (cell side down). Vectorsheild®,
containing 4',6-diamidino-2-phenylindole (DAPI, cat # H1200, Vector Laboratories Inc,
Burlingame, CA, USA), was used as the mounting medium. The sides of the coverslips
were sealed properly with clear nail polish and dried at room temperature in the dark
before storing at 4° C in a light tight box. Images were taken at 100x object using a

flourescence inverted microscope (Axiovert 200M, ZEISS, Gottingen, Germany).
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3.6.2 Comet assay

The single cell gel electrophoresis assay was performed to evaluate the DNA
damage in cells using COMET SCGE assay kit (Cat # ADI-900-166, ENZO Life
Sciences, Inc., CA-Brockville, ON, Canada). Cells were grown in 6-well plates at a
density of 2 x 10° cells/well and incubated for 24 h. After each treatment, cells were
harvested and centrifuged at 125 x g for 5 min. The cell pellet was washed once in cold
Ca*" and Mg*" ion free PBS and suspended again in cold PBS (1 x 10* cells/ml). The
LMA agarose was melted in boiling water and cooled in a 37 °C water bath for 20 min.
Treated cells were mixed with molten LMA agarose at room temperature at a ratio of 1:
10 (v/v) and immediately pipetted (75 ul) onto glass slides and gently spread to make a
thin layer. The slides were immersed in prechilled lysis solution [2.5 M NaCl, 100 mM
EDTA (pH 10), 10 mM Tris Base, 1% sodium lauryl sarcosinate, 1% Triton X-100] and
incubated at 4 °C for 45 min, following solidification. The unwinding of DNA was
facilitated by dipping the slides in freshly prepared 0.3 M NaOH containing 1 uM EDTA
(pH > 13). Slides were kept in NaOH for 20 min in the dark at room temperature,
followed by two washes in Tris base/boric acid/EDTA (TBE) buffer (cat # B52, Thermo
Fisher Scientific, Waltham, MA USA) for 5 min each. Slides were transferred to a
leveled gel electrophoresis apparatus and covered with 1x TBE buffer (run at 20 volts for
15 min). Then slides were immersed in 70% ethanol for 5 min and air-dried in the dark,
followed by staining in CYGREEN® dye (diluted in 1: 1000 in deionized water) for 30
min at room temperature in the dark. The slides were briefly rinsed in distilled water for

three times and dried well prior to imaging.
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3.6.3 DNA fragmentation.

Fragmented DNA were detected by agarose gel electrophoresis and photometric
enzyme-linked immunosorbent assay (ELISA).
Agarose gel electrophoresis

GeneElute™ Mammalian Genomic DNA Miniprep Kit (cat # GIN70, Sigma-
Aldrich St. Louis, MO, USA) was used to extract the nuclear DNA from treated cells.
Cells were grown at 2 x 10° cells/well density in coated 6-well plates and incubated for
24 h, followed by treating them with each extract and compound accordingly. At the end,
cells were harvested with trypsin-EDTA and centrifuged at 300 x g for 5 min. The cell
pellet was suspended thoroughly in the suspension solution provided with the kit and
treated with RNase A to minimize RNA contamination. Proteinase K was added to
destroy proteins, then the cells were lysed (lysis solution C, given with the kit) and
thoroughly vortexed for 15 sec before being incubated at 70 °C for 10 min. The cell lysate
was mixed thoroughly with anhydrous ethanol to get a homogenous solution, loaded onto
the treated binding columns and centrifuged at 6500 x g for 1 min. The column with
DNA was rinsed twice with the wash solution (provided) and DNA was eluted by
centrifugation at 6500 x g for 1 min. The eluted nuclear DN A was stored at 4 °C.
Samples (5 pg) were mixed with DNA loading buffer (cat # G2526, Sigma-Aldrich, St.
Louis, MO, USA), and carefully loaded into wells of 1.2% agarose gel in Tris/acetic
acid/EDTA (TAE) buffer containing GelRed™ nucleic acid gel stain (cat # 41003,
Biotium Inc. Fremont, CA, USA). The agarose gel was run at 40 volts for 4 h. A DNA
ladder (cat # D0428, Sigma-Aldrich) was loaded as a DN A marker and visualized by UV

light (GelDoc™ EZ Imager, BioRad Laboratories, Mississauga, ON, Canada).
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Enzyme Linked Immunosorbent Assay (ELISA)

DNA fragmentation was further tested with an ELISA assay (cat # Roche
11585045001, Sigma-Aldrich, St. Louis, MO, USA). BEAS-2B cells were suspended at a
density of 4 x 10° cells/ml in BEGM medium containing 5°-bromo-2’-deoxy-uridine
(BrdU, 10 uM final concentration). The cell suspension was incubated at 37 °C in 5%
CO; for 2 h followed by centrifugation at 250 x g for 10 min. The cell pellet was
dispersed in BEGM medium (1 x10° cell/ml) and cells were cultured in 96-well, round
bottom microplates. Treatments (2x concentration) were added to each well and
incubated. The plate was centrifuged at 250 x g for 10 min before the supernatant was
removed, and then the cells were incubated with 200 pl incubation solution at room
temperature for 30 min. The supernatant was collected (100 pl) by centrifugation at 250 x
g for 10 min. A 96-well flat bottom plate was coated with the anti-DNA coating solution
and incubated at 37 °C for 1 h. The coating solution was aspirated; non-specific binding
sites were blocked with incubation solution at room temperature for 30 min. The
incubation solution was removed, and wells were cleaned with wash solution. The BrdU-
labeled samples were transferred into each well of the coated plate and incubated
overnight at 4 °C. Then remaining samples were removed, and the plate was rinsed three
times with wash solution. The microplate was microwaved for 5 min at medium heat with
250 pl wash solution and cooled down at 4 °C. The anti-BrdU-POD solution was added
to each emptied well (incubated at room temperature for 90 min) followed by another
three washes. The substrate solution was pipetted into each well, incubated in the dark on
a shaker until color development (5 - 6 min), followed by the addition of stop solution

(concentrated sulfuric acid). The plate was incubated on the shaker for another 1 min and
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the absorbance was measured at 450 nm. A blank, containing the substrate solution and
stop solution, was included each time.
3.6.4 Determination of the ROS

The generation of ROS was determined using a DCFDA cellular ROS detection
assay kit (cat # ab113851, Abcam Inc, Toronto, ON, Canada), following the
manufacturer's guidelines. Briefly, cells were cultured at 2.5 x 10* density/well in clear
bottom dark-sided 96-well microplates and incubated for 24 h. Then cells were treated
accordingly. The cells treated with NNKOAc, H(E), H(A), Q3G and C3G were stained

with 10 uM 2°,7-dichlorofluorescein diacetate (H,DCFDA) for 45 min at 37 °C before

treatments. The cells treated with NNK (72 h) were stained for 45 min before completion
of the treatment, by overlaying 25 uM freshly prepared H,DCFDA on top of the treated
cells. The H,DCFDA is membrane permeable and is deacetylated in the cytoplasm by
cellular esterase to a nonfluorescent ionic compound 2°,7’-dichlorofluoresin (H,DCF).
With the presence of ROS (hydroxyl and peroxyl radicles), H,DCF was oxidized to 2°,7’-
dichlorofluoresin (DCF), a highly fluorescent compound. The fluorescence intensity was
measured at 485 nm excitation and 535 nm emission.
3.7 Statistical analysis

The complete randomized design was used as the experimental design. All the
experiments were conducted in quadruplicate and independently, three times. One-way
ANOVA (p <0.0001) was performed using Minitab® 17.0 statistical software. Mean
comparison (at p < 0.05) was resolved by means of confidence intervals using Tukey’s

and Duncan’s multiple mean tests. Results were expressed as mean + standard deviation.
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CHAPTER 4. RESULTS

4.1 Haskap berries are rich in polyphenols

The polyphenols present in two commercially grown haskap varieties, ‘Indigo
Gem 915’ and ‘Tundra’, were extracted separately in absolute ethanol [H(E)] and
deionized water [H(A)], and analyzed to characterize their phenolic profiles (Table 1).
The haskap berries were found to contain a diversity of polyphenols, including flavonoids
and phenolic acids. Anthocyanin was the most predominant flavonoid, including C3G
followed by cyanidin-3-rutinoside. The C3G accounts for 82 — 85% of the flavonoids in
all four extracts. The variety ‘Indigo Gem 915’ contained the highest C3G content, and
its aqueous extract had the highest [205 mg/100 g fresh weight (FW)]. The flavonol,
quercetin rutinoside was also found in both varieties and varied from 9 — 12 mg/100 g
FW among the four extracts. The haskap berries also contained chlorogenic acid and
many other simple phenolic acids, but approximately 96% of the phenolic acids consisted
of chlorogenic acid. The variety ‘Indigo Gem 915” had a considerably higher level of
anthocyanin than the variety ‘Tundra’. However, aqueous extracts of both varieties
contained a greater quantity of flavonoids, particularly, anthocyanins than their ethanolic
extracts. The polyphenols extracted from ‘Indigo Gem 915 were used for the
investigation of chemopreventive potential against lung carcinogenesis.
4.2 TPC of the polyphenol-rich ‘Indigo Gem 915’

The TPC of H(E) and H(A) extracts of the variety ‘Indigo Gem 915° was
analyzed using the Folin—C method. The TPC varied from 344 to 430 mg GAE/g DW

among the three separate polyphenol-rich H(E) extracts, with a mean value of 379 + 7 mg
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GAE/g DW. The H(A) extracts showed a higher level of TPC, ranging from 336 to 468

mg GAE/g DW, with a mean value of 386 =23 mg GAE/g DW.

4.3 Antioxidant capacity of the variety ‘Indigo Gem 915'

The FRAP and DPPH- radical scavenging assays measured the in vitro
antioxidant capacity of ethanolic and aqueous extracts of the ‘Indigo Gem 915°. The
FRAP values varied from 1121 to 1918 umol TE/g DW, with a mean value of 1604 + 60
umol TE/g DW among three H(E) extracts. The FRAP values of aqueous extracts ranged
from 1208 — 2655, with a mean value 0f 2033 + 196 pmol TE/g DW. The antioxidant
capacity of H(A) was significantly higher (p = 0.045 at 95% CI) than that of the H(E).
The ICso values from DPPHe radical scavenging assay were 0.8 mg DW/ml and 0.7 mg
DW/ml in H(A) and H(E) extracts, respectively.

4.4 Haskap extracts were stable in BEAS-2B cell culture medium

Oxidative degradation of the haskap extracts was determined and compared for
each cell-free medium after 8 h incubation under cell culture conditions. Trolox, a water-
soluble antioxidant vitamin E analog, and NAC, a water-soluble antioxidant
(LeyZafarullah et al., 2003), were also incorporated along with haskap, into each cell
culture medium. The formation of H,O: in the BEBM medium containing haskap extracts
(10— 11 uM) was significantly (p < 0.0001) lower than the other cell culture media, such
as DMEM and EMEM, except for DMSO (11 uM) solvent control (p < 0.0001).
Therefore, the BEBM medium constituents protected the oxidative degradation of
polyphenol-rich haskap extracts. The addition of NAC significantly reduced the H,O»

formation in the haskap dissolved BEBM medium, compared to Trolox (Figure 7). The
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pH of BEBM dissolved with haskap extracts was approximately 7.3 and all the other
treatments recorded a similar pH range (7.0 — 7.6) after the treatment period.
4.5 The NNK- and NNKOAc-induced DNA damage in BEAS-2B cells

The cell viability and the intensity of DSBs which occurred in BEAS-2B cells
were evaluated to develop the NNK- and NNKOAc-induced lung carcinogenesis model.
Formation of DSBs induced the rapid phosphorylation of histone H2AX protein
(YH2AX), which was detectable near the breaks. These breaks were detected by
immunostaining and used as biomarkers of DNA damage. A cytoprotective dose of the
haskap extracts was selected and evaluated with sub-lethal concentrations of NNK and
NNKOAC, to understand the chemopreventive potential of haskap berry fruit (Figure 8).
4.5.1 Haskap extracts were not cytotoxic to BEAS-2B cells

As presented in Figure 8, low concentrations (1 — 50 pg/ml) of H(E) extract did
not inhibit the BEAS-2B cell growth. The percent viability of cells was >80% at the low
doses of H(E) extract and a similar outcome was seen even after 24 h incubation
(Appendix 1). When the cells were incubated with higher concentrations (100 — 200
ng/ml) of H(E) extract, cell viability decreased. However, the ICso value of H(E) was 189
ug/ml after 3 h. Therefore, 1, 5, 20, 50 pg/ml concentrations were investigated to
determine whether these doses could enhance DSBs in BEAS-2B epithelial cells. None
of the test levels induced a significant (p > 0.05) level of DSBs in epithelial cells,
compared to the DMSO (0.05%) vehicle control, but were significantly (p < 0.0001)
lower from the MTX, as expected. Therefore, 50 pg/ml was selected as a non-cytotoxic

concentration of haskap to investigate its protective effect against two lung carcinogens.
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4.5.2 The effect of NNK on BEAS-2B cells

Exposure to 600 uM NNK did not reduce cell viability at 4 h (Appendix 2). The
percent viability was approximately >80% at 100, 200 and 300 uM of NNK even after 24
and 48 h incubation (Figure 8). However, long term exposure (72 h) to a higher
concentration (300 pM) of NNK significantly (p < 0.0001) reduced the epithelial cell
viability (36%). Therefore, DSBs were tested at higher NNK concentrations (200 and 300
uM) after 72 h exposure and the formation of yYH2AX foci was quantified. The formation
of DSBs was high in NNK-treated cells, compared to DMSO-treated controls, but
differences were not significant between 200 uM and 300 uM. Therefore, 200 uM of
NNK for 72 h, which showed more than 70% cell viability, was selected as a sub-lethal
concentration and tested in the chemopreventive cell model.
4.5.3 The effect of NNKOAc on BEAS-2B cells

Exposure to 200 uM NNKOACc for 4 h did not reduce the BEAS-2B cell viability,
but DNA damage was greater and uncountable due to overlapping foci (Appendix 3). The
percent viability of epithelial cells treated with up to 100 pM NNKOAc for 3 h was
>90% and a concentration-dependent (10, 25, 50, 75, 100 uM) increase in DSBs in
BEAS-2B cells was observed for NNKOAc comparable to its DMSO vehicle control
(Figure 8). Therefore, NNKOAc at 100 uM for 3 h was selected as the sub-lethal
concentration for further analysis.

Treatment with two reference polyphenols, 50 uM Q3G for 3 h and 50 pg/ml
C3G for 3 h, were chosen for the comparisons. Both compounds were present in the

selected haskap extracts.
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4.6 Viability of BEAS-2B cells

The ACP and MTS assays were used to determine the viability of the BEAS-2B
cells following each treatment. Based on the ACP assay, NNK, NNKOAc or any of the
polyphenol compounds were not cytotoxic to BEAS-2B cells at the studied
concentrations. Nearly 100% viability was seen in all treatments (Figure 9A). However,
the MTS assay data showed few deviations, in that the viability of C3G-treated cells was
significantly (p< 0.0001) reduced (45%) compared to the medium control (99%) and all
other test compounds. The NNK (89%), NNKOAc (79%), H(E) (82%) and H(A) (86%)
treatments resulted in similar cell viability values, but Q3G treatment resulted in 99% cell
viability (Figure 9B). The viability assays demonstrated that any of the compounds at
tested doses and time points were not cytotoxic to BEAS-2B cells.
4.7 Morphology of BEAS-2B cells

The morphological changes of BEAS-2B cells subjected to NNK- and NNKOAc-
induced carcinogenesis, with or without adding test compounds [H(E), H(A), Q3G and
C3G], were determined using an inverted phase contrast microscope at 100x
magnification (Figure 10). Cells were well attached to the culture plates and showed their
epithelial characteristics (cuboidal shape) in all treatments. No visible morphological
characteristics of cell apoptosis, such as membrane blebbing, cell shrinkage, or floating
cells, were seen among any of the treatments compared to the medium and DMSO
controls.
4.8 Haskap extracts significantly reduced NNK-and NNKOAc-induced DSBs

The protective effect of haskap polyphenol-rich extracts, Q3G and C3G, was

assessed by measuring the DSBs in BEAS-2B cells using the YH2AX assay.
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Immunostaining of the phosphorylated histone H2AX protein gave an indication of DSBs
and was detected by fluorescence microscopy (Figure 11A-C). Based on the quantitative
data presented in Figure 11 D and E, NNKOAc-induced DSBs (40 YH2AX foci/nucleus)
were significantly higher (p < 0.0001) in BEAS-2B cells, compared to that of NNK-
treated cells (8 foci/nucleus). The HK(E) and HK(A) extracts, and C3G significantly (p <
0.0001) suppressed the NNK-induced DSBs, except Q3G (Figure 11D). However, pre-
incubation with Q3G reduced the NNK-induced DSBs by 17%. Polyphenol-rich haskap
extracts (50 pg/ml) did not form a significant (p > 0.0001) level of DSBs in BEAS-2B
cells, compared to the DM SO vehicle control, but Q3G and C3G did (Figure 11D). Both
ethanol and aqueous extracts of the haskap berry, Q3G, and C3G, significantly reduced
NNKOAc-induced DSBs (p <0.0001) in BEAS-2B cells. Compared to the ethanolic
extract (51%), the aqueous extract of haskap showed a significant (75%) protective effect
against NNKOAc-induced DNA damage (Figure 11E). Based on the YH2AX assay,
NNKOAc was more genotoxic for BEAS-2B cells than NNK. Pre-incubation of BEAS-
2B cells with H(E) and H(A) extracts reduced the DSBs induced by NNK and NNKOAc.
4.9 Haskap extracts reduced NNKOAc-induced DNA SSBs and DSBs

The comet assay is another well-established method of detecting DNA damage in
single cells. Two indices, percent DNA in tail and olive tail moment, were used to
determine the DN A damage in treated cells. The SSBs and DSBs were not significant (p
=0.134) in BEAS-2B cells treated with the H(E), H(A), Q3G and C3G, in comparison to
the DMSO vehicle control. Representative comet images are presented in Figure 12A
(top). The comet tail moment in NNKOAc-treated cells had a mean value of 17.

Therefore, NNKOAc exposure resulted in a significant (p < 0.0001) increase in DSBs
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and SSBs in BEAS-2B cells. Pre-incubation of BEAS-2B cells with the haskap extracts,
Q3G and C3G, significantly (p < 0.0001) reduced the NNKOAc-induced damage to
single and double stranded DNA. The damage reduction was as follows; H(A) extracts
(75%) > H(E) extracts (67%) > Q3G (60%) > C3G (57%) in BEAS-2B cells. Compared
to Q3G and C3G, both haskap extracts showed a higher level of protection against
NNKOACc. The higher protective effect of the haskap extracts could be attributed to the
synergistic effect of multiple polyphenols present in the extracts.
4.10 Haskap extracts reduced NNKOAc-induced DNA fragmentation

DNA fragmentation and the protective effect of polyphenols on DNA
fragmentation were detected by ELISA assay and agarose gel electrophoresis (Figure
13A and B). DNA fragmentation was not significant (p = 0.791) in cells incubated with
H(E), H(A), Q3G, C3G and the DMSO control. Moreover, haskap extracts and other
flavonoids suppressed NNKOAc-induced fragmentation significantly (p < 0.0001). DNA
fragmentation was reduced by 50% in the cells pre-incubated with polyphenols and was
almost similar to DNA fragmentation in the DM SO control. However, agarose gel
electrophoresis did not show DNA fragmentation following any of the treatments.
Nuclear DNA remained on the top of the gel as a high molecular weight band
representing intact DNA (Figure 13B).
4.11 Haskap extracts regulated the formation of ROS in BEAS-2B cells

Polyphenol-rich haskap extracts showed antioxidant capacity in DPPH and FRAP
assays. Therefore, the ability of haskap extracts to scavenge NNK- and NNKOAc-
induced intracellular ROS in BEAS-2B cells was of interest to investigate. Cellular

oxidative stress was quantified using DCFDA, which was oxidized to DCF in the cells
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and measured using a plate reader, as a probe. The H(E) and H(A) extracts, Q3G and
C3G, completely abolished NNKOAc-induced intracellular ROS production, as indicated
by the decrease in DCF fluorescence intensity (Figure 14). The intracellular ROS level
was significantly lower (p < 0.0001) in BEAS-2B cells incubated with H(E) and H(A)
extracts, Q3G and C3G alone. However, only Q3G could significantly suppress (p <

0.0001) NNK-induced oxidative stress in BEAS-2B cells.

52



Table 5 The concentration of major polyphenols (mg/100 g fresh fruits) in ethanolic and
aqueous extracts of the two commercially grown haskap varieties in Nova Scotia.

Compound Indigo-gem Tundra

(E) A) (E) A)
Anthocyanin
Cyanidin-3-O-glucoside 192 +19 205+ 14 162 +2 172 +£3
Petunidin-3-O-glucoside 0.003+0 0.002+0 0.002+0 0.002+0
Delphinidin-3-O-glucoside ~ 0.2+ 0 0.1+0 02+0 02+0
Peonidin-3-O-glucoside 9+1 8+0.3 9+1 7+0
Malvidin-3-O-glucoside 2+0 2+0 1+0 2+0
Delphinidin-3-O-rutinoside 0.1 +0 03+0 0.7+0 0.6+0
Cyanidin-3-O-rutinoside 12+1 10£0 10£1 10£0
Total 215 226 184 192
Flavonols
Quercetin-3-0-galactoside 0.02+0 0.02+0 0.02+0 0.02+0
Quercetin-3-0O-glucoside 2+0 2+0 3+0 2+£0
Quercetin-3-O-rhamnoside 0.2+ 0 0.1+0 02+0 02+0
Quercetin 02+0 0.1+0 02+0 0.1+0
Quercetin-3-O-rutinoside 12+1 10+£0 9+1 10+0
Total 14 12 13 13
Flavanols
EGC 0.1+0 0.04+0 0.02+0 0.03+0
Catechin 0.8+0 0.8%+0 0.7+0 0.8+0
Epicatechin 0.1+£0 0.1+0 0.5+0 0.5+0
EGCG 0.1+£0 0.1+0 0.01+0 02+0
ECG 0.1+£0 0.4+0 0.002+0 0.003+£0
Total 1 1 1 2
Phenolic acids
Chlorogenic Acid 16 +2 16 +1 15+2 17+1
Phloridzin 03+0 02+0 03+0 02+0
Phloritin 0.01+0 0.01+0 0.01+0 0.01+0
Isoferulic Acid 03+0 03+0 04+0 04+0
Cafeic acid 0.04+0 0.1+0 0.1+0 0.03+0
Ferulic acid 0.1£0 0.1+0 0.1+0 0.1+0
Total 16 17 16 18
Total polyphenol content 246 255 213 224

*E, ethanolic extract; A, aqueous extract; EGC, epigallocatechin; ECG, epicatechin
gallate. The results represent the mean = SE of three (n = 3) independent extractions.
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Figure 7 The BEBM medium did not generate H>O: by reacting with test compounds.

The formation of H,O, by haskap extracts and its polyphenol constituents (Q3G and
epicatechin) in the cell culture medium was determined by Amplex® Red H»O; assay kit.
The formation of resorufin was measured at 570 nm excitation/585 nm emission after 8 h
incubation of the haskap extracts (250 pg/ml) or pure polyphenols (250 uM) in selected
culture medium, separately. The level of H>O: in cell culture medium was calculated
based on the H>O; standard curve (0 — 5 uM, r?> = 0.9865). One Way Analysis of Variance
was performed with Duncan’s multiple range test (at a = 0.05) compared to DMSO
vehicle control.

54



9

Haskap extract

Cell wiahility (%)
. (=9

i
20
N
0 50 100 130
. Hagkap (ug/ml)
304
:’_.‘
E
o
o
3 204
=
]
=
= 101
-

MTX DMSO 35 0 20

Haskap (ug/ml)

yH2A XJDAFPI

NNK

1004 *» 24h == 48h -~ 72h
50 ¥
=mrang
601
404
20
0 ' ' .
0 100 200 300
NNE (M)
301
204
10+
MIX  DMSO 200 300
NNK (1)

100+

50+

60+

404

204

NNKOAc

204

20 40 60 80
NNKOA: (uM)

o1

100

MIXDMSO 10 25 30 73

100

NMKOAC (uM)

Figure 8 The optimization of NNK- and NNKOAc-induced lung carcinogenesis model using BEAS-2B cells.
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Cell viability (MTS assay) and DSBs (YH2A.X assay) were used as two parameters to determine the sub-lethal concentrations of NNK
and NNKOACc, and the cytoprotective concentrations of haskap extracts in BEAS-2B cells. A: Concentration- and time-dependent cell
viability of BEAS-2B cells treated with test compounds. Haskap extracts (1 — 200 pg/ml, 3 h), NNK (100 — 300 uM, 24, 48 and 72 h)
and NNKOAc (10 — 100 uM, 3 h) were tested to find the effect on cell viability. B: Concentration- and time-dependent DSBs. Cells
were incubated with haskap (5 — 50 pg/ml, 3 h), NNK (200 — 300 uM, 72 h) and NNKOAc (10 — 100 uM, 3 h) to determine an
appropriate time and dose for each tested compound to develop the experimental model. C: The variation of DSBs among each tested
compound. Immunocytochemistry for yYH2AX (Serine 139, red and DNA counterstaining performed with DAPI, blue). The
phosphorylation of serine at histone H2 AX protein was labeled using donkey anti-mouse IgG coupled to Alexa 594 and imaged. The
fluorescence microscopic images were taken and quantified using Fiji ImagelJ software (40 — 50 cells/treatment). MTX, a standard
chemotherapeutic drug was used as a positive control (200 uM, 24 h) to compare the DSBs. The concentration of MTX was
determined on cell viability. All the compounds dissolved in DMSO (0.05% final concentration), which. was used as the vehicle
control.
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Figure 9 The H(E), H(A), Q3G, C3G, NNKOAc and NNK at the optimized concentrations
were not cytotoxic for BEAS-2B cells.

Cytotoxicity was determined by ACP (A) and MTS (B) assays. A) The cell viability was
determined as the percent acid phosphatase activity by measuring the absorbance at 405
nm. B) The cell viability was determined by measuring the color intensity of formazan at
490 nm. The studied concentrations of each compound have presented above. The
results represent three independent experiments (n=3 with quadruplicate). One Way
Analysis of Variance was performed (p <0.0001) with Tukey pairwise comparison (at o =
0.05) for mean comparison.
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Figure 10 The morphology of BEAS-2B cells were not different from the DMSO control after each treatment combination.

Images were taken with the inverted phase contrast microscope at 100x magnification. The concentrations of tested compounds were
presented above.
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Figure 11 The polyphenol-rich haskap extracts significantly reduced NNK- and NNKOAc-induced DSBs in BEAS-2B cells (yYH2A.X

assay)
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A) Variation of the DSBs among each tested compound. B and C) The protective effect of H(E) and H(A) extracts against NNK and
NNKOACc, respectively. D and E). yYH2A.X foci were quantified using Fiji ImageJ software in fluorescence microscopic images
(100x%). The results represent three independent experiments (n=3) and analysis of 100-120 nucleus from each treatment. One Way
Analysis of Variance was performed (p <0.0001) with Tukey pairwise comparison (at . = 0.05) for mean comparison.
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DMSO H(E) H(A)

NNKOACc H(E)*NNKOAc H(A)*NNKOAc Q3G+NNKOAc C3G+NNKOAc
Treatment Comet Tail moment £ SE  Tail DNA (%) + SE Tail length Olive moment
DMSO 54+1.54 122 +£2.0¢ 13.6 +£1.7% 4.2 +0.8%

B \NKOAc 30.3+4.7° 33.0+£3.6° 77.1 £9.0° 16.7+2.1°
H(E) 16.5 & 4.3 22.0 +3.9% 30.4 £ 5.2b4 10.6 £2.5°
H(A) 7.3 +£2.1¢ 13.3+£2.8¢ 18.5 4 3.4¢de 5.7 +1.5%
Q3G 3.8+1.2¢ 93+1.7° 16.1 +£2.5¢d 3.7+0.9%
C3G 3.5+1.0¢ 9.5+ 1.7° 10.6 +£1.3¢ 3.0+0.5¢
H(E)*NNKOAc 7.6 £ 1.9%d 152 +£3.20¢ 28.1 & 3.9bcd 5.7+ 1.0
H(A)+NNKOAc 5.1 +£2.3bed 9.5+£2.6° 24.6 & 4.3bd 4.1+1.0%
Q3G+NNKOAc 9.1 +2.03b¢ 15.9 +3.3% 37.7+5.5% 6.5+1.1°
C3G+NNKOAc 11.9+2.7% 28.8 +£5.3% 29.0 + 6.1 7.6 £ 1.4b°

Single and double strand DNA damage in BEAS-2B cells as determined by comet assay
Figure 12 The polyphenol-rich haskap extracts significantly reduced NNKOAc-induced SSBs and DSBs in BEAS-2B cells.
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A) Nuclear DNA stained with SYBR Green I dye and images were taken (A) to measure the DNA damage. Fluorescence microscopic
images (200x) were used to quantify the DNA damage as the percent DNA in tail and tail moment (tail moment = measure of tail
length x measure of DNA in the tail) using Fiji ImageJ and Open Comet Version 1.3 software. The nuclear DNA is intact without a
DNA tail (DMSO 0.05%). The bigger the DNA tail area (%) or the longer the DNA tail length indicates more significant DNA
damage. B) Data in the table represent three independent experiments (n = 3) and 120 — 140 cells were analyzed for each treatment.
One Way Analysis of Variance was performed (p <0.0001) with Tukey pairwise comparison (at oo = 0.05) for mean comparison.
Means that do not share a similar letter are significantly different.



Absorbance at 450 nm

1.01 #
0.8- '
0.6' et
0.4- T —
0.2- —
0.0 A7
Q Q O Q o
<<z <<
So033S O
;;% + ¥
a2 R
T OO0

Figure 13 The polyphenol-rich haskap extracts reduced NNKOAc-induced DNA
fragmentation.

DNA fragmentation was tested by ELISA (A) and agarose gel electrophoresis (B). A)
DNA fragments present in cell lysates were quantified photometrically (at 450 nm) using
a monoclonal antibody against BrdU. B) Agarose gel electrophoresis. Treatments found
in each well as follows: 1, DNA marker; 2, NNKOAc (100 uM, 3 h); 3, H(E) (50 pg/ml,
3 h); 4, H(A) (50 pg/ml, 3 h); 5, NNK (200 uM, 72 h); 6, DMSO (0.01%) vehicle
control, and 7, no treatment (BEGM medium). The results represent three independent
experiments (n = 3). For the ELISA assay, each experiment was conducted with four sub-
replicates. One Way Analysis of Variance was performed (p <0.0001) with Tukey
pairwise comparison (at a = 0.05) for mean comparison.
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Figure 14 The reduction of ROS formation in BEAS-2B cells, in relation to tested
compounds and extractions.

Intracellular ROS levels were determined by using DCFDA ROS detection assay kit. The
cells were pre-incubated with and without each polyphenol prior to NNK and NNKOAc
exposure and DCF status measured at 495 nm excitation and 529 nm emission by
fluorescence spectrophotometer. The results represent three independent experiments
(n=3) and each test comprised with four sub replicates. One Way Analysis of Variance
was performed (p <0.0001) with Tukey pairwise comparison (at a = 0.05) for mean
comparison.
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CHAPTER 5. DISCUSSION

Polyphenol-rich diets have gained recent attention due to their beneficial health
values. In particular, fruits and vegetables rich in polyphenols have been investigated
extensively, and reviewed regarding their useful physiological functions including cancer
preventive properties (Block et al., 2015; George et al., 2017; Rupasinghe et al., 2014;
Shih et al., 2010; Tan et al., 2011). The focus of the current study was to explore the
efficacy of polyphenol-rich haskap berry extracts in the reduction of DNA damage in
relation to carcinogen-induced normal lung epithelial cells.

Haskap is notable for its abundant polyphenols, greater antioxidant capacity than
other fruits and beneficial health effects (Celli et al. 2014; Khattab et al. 2016;
Rupasinghe et al. 2012; Rupasinghe et al. 2015; Takahashi et al. 2014). Haskap berry
provides significantly high levels of TPC, flavonoids, and antioxidant capacity, compared
to popular berries, such as blueberry, raspberry, strawberry, partridgeberry, blackberry
and grapes (Rupasinghe et al., 2012). The Group I carcinogen, NNK, is present in
cigarette smoke and contributes to high lung cancer incidences (Canadian Cancer Society
2015; Gulland 2014; Yang et al. 2002). Carcinogenicity of NNK has thoroughly
investigated using in vitro and in vivo experimental models (Hecht & Hoffmann 1988;
IARC 2012; Lin et al. 2011). The beas-2b normal human lung epithelial cell is an
established model, which has extensively tested with NNK to understand its role in lung
carcinogenesis (Boo et al. 2016; Demizu et al. 2008; Hang et al. 2013; Lonardo et al.
2002).

The effect of polyphenol-rich haskap extracts in reducing the NNK- and

NNKOACc-induced DNA damage was investigated in BEAS-2B normal lung epithelial
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cells. Since C3G is the potent polyphenol found in haskap fruit, followed by Q3G, they
were included as reference positive controls. A precursor, NNKOAc, which metabolizes
into similar cytosolic carcinogenic metabolites (Figure 3) as of NNK, was also included
(Ma et al., 2015). DNA damage was determined using YH2AX, comet, and DNA
fragmentation ELISA assays, since compromising genetic stability is an initial step in
lung carcinogenesis. The highly sensitive YH2AX assay can detect the direct effect of
genotoxic compounds, such as chemical carcinogens (Garcia-Canton et al. 2013). It
measures the DSBs in the nuclear genome of cells. The alkali comet assay determines a
broad spectrum of DNA damage, such as the level of DNA SSBs, DSBs, and DNA cross-
links (Hang et al., 2013).

Polyphenols present in haskap berries were extracted using ethanol and water to
obtain lipophilic and hydrophilic compounds, respectively. These solvents allow one to
justify the use of haskap extracts in food and pharmaceutical industry owing to their non-
toxic nature, and ability to enhance the solubility of polyphenols as they are polar
solvents (Dai and Mumper, 2010; Nicoué¢ et al., 2007; Salamon et al., 2015). The extracts
primarily consisted of C3G, Q3G and chlorogenic acid. The C3G content was 82 — 85%
of total anthocyanin and agreement with the literature findings of 82 — 91% (Khattab et
al. 2016) and 76% (Rupasinghe et al. 2015). The TPC and anthocyanin contents were
higher in H(A) than the H(E). This may be related to poor oxidative degradation, weak
hydrogen bonds and strong hydrophilic nature of anthocyanin in water (Wissam et al.,
2012).

It is reported, that the medium constituents, such as inorganic ions, bicarbonate

ions, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, foetal bovine
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serum (FBS), glucose, and hyperoxia conditions can trigger the oxidative degradation of
polyphenols in cell culture medium (Halliwell, 2014; Kern et al., 2007). The
consequential oxidized compounds can give false positive or negative data and interfere
with research findings. A similar observation was noted in the present study in relation to
DMEM and EMEM media. However, as presented in Figure 7, haskap extracts were not
oxidized and degraded in BEBM tissue culture medium, which lacks FBS but contains
selenium, an antioxidant which may protect haskap extracts from oxidative degradation
(Halliwell, 2014). Alternatively, short periods of incubation at lower concentrations (3 h
and 50 pg/ml) of haskap extracts could have minimized oxidative degradation.

The lung carcinogenesis model was developed to determine sub-lethal
concentrations of NNK and NNKOAc, and non-cytotoxic concentrations of polyphenol-
rich haskap extracts. NNK showed a dose- and time-dependent inhibitory effects on
BEAS-2B cell viability (Figure 8). The ICso value was not reached at a NNK
concentration of up to 200 uM even after 72 h, suggesting that NNK is not very toxic to
BEAS-2B cells, though DSBs were observed in the yYH2 AX assay. Similarly, Chen et al.
(2010) noted high levels of DNA damage in BEAS-2B cells incubated with NNK (150
uM for 72 h), without affecting its cell viability. Confirming the observations of Wang et
al. (2012), a concentration-dependent increase in DSBs was seen in NNKOAc-treated
BEAS-2B cells (Figure 8). At the studied concentrations (0 — 100 uM), NNKOAc did not
inhibit BEAS-2B cell viability, even though it significantly induced (82% higher YH2AX
foci) DSBs in comparison to NNK. Justifying the findings of the current study, Cloutier
et al. (2001) have reported that NNKOAc can damage all four DNA bases guanine >

adenine > cytosine > thymine in decreasing order, whereas NNK primarily damages
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guanine bases. In addition, the limited activity of CYP450 enzymes in BEAS-2B cells
may have led to lower DSBs in NNK-treated cells than following exposure to NNKOAc,
which is activated by esterase (Ma et al., 2015; Wang et al., 2012). However, moderately
higher levels of CYP1 A1, 1A2, and 1B1 were reported with chemical-induction (Garcia-
Canton et al. 2013). Conversely, Courcot et al. (2012) noted higher levels of CYP1B1
activity in BEAS-2B cells. Moreover, they also noted the significant expression of
esterase (ESD gene). Since the activation of NNKOACc is cytochrome-independent and
catalyzed by esterase activity, a higher level of DSBs and DNA fragmentation is expected
in NNKOACc-treated cells. Therefore, the significant level of NNKOAc-induced DNA
damage and lower level of DNA DSBs in NNK-treated cells are agreeable with the
limited expression of CYP450 enzymes in BEAS-2B cells.

Anthocyanin-rich haskap extracts showed dose-dependent loss of BEAS-2B cell
viability, but less cytotoxicity at lower concentrations (0 — 50 pg/ml). Similarly, Chen et
al., (2006) observed > 90% lung cancer cell viability when cells were treated with
cyanidin-rich mulberry fruit extracts (0 - 100 uM for 24 h). Therefore, 50 pg/ml
concentration agrees with literature findings and was further confirmed with the YH2AX
assay for its non-genotoxicity to BEAS-2B cells.

The data presented in Figures 10 - 14 validate the protective effect of polyphenol-
rich haskap extracts against NNK- and NNKOAc-induced DNA damage in BEAS-2B
cells. Haskap extracts did not induce DNA damage in epithelial cells. NNKOAc-induced
DNA fragmentation was not significant in agarose gel electrophoresis. However, when
the ELISA assay was performed, the presence of cytoplasmic DNA fragments (BrdU-

labelled DNA fragments as nucleosomes) and early apoptosis in NNKOACc treated
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BEAS-2B cells were observed. Concentration-dependent DNA fragmentation at higher
concentrations of NNKOAc (0.25 — 25 mM) was reported by Cloutier et al. (2001) in
neutral agarose gel electrophoresis. Many studies have demonstrated the efficacy of
polyphenols-rich plant extracts and individual polyphenols in attenuating DNA damage
induced by various carcinogenic factors. Blueberry (Vaccinium corymbosum), which is
also abundant in anthocyanins gives a protection against UV radiation. Its anthocyanin-
rich extracts (75 ug for 24 h) reduces the UV radiation (4 mJ/cm?)-induced SSBs and
DSBs in HepG2 cells (Liu et al., 2013) via scavenging ROS and restoring oxidative
stress. Similarly, a DNA protective effect of 20 uM chlorogenic acid against UVB (30
mJ/cm?) has recorded in HaCa keratinocytes (Cha et al., 2014). Incubation of A459 cells
with quercetin, rutin, and naringin reduces NNK-induced DNA damage (Yeh et al.,
2006). In contrast, two flavonols, quercetin, and apigenin have a synergistic effect with
doxorubicin- and etoposide-induced DSBs in Jurkat leukemia cells (Mahbub et al., 2015).
Combination treatment reduces the glutathione levels in Jurkat cells, resulting oxidative
stress in cells leading to DNA damage. Interestingly, they found that this effect depends
on the cell type, where polyphenols reduce the cytotoxicity of doxorubicin and etoposide
on normal cell lines. Thus, the reported protective effects of haskap extracts in the present
study may be related to the higher TPC, in particular, richness in anthocyanin.

The cytoprotective effect of fruit extracts and polyphenols is largely associated
with their antioxidant capacity. However, oxidative stress was not significant (Figure 14)
in lung epithelial cells treated with either NNK or NNKOAc compared to the medium
control, but cells treated with polyphenol-rich haskap extracts, Q3G and C3G showed a

significant reduction in the formation of ROS compared to the medium and NNKOAc-
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treated cells. Only Q3G could effectively reduce ROS in NNK-treated BEAS-2B cells.
Likewise, Demizu et al. (2008) noted a moderately higher level of superoxide radicals in
NNK-treated BEAS-2B cells, but ROS, such as hydrogen peroxide, hydroxyl radicals,
and nitric oxide. In the present model, ROS concentration was determined using
H>DCFDA, which can detect ROS and RNS, such as hydrogen peroxide, hydroxyl
radicals, and nitric oxide. However, the method cannot detect superoxide radicals
(Demizu et al., 2008). Therefore, the reason for the lower level of ROS found in this
study could be due to the inability to measure superoxide radicals by the method used in
this experiment. Enzymatic antioxidants such as SOD, CAT, glutathione peroxidase
(GPx) and non-enzymatic antioxidant glutathione (GSH) work together in oxidative
stress conditions and balance the ROS in the cells (Rugina et al. 2015). The pre-treatment
of cells with quercetin, naringin and rutin markedly reduce NNK-induced ROS formation
(Yeh et al., 2006) in A549 Cells. Cyanidin-rich chokeberry extracts increase the activity
of SOD, CAT, GPx and GSH in H,0»-induced pancreatic -cells (Rugina et al., 2015).
Pre-incubation of primary human colon cells (HT29 clone 19A) with anthocyanin-rich
elderberry and Arnonia melanocarpa berry extracts (25 pg/ml) for 15 min suppresses
H>0;-induced DNA oxidative damage (Pool-Zobel et al., 1999). Alternatively,
anthocyanins extracted from Arnonia melanocapa, significantly reduce the B(a)P-
induced superoxide radical formation in human granulocytes (Gasiorowski et al., 1997).
Gasiorowski and colleagues also have found that the anthocyanins are effective against
superoxide radicals but their hydroxyl radical scavenging efficiency is moderate. This
suggests that the anthocyanins and anthocyanin-rich extracts scavenge superoxide

radicals and block the free radical cascade at the beginning.

70



Since the BEAS-2B cells were pre-incubated with the haskap extracts, the
possible preventive mechanism could be via the activation of enzymatic and non-
enzymatic antioxidants in BEAS-2B cells. The cytoprotective effect of extracts might be
diminished with a longer exposure of NNK (200 uM) for 72 h. Therefore, a time course
treatment regime will provide a proper understanding of the effect of haskap extracts
against NNK-induced oxidative stress in BEAS-2B cells.

It is useful to review the possible protective mechanism of the haskap extracts
against NNK- and NNKOAc-induced DNA damage in BEAS-2B cells. NNK and
NNKOAC are activated by CYP450 and esterase enzymes, respectively (Figure 3).
However, both compounds form similar electrophilic metabolites, which react with DNA
and form DNA adducts (Ma et al., 2015). Haskap extracts were abundant with a diversity
of polyphenols, including phenolic acids and flavonoids (Table 1), and many of them
have the potential to suppress phase I enzyme activity induced by carcinogens. Hot water
infusion of guava, rich in quercetin, actively inhibits CYP1 Al expression in lung
epithelial cells (Badal et al., 2012). Grape seed proanthocyanidin suppresses NNK-
induced CYP1A1 and 1B1 expression (Song et al. 2010). Quercetin and phloretin inhibit
the CYP3 A4 in an ex vivo experimental model (Kimura et al., 2010). Also, kaempferol
(Gingko biloba) suppresses CYP1B1 expression and acts as an antagonist for B(a)P-
induced AhR in normal MCF10A mammary cells (Rajaraman et al., 2009). Furthermore,
caffeic acid and quercetin inhibit the a-hydroxylation capacity of CYP2AG6 activity by
chelating the benzoic hydroxyl groups with a ferric portion of the CYP2AG6 site
(Woodward, 2008). However, the effect of polyphenols on the activity of esterase has

been barely investigated. Mangiferin, quercetin, catechin and gallic acid-rich mango bark
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extract, and its quercetin-rich fraction inhibit the activity of esterase in an ex vivo
experimental model separately (Chieli et al., 2009).

Phase Il enzymes are involved in the detoxification of NNK and NNKOAc and
their electrophilic metabolites. Carbonyl reductase involves in converting NNK to
NNAL, which later conjugates with glutathione and forms less toxic NNAL-N-
glucuronide. Anthocyanin and proanthocyanidin-rich cranberry extracts enhance the
activity of carbonyl reductase and UGT in Wistar rat hepatic tissues (Bartikova et al.,
2014). UGT and GST catalyze the glucuronidation of NNAL (Crampsie et al., 2011).
GST removes electrophilic metabolites by conjugating them with glutathione (Castell et
al., 2005). Many polyphenols present in the haskap extracts are effective in activating the
UGT and GST in vitro and in vivo. The anthocyanins, cyanidin, delphinidin, malvidin
and peonidin, significantly induce the expression of GST in rat liver clone 9 cells (Shih et
al., 2007). Chlorogenic acid enhances the activity of GST in JB6 mouse epidermal cells
and HT29 human colorectal adenocarcinoma cells by activating NrF2 translocation
(Boettler et al. 2011; Feng et al. 2005). The flavanols EGCG, ECG and EGC, enhance
GST expression by 40-60% in B(a)P-induced BEAS-2B cells (Steele et al., 2000). Grape
extracts and delphinidin significantly improve the expression of GST activity in MCF-
10F breast epithelial cells and suppress the B(a)P-induced DNA adducts formation
(Singletary et al., 2007).

Ethanolic and aqueous extracts of haskap berries contain a diversity of
polyphenols, including anthocyanins, such as cyanidin-3-O-glucoside, delphinidin,
peonidin, malvidin; quercetin-like flavonols; flavanols, such as EGCG and catechin, and

phenolic acids, such as chlorogenic acid, caffeic acid, and phloretin. The extracts also
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showed high antioxidant capacity. The observed protective effect of the haskap extracts
against NNK- and NNKOAc-induced DNA damage in BEAS-2B cells could be through
two main pathways. Firstly, the polyphenols present in haskap extracts may effectively
suppress the phase I and esterase enzymes, resulting in less electrophilic metabolites. The
second possible mechanism of polyphenol-rich haskap in DNA damage reduction could
be related to their ability to activate phase II detoxification enzymes. The upregulation of
GST by haskap extracts could have induced the conjugation of NNK- and NNKOAc-
derived electrophilic metabolites, preventing their subsequent reactions with nuclear
DNA. Phase II enzymes may have detoxified the NNAL and suppressed the a-
hydroxylation of NNK and NNAL. Hence, the pre-treatment of BEAS-2B cells with
haskap extract could facilitate detoxification of NNK and NNKOAc, and inactivation of
electrophilic metabolites (Figure 15). In addition, the haskap extract-induced oxidative
protection in cells could have additionally enhanced the protection against NNK and
NNKOAc-induced DNA damage (Figure 15). Thus, the ability of haskap extracts in
reducing NNK- and NNOAc-induced DNA damage could be related to the diversity of
polyphenols present in each extract and higher antioxidant capacity.

The activation of KRAS oncogene and inactivation of 7P53 tumor suppressor and
DNA repair genes due to DNA adducts are common in lung cancer patients with smoking
history. The accumulation of mutated oncogenes and tumor suppressor genes in lung
epithelium leads to uncontrolled cell proliferation, and are prominent in the early stage of
lung carcinogenesis. Maintaining genomic stability is a key chemopreventive strategy

against smoking-induced lung carcinogenesis.
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The present study shows the potential use of polyphenol-rich haskap extracts in
the reduction of NNK-induced DNA damage in BEAS-2B lung epithelial cells. NNK is a
predominant lung carcinogen present in tobacco smoke. Therefore, polyphenol-rich
haskap berry extracts could be a potential dietary and nutraceutical source in suppressing
or preventing tobacco-specific lung carcinogenesis. Further investigations using
experimental mouse model could be used to understand the chemopreventive potential
and mechanism of polyphenol-rich haskap extracts against NNK-induced lung

tumorigenesis.
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Figure 15 The potential protective mechanism of the polyphenol-rich haskap extracts against NNK- and NNKOAc-induced DNA
damage in BEAS-2B cells.

1) The formation of cytochrome- and esterase-induced electrophilic metabolite from NNK and NNKOACc respectively (the activation
of procarcinogen). 2) The conversion of NNK to NNAL by carbonyl reductase (the beginning of detoxification cascade). 3) The
detoxification resulted in NNAL by glucuronidation and sulfation (formation of the nontoxic excretable compounds). Adapted from

Cloutier et al. 2001. (Literature is cited in the text)
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Appendix 1: Viability of BEAS-2B cells after 24 h incubation with haskap ethanol
extract
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Appendix 2: Viability of BEAS-2B cells after 24 h incubation with NNK at different
concentrations.
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Appendix 3: The formation of YH2AX foci was greater in BEAS-2B cells after
treating cells with 200 pM of NNKOAc for 4 h.
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