Studies on Natural Products from Select Woody Plants

A Thesis
Submitted to the Graduate Faculty
In Partial Fulfillment of the Requirements
For the Degree of Master of Science
Human Biology

Department of Biology
Faculty of Science
University of Prince Edward Island

Colin R. Stetson
© 2018 C.R. Stetson

Abstract

Nannyberry is a plant species located in the northeastern USA and in southern Canada
ranging from New Brunswick to southeastern Saskatchewan. The possible anti-cancer
potential of nannyberry fruits has not been previously studied. Phytochemical profiling of
the nannyberry extract identified 3 biflavonoids, amentoflavone, robustaflavone and
hinokiflavone, not previously documented in this fruit. The nannyberry extract was
shown (using Alamar Blue) to be cytotoxic to androgen-sensitive LNCaP prostate cancer
cells at dosages as low as 6.25 µg/mL with no apparent cytotoxicity to androgenrefractory PC3 cells. Nannyberry’s effect on LNCaP cells was further investigated to
determine possible mechanisms involved whereby LNCaP cell proliferation ability was
inhibited. Nannyberry extract treatment of LNCaP cells showed statistically significant,
dose dependent reductions in cell viability. Protein expression levels of key proliferation
linked activities were assessed. Western blot analysis of polyamine biosynthesis &
catabolism linked proteins revealed a significant decrease in ornithine decarboxylase &
S-adenosylmethionine decarboxylase, antizyme & spermine spermidine Nacetyltransferase protein expression levels with an increase in polyamine oxidase protein
expression levels. A significant decrease in ribonucleotide reductase protein expression
levels also occurred in response to nannyberry extract. Nannyberry extract was also
shown to affect the expression of key proteins in many cellular signaling pathways
including the MAPK , PI3K-Akt, NFκB and AP1 pathways. Additionally, nannyberry
extract has been shown to cause significant changes in protein expression levels of key
proteins associated with apoptosis including changes in caspase 8 and caspase 3
expression. Nannyberry extract is therefore able to affect the proliferation of LNCaP
ii

prostate cancer cells in vitro by altering the expression of key proliferation-linked
activities and alters the expression of key apoptosis-linked proteins. These novel results
suggest that nannyberry fruits may prove to be effective chemoprotective and /or
chemopreventative agents against human prostate cancer.
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1. Introduction
An estimated 196,900 new cases of cancer and almost 80,000 deaths as a direct result
from cancer occurred this past year in Canada (Canadian Cancer Society 2015). More
than half of all new cancer cases will be either prostate, breast, lung, or colorectal cancer.
In Prince Edward Island prostate cancer is the most frequently diagnosed cancer in men
and breast cancer is the most frequently diagnosed cancer in women (Canadian Cancer
Society 2015). The complex nature of cancers combined with the difficulties in finding
effective treatments with few deleterious side effects have led to a search for new
compounds with chemopreventative and chemoprotective properties. One area of interest
is the search for novel, naturally occurring, anti-cancer compounds. Natural products
have been shown to play a dominant role in the role of discovering new leads for drugs to
combat various types of cancer (Newman and Cragg 2012). Many herbal and
phytochemical compounds have been shown to have some chemopreventative effect, and
there is evidence to suggest that a protective or preventative relationship between these
compounds in the diet and incidence of cancer exists (Stein and Colditz 2004; Aggarwal
and Shishodia 2006; Neto 2011).
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1.1. Research Rationale, General Hypothesis and Objectives

This research focused on investigating how specific, plant derived natural
products control cell growth in human breast and prostate cancer cells. This investigation
will involve extraction and characterization of crude extracts derived from fruit samples
from woody cultivars of several different plant species. The effects of these compounds
on cellular viability will be tested on cell lines of varying degrees of cellular
transformation. A lead candidate extract will then be selected, based upon preliminary
cell cytotoxicity screening data and this specific extract will be further studied in more
detail. These more detailed studies on this lead candidate extracts will provide insight
into mechanisms whereby an inhibition of the growth of cancer cells has occurred. To the
best of our knowledge, little is known about both the anti-cancer potential and the
specific chemical profiles of these plant species. It is hypothesized that bioactive
compounds isolated from various species of woody plants will have anti-proliferative
effects on human prostate and/or breast cancer cells.
To test this hypothesis, the following specific objectives will be addressed:
1. Determination of the cytotoxic and anti-cancer effect of 23 different plant species
though testing de-sugared fruit extracts from each respective species on human
cancer cell lines of varying degrees of cellular transformation in vitro.
2. Selection of a lead candidate extract exhibiting anticancer effects and
determination of the phytochemical profile using instrumental analytical
chemistry.
3. Determine the effect of the lead candidate extract on cellular proliferation-linked
activities and apoptosis-linked protein expression.
2

2. Literature Review
2.1 Natural Products
Throughout history, traditional medicine systems have relied upon natural
products as a method of treating disease and illness in various societies. The use of
bioactive natural products in remedies such as herbal drug preparations can be dated back
throughout human history and even to prehistoric times (Veeresham 2012). Traditionally,
the term natural product is meant to include secondary metabolites produced by a living
organism. Secondary metabolites are compounds not absolutely essential for an
organism’s survival, but provide said organism with some sort of evolutionary advantage,
such as protection against predation. It is only in recent times that natural products have
been systematically isolated and characterized as compounds in the modern drug
discovery process (Veeresham 2012). In addition to the direct use of natural products as
therapeutics, they serve as chemical models for the design, semi-synthesis, and
development of novel synthetic drugs. While new approaches to drug discovery have
become prevalent with techniques using computer modeling and synthetic chemistry,
over 50% of approved cancer drugs in the last 30 years have been natural products or
directly derived from them (Newman and Cragg 2012). Newman and Cragg (2012)
encourage expanding research into natural products as a source of novel bioactive
compounds.
Natural products have been the most predominant source of compounds driving
development in the pharmaceutical industry over the last century (Mishra and Tiwari
2011). The first pure natural product introduced for therapeutic use was morphine, in
1826, and the first semi-synthetic drug was aspirin in 1899 (Veeresham 2012).
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Biodiversity in environments and competition among organisms results in the
formulation of complex chemical compounds with potent bioactivity, in an attempt to
increase evolutionary survival and competitiveness. The discovery of many natural
products has led to the development of many advanced therapeutics, through the
development of analogues, based upon the original lead compound, with the aim of
increasing its pharmaceutical properties. There are many examples of approved anticancer drugs, including temisrolimus (renal cell carcinoma) and ixabepilone (breast
cancer), of a natural product’s structure being used as a “backbone” for the development
of a successful therapeutic treatment (Butler 2008, Harvey 2008).
Analysis of approved natural product drugs shows that most natural products
research has focused on plants or microbes. For the purposes of this thesis, the emphasis
will be on plant-derived natural products. With modern advances in fractionation,
chromatography and other analytical techniques, natural product bioactivity testing has
become increasingly compatible with high throughput screening methods (Harvey 2008).
Due to the excessive time and cost required when isolating collections of pure
compounds, it is common to screen mixtures of compounds against the target of interest,
be that anticancer or antimicrobial activity for example, and utilize this bioassay guided
fractionation to narrow down the search for a compound of interest (Harvey 2008).
In research focused on cancer prevention, natural products have attracted
considerable attention as potential chemopreventative and chemotherapeutic agents.
Chemoprevention has gained interest following approval of drugs such as tamoxifen and
raloxifene as ways to reduce the risk of breast cancer and the realization that
chemoprevention is a cost-effective alternative to cancer treatment (Amin et al. 2009).
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There is an extensive list of real world natural products showing clinical activity on
various cancers, including the commonly used anticancer drugs: etoposide, camptothecin,
vinblastine and paclitaxel (Gordaliza 2007). Etoposide and etoposide-like compounds
(teniposide and etophophos) are three semisynthetic derivatives of podophyllotoxin
(cyclolignan). These compounds are effective against several cancers including,
testicular, small-cell lung cancers, and lymphoma. Etoposide-like compounds irreversibly
inhibit DNA topoisomerase II, leading to cell death. Camptothecin, comes from the tree
Camptoteca acuminate, and is a quinolone alkaloid, which also functions through the
inhibition of DNA topoisomerases. Vinblastine is a vinka alkaloid from Catharantus
rosea. Different vinka alkaloids display distinct activities as their structures are modified,
though vinblastine works by inhibiting the formation of spindle fibers and thereby
blocking mitosis from occurring. However, this drug is not cancer cell specific and so has
several side effects. Lastly, paclitaxel (Taxol®) is a diterpene first isolated from the
Western yew, Taxus brevifolia. Paclitaxel was approved by the Food and Drug
Administration in 1992 for drug-refractory metastatic ovarian cancer treatment and
functions by disabling the normal function of microtubules (Gordaliza 2007). These
examples highlight the many different classes of natural product compounds and various
mechanisms whereby these compounds target specific types of cancers.

2.2 Cancer
Cancer is the second leading cause of death worldwide, following cardiovascular
diseases (Sudhakar 2009). Cancer, however, is not a disease of modern times. The history
of the word “cancer” can be traced back to Hippocrates and the Greek word “karkinos”
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around 460-370 B.C. The oldest recorded description of cancer dates back to ~3000 B.C.,
referred to as the Edwin Smith Papyrus, the text describes tumours of the breast being
removed by cauterization as a palliative treatment method (American Cancer Society
2015). Scientists developed a greater understanding of the human body and pathology
through the 16th to 18th centuries as the scientific method was used and autopsies were
performed. It was not until the use of the modern microscope that the birth of scientific
oncology began in the 19th century.
Today, cancer is considered the fastest growing disease worldwide, with regard to
new diagnoses and deaths, and is becoming the leading cause of death in developed
countries like Canada, where cancer is the leading cause of death, and the United States
of America where it is the second leading cause of death (American Cancer Society
2015; Canadian Cancer Society 2015). In both Canada and the United States cancer
accounts for 1 of every 4 deaths (American Cancer Society 2015; Canadian Cancer
Society 2015). Aside from lung cancer, prostate cancer is the most likely cause of cancer
related deaths in Canadian men and breast cancer is the most likely cause of cancer
related deaths in Canadian women (Canadian Cancer Society 2015). The Canadian
population is projected to increase by 29% or about 9.5 million residents between 2007
and 2032. With this increase in population comes an increase in the cost of cancer on our
health care system. If the population trend holds true, it is estimated that the number of
new incidences of prostate cancer will increase by 100% and new incidences of breast
cancer will increase by 50% (Canadian Cancer Society 2015). It is estimated that 2 in 5
Canadians will develop cancer in their lifetime (Canadian Cancer Society 2015).
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Increasing cancer rates have been linked to several factors, including population
characteristics, prevalence of risk factors, and increased life expectancy. Seniors
represent the fastest growing age group in Canada and in direct relation with our aging
population, 89% of all cancer diagnoses in Canada occur after age 50 (Canadian Cancer
Society 2015). Modifiable factors contributing to increased risk of cancer are: tobacco
use, physical activity, weight, diet, alcohol use, practicing safe sex and sun exposure
(Stein and Colditz 2004). Of particular concern to Canadians is the association between
obesity and cancer. According to the 2010 Canadian Community Health Survey, 18% of
Canadian adults are considered obese, an increase from 6.1% in 1985 (Twells et al. 2014)
and increasing rates of obesity are being observed in both adults and children in
developed and developing countries. As rates of cancer and obesity both increase,
understanding the relation between the two is of increasing importance. The biological
mechanisms underlying the relationship between cancer and obesity are complex. One
mechanism is through signaling pathways such as the MAPK, PI3K and NF-κB cellular
signaling pathways (Vucenik and Stains 2012). These processes are all associated with
cellular proliferation and increases in expression of key regulatory proteins involved in
these pathways is linked to cancer cell development.
Cancer is typically recognized as a group of diseases representing the
uncontrolled growth and spread of abnormal cells (American Cancer Society 2015).
While normal cellular proliferation follows a strictly controlled sequence of growth,
division and death, cancer cells undergo growth and proliferative processes in an
unregulated manner and avoid apoptosis. Hanahan and Weinberg (2011) have proposed
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six hallmarks of cancer that provides a logical framework for understanding the disease.
Those characteristics which are: sustaining proliferative signaling, evading growth
suppressors, activating invasion and metastasis, enabling replicative immortality,
inducing angiogenesis, and resisting cell death. These hallmarks were defined as acquired
functional capabilities that permit a cancer cell to survive, proliferate and disseminate.
This hallmarks list also includes two additional emerging hallmarks: deregulating cellular
energetics and avoiding immune destruction; and two enabling characteristics: genome
instability and mutation and tumour-promoting inflammation (Hanahan and Weinberg
2011). These hallmarks and emerging/enabling characteristics represent the key
processes involved in cancer treatment and cancer research, as compounds which disrupt
these hallmarks would represent a potentially novel therapeutic for cancer treatment.
While all of these hallmarks appear necessary for cancer development and highlight the
complexity and diversity of the disease, with each of these characteristics potentially
developing independently and in a unique manner, the most fundamental hallmark is
arguably sustained proliferative signaling (Hanahan and Weinberg 2011). Those
signaling pathways proposed as most commonly activated in carcinogenesis are the
MAPK and PI3K/Akt signaling pathways (Hanahan and Weinberg 2011). As mutations
accumulate in a cancer cell and provide traits required for cancer development, cells
which are proliferating at an increased rate will be automatically selected for. These
rapidly proliferating cells allow for further characteristics of cancerous cells to develop
simply through an increased potential for genetic instability and as these cells acquire
more of the hallmarks of cancer, the potential for further mutations increases as well.
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Treatment of cancer today utilizes methods such as surgical intervention,
radiation therapy, chemotherapy, hormone therapy and monitoring (DeSantis et al.
2014). One challenge in developing new treatments for cancer is in targeting those
treatments to specific tumour types. Targeting single molecular abnormalities or cancer
pathways has achieved good clinical responses and has affected survival rates in some
cancers, but is unlikely to lead to a cure for cancer with a single drug (Zugazagoitia et al.
2016). However, Zugazogoitia et al. (2016) predict that using a cocktail of drug
combinations in a similar fashion as to HIV treatment may be a promising therapeutic
strategy.
2.2.1 Breast Cancer
Breast cancer is the most commonly diagnosed cancer in Canadian women, as
well as the second leading cause of death. In Canada, the majority of breast cancers are
diagnosed in females aged 50-69 (52%), with approximately 30% of breast cancers
diagnosed in females aged 70 and over, while18% of breast cancers are diagnosed in
females under the age of 50 (Candian Cancer Society 2015). The breast cancer death rate
peaked in 1986 at 32 deaths per 100,000 people and is down to 17.9 deaths per 100,000
in 2015. This decrease is most likely linked with increased mammography screening and
the use of more effective therapies following surgery. However, despite the decrease in
deaths resulting from breast cancer, it is still ranks much higher in potential years of life
lost than prostate cancer, reflecting the relatively younger age at which women die from
breast cancer (Canadian Cancer Society 2015).
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Risk factors for breast cancer have been identified as: age, geographic location,
age at menopause, age at first pregnancy, family history, previous benign breast disease
and obesity (McPherson et al. 1994). As is common with many cancers, age plays a
dramatic role. Incidence of breast cancer increases with age, approximately doubling
every 10 years until reaching menopause, at which point the rate of increase slows
dramatically. After accounting for age adjusted incidence, breast cancer rates in Western
countries are about 5 times that of Asian countries, and migrants will assume the host
countries rates within two generations, highlighting the effect of environmental factors
(McPherson et al. 1994). It should be noted though, that 10% of breast cancers in
Western countries are due to genetic predisposition.
Breast cancer is a heterogeneous disease which can be categorized in several
different manners. Breast cancer can be classified based upon its clinical features, its
expression of tumour markers and its histologic type (Li et al. 2005). The two
predominant forms of histologic invasive breast cancer are ductal and lobular
carcinomas, which account for approximately 75% and 15% of all cases in the United
States, respectively. However, despite the lower number of cases, lobular carcinoma
numbers are increasing at a much faster rate than that of ductal (Li et al. 2005). It is not
the primary tumour that is the main cause of death in breast cancer patients, but the
metastasis to distant sites, which most commonly are bone, lung and liver. Typically, 1015% of patients possess an aggressive form of breast cancer that will metastasize within
3 years of initial detection, though metastasis has been known to occur 10 or more years
after detection (Weigelt et al. 2005). This heterogeneous nature of breast cancer
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metastasis results in difficulties in finding a cure and assessing risk factors for metastasis.
Some metastatic prognostic markers have been identified, including: tumour size,
histological grade, steroid-receptor expression and HER2 expression (Wiegelt et al.
2005). Triple negative breast cancer is an aggressive subtype of cancer classified by the
lack of expression of both estrogen and progesterone receptors and HER2/neu. This triple
negative breast cancer exhibits aggressive clinical behavior and lacks effective targeted
therapies (Rakha and Ellis 2009).
2.2.2 Prostate Cancer
Prostate cancer is the most common cancer in men in Canada and the third most
leading cause of cancer related death (Canadian Cancer Society 2015). It is estimated that
23.9 % of all new cancer diagnoses in Canadian men in 2015 were prostate cancer and
that Canadian men have a 1 in 8 chance of developing prostate cancer in their lifetime
(Canadian Cancer Society 2015). The prostate gland itself is an accessory organ involved
in male reproduction and is composed of both epithelial and stromal cells. In a normal
prostate the epithelial-stromal interactions play an important role in prostatic
morphogenesis, however, it is the epithelial cells which typically prove cancerous as
these cells have been shown to develop autocrine signaling, allowing the epithelial cells
to grow independently of the stromal cells (Russell et al. 1998). As with other forms of
cancer, the probability of prostate cancer diagnosis increases with age. Prostate cancer is
rarely diagnosed in men under 50 years, with the majority (40 %) of diagnoses occurring
between the ages of 60 and 69 years in Canadian men (Canadian Cancer Society 2015).
Traditionally, those diagnosed with prostate cancer at a younger age present with a more
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aggressive disease and poorer overall prognosis but as testing methods develop and
improve there has been a decrease in age at diagnosis resulting in a less severe disease as
a result of the early detection (Baade et al. 2009).
Risk factors for prostate cancer include: family history, hormone levels, advanced
age, race, diet and previous vasectomy (Bostwick et al. 2004). It is of particular interest
that prostate cancer has been associated with a Western lifestyle, with lower rates of
prostate cancer occurring in Asian countries (Bashir 2015). The connection between the
increased rate of prostate cancer in Western countries appears to be mainly linked with
diet, with increased red meat, fat and dairy consumption and increased availability of
androgens and estrogens. A higher intake of red meat and dairy products has been linked
to almost 12 times higher risk of developing prostate cancer (Mahmood et al. 2012) It has
also been suggested occupations, such as a farmer, may also play a role in prostate cancer
risk, but these factors have not been conclusively linked to the disease (Bashir 2015).
With the increased availability of advanced techniques in molecular biology and
genomics, epidemiological research is beginning to demonstrate specific risk factors for
this disease.
Upon diagnosis of prostate cancer, the patient has several methods of
management available, the most common of which include: active surveillance,
prostatectomy, external radiation therapy, cryotherapy, hormone therapy and
chemotherapy (Dunn and Kazer 2011). The mode of treatment is dependent upon the
stage of the prostate cancer. Active surveillance is most commonly used after initial
diagnosis for early stage prostate cancers or in individuals who would otherwise have a
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life expectancy of under 10 years (Dunn and Kazer 2011). This allows for monitoring of
disease advancement while maintaining the highest quality of life for as long as possible.
Advanced prostate cancers are those which are recurrent, whether locally, systemically or
clinically (systematic). Treatments for advanced prostate cancer includes hormone
therapy as well as emerging therapy techniques, with chemotherapy generally used as the
last option for advanced, metastatic disease (Dunn and Kazer 2011).
As previously stated, treatment of prostate cancer is usually based upon disease
stage and progression. Androgens are important for the growth, development and
proliferation of normal prostate cells as well as for early stages of prostate cancer.
Prostate cancer growth is dependent upon the ratio of cells proliferating to cells dying
and androgens regulate this growth through stimulating proliferation and inhibiting
apoptosis (Feldman and Feldman 2001). Prostate cancer tumour growth is initially
androgen dependent, with cancer cells requiring the presence of androgens to divide as
would normal prostate cells (Feldman and Feldman 2001). Radiation therapy as a means
to remove testicular function was first attempted in the 1930s, however, it was a decade
later that Huggins and Hodges discovered that using surgical techniques (orchiectomy)
proved more effective (So et al. 2003). Since this discovery androgen ablation, through
either surgical or chemical deprivation of androgens, has been shown to be effective at
slowing or causing regression of androgen-dependent prostate cancer tumour growth
(Feldman and Feldman 2001). While effective, this androgen ablation treatment method
to induce regression of tumour growth results in a temporary solution. In most cases a
patient undergoing androgen ablation therapy will eventually be found to have developed
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androgen independent prostate cancer. Prostate cancer typically progresses by changing
from being androgen dependent, where androgens are a requirement for cellular growth
and division, to being androgen-sensitive, where cells will grow and divide faster in the
presence of androgens, but androgens are not an absolute requirement for cellular
proliferation to proceed. Prostate cancer will then finally progress into a fully androgenindependent form of prostate cancer. This androgen-independent form of prostate cancer
exhibits continued cell proliferation even when there are no androgens present. (Feldman
and Feldman 2001; Russell et al. 1998). This kind of progression will happen almost
invariably after androgen ablation therapy, typically taking about 24 months for androgen
independence to fully develop after treatment (Russell et al. 1998). Tumour development
is a dynamic process and the transition to androgen independence involves both the
selection and outgrowth of androgen independent cells as well as the upregulation of
genes that allow for successful proliferation of the cancer cells without the presence of
androgens (So et al. 2003). This process is made possible due to prostate cancers being
heterogeneous and consisting of several different populations of cells. In other words,
this androgen-independence development occurs because androgen-dependent prostate
cancer cells are being selected against due to the loss or limitation of androgens, allowing
androgen-independent cells to gain a selective growth advantage. These androgenindependent cancer cells represent a more aggressive or advanced form of prostate cancer
and it is at this stage of the disease that chemotherapy is considered for use in disease
treatment (Dunn and Kazer 2011).
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As advanced stage androgen-independent prostate cancer increases its
aggressiveness, the rate of risk of metastasis is also found to increase. Prostate cancer
metastasis predominantly results with bone being the most common site secondary
invasion (Dunn and Kazer 2011). It was found that 84 % of metastatic prostate cancers in
a US population between 1998 and 2010 showed metastasis to bone, with the next most
common site being lymph nodes at 10.6% (Gandaglia et al. 2014). Metastasis to bone is
common in several cancers, however, prostate cancer is unique in that bone is commonly
the only clinically detectable site of metastasis (Logothetis and Lin 2005). The basis of
this preference for prostate cancer to metastasize to bone is not well understood, though
there are several theories which are being investigated. One hypothesis presents the idea
of bone possessing a microenvironment closely matching the needs of prostate cancer
cells (Rucci and Angelucci 2014). Building further on the microenvironment matching
the needs of prostate cancer hypothesis/model, it is presented that growth factors stored
in the bone matrix become available to prostate cancer cells and so stimulate proliferation
(Rucci and Angelucci 2014).
2.2.3 Models of Breast and Prostate Cancer

For research on prostate and breast cancer to occur, a laboratory model of the
disease that can be easily compared to human disease is necessary for researchers to work
with. Both breast and prostate cancer research has commonly been carried out using in
vitro studies, dependent upon established cell lines. Although significant advancements
have been made possible through the use of cell lines, in vivo methods exist which can
more accurately model the complexity of a living system (Marsden et al. 2012). Both
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breast and prostate cancer researchers utilize several different mouse models for the
purposes of in vivo studies. Mouse models are common due to the fact that the mouse and
human genomes share 95% similarity, mice can be easily genetically modified, mice
develop quickly and are easy to raise in the large numbers required for research purposes
(Valkenburg and Williams 2011). Breast cancer cell lines do not accurately represent the
heterogeneity and complexity of human tumours. The complexity of a living system is
more closely replicated through the of genetically modified mice, xenografts in
immunodeficient mice, as well as other advanced transplantation techniques (Fantozzi et
al. 2006). However, there are several downfalls to breast cancer in vivo studies. There are
obvious differences between human and mouse tumourigenesis, including patterns of
carcinogenesis and the final size of the tumours, metastasis sites, metabolism, pathology
and immune system differences. Research in improving models for various models of
cancers is ongoing and currently both in vitro and in vivo studies provide valuable
research insights (Fantozzi et al. 2006). Genetically engineered mouse models of
prostate cancer are also in use, such as the transgenic adenocarcinoma of the mouse
prostate (TRAMP) model (Lamb and Zhang 2005). The benefits of using the TRAMP
model for research is that it progresses through prostate cancer disease progression in the
same step-by-step progression as in humans. However, the prostate cancer occurs in
neuroendrocrine tissue instead of epithelial as is most common in humans and that it does
not follow the same pattern of metastasis, as bone metastasis in mice is rare (Valkenburg
and Williams 2011). Immunodeficient, or nude mice, are also used in prostate cancer
research for the process of a xenograft, similar to the breast cancer technique.
Xenografting allows one to study the development of a tumour in a living system model,
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although the compromised immune system does not truly allow for the simulation of
human disease progression. (Valkenburg and Williams 2011). Select general limitations
of animal models in cancer research also include the expense of the projects, ethical
concerns, and the need for an appropriate model. There is currently no perfect animal
model for complete analysis of either breast or prostate cancer and although in vivo
research allows one to assess variables not possible in in vitro work, there needs to be a
plan in place for each research study to assess which model best suits the targets of the
research study. This thesis works with both breast and prostate cancer cell lines of
varying degrees of transformation, with an emphasis on prostate cancer.
The first breast cancer cell line was established in 1958. It took another 20 years
before breast cancer cell lines became more widespread and the most commonly used
breast cancer cell line, MCF-7 to be established in 1973 (Holliday and Speirs 2011). The
ability to select specific characteristics in breast cancer cell lines and the stability of the
more common lines allows in vitro breast cancer research to remain a powerful research
tool.
There exists a variety of established breast cancer cell lines and in this research
study, the MCF-7 and MDA-MB-231 cell culture models were selected to use as the in
vitro cell models for cell screening. These two cell lines, along with one other (T47D
cells) account for more than two-thirds of all abstracts mentioning breast cancer cell lines
(Lacroix and Leclercq 2004). The MCF-7 breast cancer cell line was the first hormoneresponsive breast cancer cell line developed and can be used as a method to test samples
against an early stage human breast cancer model. MCF-7 cells are molecularly classified
as a luminal A breast cancer cell line. This classification highlights that it is often
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responsive to chemotherapy and it is estrogen receptor positive and therefore amenable to
hormone therapy (Holliday and Speirs 2011). The MCF-7 cell line was derived from an
adenocarcinoma originating in the mammary gland before metastasizing to a pleural
effusion (Soule et al. 1973; Levenson and Jordan 1997). MDA-MB-231 is commonly
used as a model for an aggressive form of breast cancer. As with MCF-7, MDA-MB-231
cells were derived from a metastatic patient and isolated from pleural effusions (Cailleau
et al. 1974). The variability in tissues that develop breast cancer lead to many breast
cancer cell lines being derived from metastatic cancers isolated from a homogeneous
population of malignant cancer cells located at a secondary site. MDA-MB-231 cells are
classified as triple negative and Claudin-low cells and do not express the estrogen
receptor, progesterone receptor and HER2 receptor, coinciding with this cell lines poor
prognosis in vivo (Holliday and Speirs 2011). Triple negative breast cancers are usually
invasive, ductal carcinomas that are associated with rapid growth and a decrease in
survival over the first 3 to 5 years after diagnosis when compared with other types of
breast cancer (Foulkes et al. 2010). Women with triple negative breast cancer do not
respond to hormone therapy and typically are forced to resort to chemotherapy. Targeted
agents against triple negative breast cancer is the focus of many current research
investigations (Foulkes et al. 2010).

As with breast cancer, prostate cancer has proven to be one of the most difficult
cell types from which to establish a cell line, because of the heterogeneous tissue types
found in the prostate (van Bokhoven et al. 2003; Russell et al. 1998). As found with
breast cancer cell lines, prostate cancer cell lines are commonly derived from metastatic
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cancers, as cells at the metastatic site are predominantly a single cell type. The three
“classical” human prostate cancer cell lines were developed through the utilization of this
location method.
There are three “classical” in vitro models of human prostate cancer: LNCaP
cells, DU145 cells and PC3 cells. These three cell lines remain the most widely used
models in published prostate cancer research (Sobel and Sadar 2005). In this thesis
LNCaP and PC3 cells are used, as this represents the spectrum of development of
prostate cancer. LNCaP cells represent an early stage, androgen-sensitive prostate
cancer, while PC3 cells represent an advanced stage prostate cancer cell line which is
also androgen-independent. DU145 cells represent an aggressive androgen insensitive
(independent) cell line similar to PC3 cells, but was not used in this study. Both LNCaP
and PC3 cell lines are recognized as being useful to the study of prostate cancer due to
the differing models of disease they represent. LNCaP cells were first isolated from a
human metastatic prostate adenocarcinoma which had metastasized to a lymph node in a
50 year old, white male (Horoszewicz et al. 1980; Cunningham and You 2015). LNCaP
cells are androgen-sensitive and are a slow growing cell line, doubling every 60-72 hours.
LNCaP cells were found to be capable of growth in the absence of androgens, however,
they grow significantly faster in the presence of androgens (Horoszewicz et al. 1980).
PC3 cells were isolated from a vertebral lumbar vertebrae metastasis of prostate cancer
(Kaighn et al. 1979). These cells were described as having good adhesion to tissue
culture dishes and demonstrated reliable growth with a doubling time of approximately
33 hours. There was a concern that few cell lines were available that were entirely made

19

up of carcinoma cells before the isolation of PC3 cells (Cunningham and You 2015). It
was noted that dihydrotestosterone did not affect cellular growth of PC3 cells,
demonstrating androgen-independence (Kaighn et al. 1979). PC3 cells are known as the
most aggressive prostate cancer cell line amongst those that are commonly used.

2.3 Polyamine Biosynthesis and Catabolism
Polyamine research can be dated back several centuries. Polyamines were first
discovered in 1678 by Anthonii van Leeuwenhoek, who identified crystals in semen
which were later identified to be spermine (Gerner and Meyskens 2004). Putrescine was
originally identified in microbes in the late 1800s and spermidine was identified in the
early 20th century while the structures of the polyamines were elucidated much later
(Gerner and Meyskens 2004). Collectively, the polyamines are: putrescine, spermidine,
and spermine (Wallace 2009). Due to the gap between discovery and characterization the
names of spermine and spermidine refer to the original site of discovery of these two
compounds while the name of putrescine refers to the large quantities of the compound
found in putrefying flesh (Wallace et al. 2003). Historically, polyamines were thought of
as intracellular growth factors, but polyamines have more recently been found to regulate
apoptosis as well (Wallace et al. 2003).
Polyamines are found in all living species, aside from two orders of Archaea, and
are essential for cellular growth and proliferation, cell differentiation and the avoidance
of apoptosis (Wallace et al. 2003). At physiological pH, polyamines are cations,
possessing a positive charge on each nitrogen atom. This positive charge allows
polyamines to interact with polyanionic macromolecules intracellularly (Wallace et al.
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2003). The major function of polyamines lies in their ability to bind to and change the
conformation of DNA, RNA, ATP and proteins, as well as acidic phospholipids in
membranes (Thomas and Thomas 2003; Wallace et al. 2003). Polyamines can bind to
RNA, resulting in conformational changes in the RNA, leading to increased protein
synthesis (Igarashi and Kashiwagi 2010). Similarly, polyamines can bind to and stimulate
the assembly of the 30S subunit of ribosomes, to further contribute to increased protein
synthesis (Igarashi and Kashiwagi 2010). Although polyamines interact more weakly
with DNA and ATP, their charge does also allow them to bind to these molecules. By
binding to DNA, polyamines can again cause conformational through clamping together
two different molecules or two different areas of the same molecule. These
conformational changes may result in increased transcription (Igarashi and Kashiwagi
2010). Polyamine binding to ATP allows ATP to more easily phosphorylate protein
kinases and thereby drives enzymatic reactions (Igarashi and Kashiwagi 2010).
However, polyamine biological functioning is not solely dependent on their
existence as a cation. The complexity of regulation and metabolism of polyamines
involves a specific sub-group of proteins. Polyamines have been implicated in several
cellular signaling cascades as part of a feedback loop, where decreased polyamine levels
cause an increase in MAPK signaling, which results in increased ornithine decarboxylase
(ODC) expression, which in turn drives polyamine biosynthesis, resulting in increased
polyamine levels (Thomas and Thomas 2003). Polyamine levels are tightly regulated
within cells, maintaining the minimal concentration required for cell growth without
reaching a harmful or toxic level. Typically, polyamines are synthesized de novo within
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the cell as needed, but polyamines can also be transported into and out of the cell
(Wallace et al. 2003).
Polyamine biosynthesis (anabolism) and catabolism are controlled by a series of
proteins (Figure 2.1). Ornithine decarboxylase (ODC) is the rate limiting factor of
polyamine biosynthesis, responsible for the conversion of ornithine to putrescine (Pegg
2006). The only established route of polyamine synthesis de novo is provided by ODC.
ODC itself is highly regulated and ODC activity is altered through the amount of ODC
protein present. The degradation of ODC is regulated by antizyme (AZ) which is in turn
regulated by antizyme inhibitor (AZI). AZ acts as a non-competitive inhibitor of ODC,
where AZ and ODC will form a dimer which neutralizes ODC activity and increases the
rate of ODC degradation (Pegg 2006; Kahana 2009). AZI is structurally similar to ODC
but lacks any ODC activity while being equally as effective at binding to AZ; AZI
therefore inhibits AZ activity from without decreasing ODC activity (Pegg 2006 Olsen
and Zetter 2011). Polyamines can also be transported out of the cell as a result of AZ
activity and AZ inhibits the transport of polyamines into the cell, further reducing
intracellular polyamine levels (Igarashi and Kashiwagi 2010).
ODC activity is a key regulatory and rate limiting primary step in polyamine
biosynthesis, however, there are also other key enzymes involved in regulating
polyamine biosynthesis. Specifically, S-adenosylmethionine decarboxylase (SAMDC) is
the rate limiting factor governing biosynthesis of spermidine from putrescine and the
biosynthesis of spermine from spermidine. SAMDC converts S-adenosylmethionine to
decarboxylated S-adenosylmethionine, which is then used by spermidine synthase and
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spermine synthase to synthesize spermidine and spermine, respectively (Gerner and
Meyskens 2004). In this way SAMDC is the second key protein, that works in concert
with ODC, in driving polyamine biosynthesis.
In polyamine catabolism there are two key proteins involved,
spermidine/spermine N1-acetyltransferase (SSAT) and polyamine oxidase (PAO), which
act together to catabolize spermine to spermidine and spermidine to putrescine. The first
step of polyamine catabolism uses SSAT to convert spermine to N1-acetylspermine, then
PAO completes the catabolic process by converting N1-acetylspermine to spermidine,
this process is then repeated with SSAT converting spermidine to N1-acetylspermidine
and PAO converting this to putrescine (Casero and Pegg 1993; Shantz and Pegg 1999).
As PAO prefers N1-acetylated polyamines, SSAT is generally held to be the rate limiting
factor in polyamine catabolism (Wang and Casero 2006).
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Figure 2.1 – An adapted overview of polyamine metabolism (Ernestus et al. 2001)
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2.3.1 Dysregulation of Polyamine Biosynthesis and Catabolism
Polyamines are a common research target for anti-cancer therapeutics due to their
effects on cellular proliferation, and the increased concentrations of polyamines
associated with most types of cancer. Increased levels of polyamines have been linked
with many cancers, including prostate cancer, and often polyamine levels increase due to
dysregulation of oncogenes and tumour suppressor genes (Nowotarski et al. 2013). The
prostate gland has among the highest levels of polyamines in the body and therefore
presents the polyamine pathway as a therapeutic target in prostate cancer (Obakan et al.
2014). Attempts at targeting the polyamine biosynthetic pathway have been made as
early as 1972 when a SAMDC inhibitor was first synthesized. These synthetic SAMDC
inhibitors proved to be unacceptably toxic to many patients and the project was not a
success. (Thomas and Thomas 2003). More recently, ODC has been described as an
oncogene due to its role in cellular proliferation, and ODC activity has become the target
of therapies seeking to lower polyamine concentrations in cancer cells (Olsen and Zetter
2011).
Increased ODC expression occurs and has been linked with many different types
of cancer. In prostate cancer, ODC activity can be regulated by androgens in the normal
prostate gland leading to highly elevated ODC levels in androgen-independent prostate
cancer (Olsen and Zetter 2011; Pegg 2006). It has been found that, in vitro, ODC
overexpression alone can lead to carcinogenesis and tumour formation and research is
being done on ODC inhibitors, including several which are currently undergoing clinical
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trials for cancer treatment (Olsen and Zetter 2011; Meyskens et al. 2014). These clinical
trials have not successfully produced a drug as of yet, but the targeting of AZI in cancer
therapy may also prove a sound strategy (Olsen and Zetter 2011). Increased AZI is
associated with decreased patient survival and increased metastatic potential in several
different types of cancer (Kahana 2009; Olsen and Zetter 2011). The disruption of AZI
has been associated with inhibited ODC and decreased polyamine levels leading to a
reduction in cellular growth and proliferation (Kahana 2009).
2.4 Cellular Signaling Pathways
Cellular signaling pathways mediate cellular response to both external and internal
stimuli. For the purpose of this thesis the phosphatidylinositol 3-kinase (PI3K), mitogenactivated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of activated
B cells (NFκB) and activator protein-1 (AP-1) pathways will be focused upon. These
pathways have all been linked with aspects of cellular proliferation and apoptosis in
human cancers.
2.4.1 PI3K/Akt Signaling Pathway
In normal cells the PI3K pathway (Figure 2.2) is an important regulator of many cellular
functions, including: proliferation, growth, apoptosis and cytoskeletal rearrangement
(Cantley 2002; Vivanco and Sawyers 2002). Several components of the PI3K-Akt
pathway have been linked with carcinogenesis in a variety of cancers. The lipid kinase
PI3K itself is a heterodimer consisting of PI3Kp85, the regulatory subunit, and
PI3Kp110, the active subunit. This heterodimer is typically found pre-formed and
inactive within the cell, awaiting signaling for activation (Vivanco and Sawyers 2002;
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Yuan and Cantley 2008). PI3K is activated downstream of receptor tyrosine kinases
(RTK) embedded in the cell membrane and this activation results in the PI3K mediated
phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) which converts it to the
second messenger phosphatidylinositol-3,4,5-triphosphate (PIP3) (Vivanco and Sawyers
2002; Yuan and Cantley 2008). Then, PIP3 activates Akt (also known as protein kinase
B) which is responsible signaling proteins responsible for proliferation, growth and
apoptosis. Briefly, Akt is capable of activating IκB Kinase (IKK) and the mammalian
target of rapamycin (mTOR) protein, which inhibit apoptosis and induce cellular growth
respectively, and deactivating p53, p21 and p27 which results in increased cell
proliferation (Vivanco and Sawyers 2002). The PI3K pathway has also been shown to
lead to ODC activation, a known driver of cell proliferation through the activation of
polyamines (Hayes et al. 2006).
PI3K pathway dysregulation is common in many cancers and is a potential area
for the development of targeted therapies. PI3K pathway mutations are common at every
stage in the pathway and altered expression of PI3K protein levels are found in a broad
range of cancers (Liu et al. 2009). Although PI3K was characterized decades ago, it was
only associated with human cancer in the late 1990s, after demonstrating that the tumour
suppressor PTEN can act as a PI3-lipid phosphatase (Liu et al. 2009). The most common
alteration to PI3K proteins is typically amplification, particularly in the case of PI3Kp110
and Akt (Vara et al. 2004).
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Figure 2.2 – An adapted overview of the PI3K/AktCell Signaling Pathway. Highlighted
proteins signify that they were analyzed using Western blotting in the Results section.
(Mckeown 2015).
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2.4.2 MAPK Signaling Pathway
Mitogen-activated protein kinase (MAPK) pathways (Figure 2.3) are kinases that
link extracellular signaling to intracellular machinery, controlling cellular growth,
proliferation, differentiation, migration and apoptosis (Dhillon et al. 2007) MAPK
pathways are comprised of a three tiered signaling cascade in which a MAPK, is
phosphorylated by a mitogen-activated protein kinase kinase (MAPKK), which is
activated through phosphorylation by a mitogen-activated protein kinase kinase kinase
(MAPKKK). MAPK pathways consist of three major branches: the extracellular signalregulated kinase (ERK) pathway, the c-Jun N-terminal kinase (JNK) pathway and the p38
pathway (Dhillon et al. 2007). These three MAPK pathways are widespread cellular
signaling mechanisms common in the regulation of all eukaryotic cells (Krishna and
Narang 2008).
The first MAPK described was ERK, which is expressed in all tissues of the
human body and plays an important role in cellular proliferation and apoptosis (Krishna
and Narang 2008). ERK signaling begins with RTK and/or G protein-coupled receptors
activating in response to an extracellular stimulus and activates G proteins such as RAS
which in turn activate the MAPKs (Krishna and Narang 2008). This tiered kinase activity
leads to the activation of ERK-1 and ERK-2(Krishna and Narang 2008). Downstream
targets of ERK include the transcription factors c-jun, c-fos and various proteins involved
in cellular proliferation, such as increased ODC expression (Hayes et al. 2006). ERK
dysregulation has been identified in approximately 1/3 of all human cancers, including
prostate cancer (Krishna and Narang 2008; Uzgare et al. 2003).
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JNKs were originally known as stress activated protein kinase (SAPK) but were
renamed to emphasize their role in the activation of the transcription factor c-jun
(Krishna and Narang 2008). Like ERK, JNK exists in two different isoforms: JNK-1 and
JNK-2. The JNK pathway is initially activated by a wide variety of external stimuli
including cytokines, ultraviolet irradiation, DNA damaging agents and to a lesser extent
G protein-coupled receptors among others. JNK-1 and JNK-2 are activated downstream
of MAPK activity and the major target of JNK is the activation of AP-1 through c-jun
activation. JNK expression has been found to be increased in several types of cancer,
including prostate cancer (Krishna and Narang 2008; Uzgare et al. 2003).
The p38 MAPK pathway is involved in osmoregulation, extracellular stress
response and the cell cycle events (Krishna and Narang 2008). Activation of p38 occurs
through almost identical stimuli as JNK activation (Krishna and Narang 2008). p38 can
activate p53 and inhibitors of the cell cycle as well as activate apoptosis (Krishna and
Narang 2008). There is also evidence that suggests that p38 can inhibit JNK signaling
and that increased p38 is linked to decreased ODC expression (Flamigni et al. 2001;
Wagner and Nebreda 2009). Expression of p38 has been linked to in several types of
cancer, including prostate cancer (Uzgare et al. 2003).
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Figure 2.3 – An adapted overview of the MAPK cell signaling pathway. Highlighted
proteins signify that they were analyzed using Western blotting in the Results section.
(McKeown 2015).
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2.4.3 NFκB and AP-1 Signaling Pathways
Both nuclear factor kappa-lightchain-enhancer of activated B cells (NFκB)
(Figure 2.4) and activator protein-1 (AP-1) (Figure 2.5) pathways act as transcription
factors and migrate from the cytoplasm to the nucleus where they bind directly to DNA
and influence protein expression (Fujioka et al. 2004). NFκB and AP-1 are key
transcription factors, altering expression of genes involving inflammation, embryonic
development, oncogenesis and apoptosis. Evidence shows that NFκB and AP-l are
generally activated simultaneously and act in a cooperative manner, despite being
regulated by different mechanisms (Fujioka et al. 2004). The NFκB proteins are divided
into two subfamilies: the NFκB proteins and the Rel proteins (Gilmore 2006). All the
proteins in these two subfamilies share a DNA binding/dimerization domain referred to
as the Rel homology domain (RHD) (Gilmore 2006). The proteins of the NFκB family as
a whole are p50 (also called NFκB1), p52 (also called NFκB2), NFκBp65 (also called
RelA), RelB and c-Rel, with the p50/p65 dimer being a common target in therapeutic
research (Demchenko and Kuehl 2010). NFκB is generally present in cells in its
dimerized form (p50/p65), but is kept inactive by inhibitor of κB (IκB) proteins which
recognize the RHD shared by NFκB proteins and bind to it, thereby blocking NFκB
activity (Gilmore 2006). The most common of these IκBs is inhibitor of κB α (IκBα),
which has the specificity to be able to bind any NFκB protein (Gilmore 2006). IκB is in
turn regulated by IκB Kinase (IKK) which phosphorylates and degrades IκB and allows
NFκB dimers to enter the nucleus and alter gene expression (Gilmore 2006). As NFκB
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dimers are commonly in an inactive state due to IκB, it is IKK which generally initiates
NFκB signaling (Gilmore 2006).
The AP-1 complex was one of the first mammalian transcription factors to be
identified (Shaulian and Karin 2002). AP-1 is activated by a wide range of stimuli and in
turn regulates a wide range of chemical processes, including cellular proliferation, death,
survival and differentiation. The ability of a single transcription factor to have such wide
regulation abilities come from its structural complexity. AP-1 proteins are divided
among four subfamilies (jun, fos, maf and ATF) which form dimers to create the active
AP-1 complex (Shaulian and Karin 2002). The most important of the subfamilies with
respect to cell death and survival, are jun and fos, with c-jun and c-fos being the most
potent/prevalent in each respective family (Shaulian and Karin 2002). Therefore, the
predominant form of AP-1 exists as c-jun/c-fos heterodimers which have a high binding
affinity with the AP-1 site (Fujioka et al. 2004). The AP-1 transcription factor is
generally activated by external stimuli and subsequent signaling through the MAPK
pathway, specifically the JNK and p38 pathways (Shaulian and Karin 2002). In cancer
cells c-jun and c-fos overexpression is common and are considered valuable therapeutic
targets in select cancers due to their role in transcription (Shaulian and Karin 2002;
Shaulian 2010). The role of AP-1 in apoptosis is more complex, with AP-1 being capable
of both activation and inhibition of apoptosis (Shaulian and Karin 2002).
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Figure 2.4 – An adapted overview of the NFκB and AP-1 cell signaling pathways.
Highlighted proteins signify that they were analyzed using Western blotting in the
Results section. (McKeown 2015).
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2.5 Cell Death and Apoptosis
Apoptosis is a naturally occurring event during development and aging and in
maintaining cell populations in tissues. The induction of apoptotic death in malignant
cells is the goal of many chemopreventative and chemotherapeutic strategies.
2.5.1 An Overview of Cell Death Mechanisms
Cell death is fundamental in shaping our bodies during development and in
eliminating unwanted cells. Cell death that occurs according to an intricately regulated,
ATP-dependent intracellular program is called programmed cell death (PCD). There are
multiple forms of programmed cell death, with the first form of regulated programmed
cell death discovered being apoptosis in the early 1990s in C. elegans (Degterev and
Yuan 2008). While apoptosis has been extensively studied, the two other most common
mechanisms of programmed cell death are necrosis and autophagy (Nikoletopoulou et al.
2013). In this thesis the most common and regulated form of programmed cell death,
apoptosis, will be the focus with a brief overview included of autophagy and necrosis.

2.5.2 Apoptosis
The mechanisms of apoptosis are highly complex and regulated through a series
of energy dependent signal cascades. Apoptosis is the fundamental method of
programmed cell death. There are two main apoptotic pathways, the extrinsic or death
receptor pathway and the intrinsic or mitochondrial pathway. Both pathways lead to the
activation of common effector proteins. Evidence has shown a third pathway involving
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T-cell mediated cytotoxicity which is perforin-granzyme-dependent killing of the cell and
is referred to as the perforin/granzyme pathway (Figure 2.6) (Elmore 2007).
The extrinsic pathway of apoptosis is activated by the binding of extracellular
ligands to specific receptors on the outer surface of the cell membrane. These receptors
are referred to as death receptors. These receptors are members of the tumour necrosis
factor (TNF) family of receptors (Elmore 2007). To date one of the best described
ligand/receptor groupings is the fas ligand (FasL) and the fas receptor (FasR). Upon
ligand binding of FasL to FasR, triggering its trimerization and activation, associated
adapter proteins, such as the Fas-associated death domain (FADD) are recruited to bind
to the activated receptor. FADD then bind with procaspase 8, forming the death inducing
signaling complex (DISC), which results in the autocatalytic activation of caspase 8.
Once caspase 8 is activated, the execution phase of apoptosis is triggered through the
cleavage and activation of caspase 3 and triggering the irreversible stages of apoptosis
(Elmore 2007).
The intrinsic pathway of apoptosis activation occurs through non-receptor
mediated stimuli. Caspase activation is linked to the permeabilization of the outer
mitochondrial membrane by pro-apoptotic members of the BCL-2 family as well as
various cytotoxic or pro-apoptotic stimuli. BCL-2 family of proteins include the proapoptotic Bax, Bid and Bad and the anti-apoptotic protein BCL-2. These stimuli produce
intracellular signals that act directly upon the cells mitochondria (Elmore 2007). Potential
stimuli include, but are not limited to radiation, toxins, hypoxia, or the absence of
particular growth factors, hormones or cytokines. Upon disruption of the outer
mitochondrial membrane, proteins such as cytochrome c are released. The release of
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cytochrome c directly triggers caspase 3 activation through the formation of the
cytochrome c/Apaf-1/caspase 9 apoptosome complex. Caspase 3 is then recruited to the
apoptosome complex and is cleaved/activated by caspase 9, allowing caspase 3 to
activate the execution pathway of apoptosis (Fulda and Debatin 2006).
Both the extrinsic and intrinsic apoptosis pathways end up at the point of the
execution pathway of apoptosis. This is the final pathway of apoptosis and is activated
through the execution caspases. Caspase 3 is the most important of the “executioner”
caspase, cleaving various substrates including poly-ADP-ribose-polymerase (PARP),
which is responsible for maintaining genomic integrity, and activates the endonuclease
CAD, resulting in chromatin condensation (Elmore 2007).
Autophagy is a homeostatic, catabolic degradation process through which proteins
and/or organelles are engulfed by autophagosomes, brought to the lysosome and recycled
to sustain cellular metabolism. Autophagy is an integral process in all cells as it removes
damaged or unwanted proteins and organelles. Defects in the autophagic process have
been linked with diseases such as increased metabolic stress, genomic damage and
cancer. Loss of the essential autophagy gene has been found in 40-75% of human breast
and prostate cancers, suggesting it plays a role in suppression of these diseases (Yang et
al. 2011). However, although autophagy is a method of tumour suppression, it has been
found to be induced in tumour cells within hypoxic areas as a method to reduce metabolic
stress associated with increased cell proliferation (Mazure and Pouysségur 2010).
Autophagy is regulated through the mammalian target of rapamycin (mTOR) pathway,
which is activated downstream of PI3K-Akt. When functioning properly autophagy
functions as a tumour suppressor by removing damaged proteins and limiting genomic
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instability. When autophagy is inhibited, apoptosis is promoted in cancerous cells with
proper apoptotic signaling still possible. Autophagy may be an alternative target as a
primary cell death inducer in cells that are resistant to apoptosis, though a primary cell
death mechanism for autophagy has yet to be defined (Yang et al. 2011).
Another alternative to apoptotic mediated cell death is necrosis. Necrosis is
considered to be a passive pathway, following an energy independent mechanism of cell
death (Elmore 2007). Necrosis can be identified through a few major morphological
changes. Cell swelling, distended endoplasmic reticulum, formation of cytosolic blebs,
altered mitochondria and eventually disruption of the cell membrane are characteristics
all linked with necrosis. Necrotic cell injury is linked with either alterations in cell
energy supply or direct disruption of the cell membrane. Apoptosis and necrosis are
intertwined in that it is thought a milder stress to a cell induces apoptosis, whereas
necrosis results from an intense or catastrophic stress upon the cell (Degterev and Yuan
2008).
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Figure 2.5 – An overview of apoptosis pathways (Elmore 2007).

39

2.6 Nannyberry

Nannyberry, also commonly known as sheepberry or sweet viburnum, (Viburnum
lentago L.) is a woody, perennial plant species distributed throughout the northeastern
United States and in Southern Canada ranging from New Brunswick to Saskatchewan
(Figure 2.7). We believe nannyberry presents a potential new source of anticancer
compounds. Currently, there has been very little research done on nannyberry. A search
on PubMed for “Viburnum lentago” indicated the occurrence of two citations. However,
there are several plants in the Viburnum family which have been shown to demonstrate
medicinal uses. The Viburnum clade consists of about 160 species of shrubs and small
trees, that along with being widely distributed in North America, also has species
dispersed throughout eastern Asia and Latin America (Winkworth and Donoghue 2005).
There is very little variation in flower and fruit morphology in the group of plants,
however, there is increased variation exhibited in the fruit colour, endocarp shape, leaf
and bud morphology and inflorescence form (Winkworth and Donoghue 2005).
Nannyberry is shade tolerant and is commonly used as shrub borders, hedges,
windbreaks and riparian buffer zones (Nesom 2001). Nannyberry can be used in
landscaping due to its good seasonal displays of fruit and flowers, along with the leaf
colour change in the fall. The fruit produced by the nannyberry is eaten by many species
of birds and wildlife. Nannyberry is currently classified as a member of the Adoxaceae
family. Formerly a member of the honeysuckle family (Caprifoliaceae) it was updated
based upon its molecular phylogeny (Dean 2014). Reproduction occurs primarily by
seed, with multi-stemmed shrubs or small trees growing up to 9 meters tall. Deciduous
leaves are 5-10 centimeters long and are green, transitioning to red in the fall. The white
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flowers grow in clusters 5-12 centimeters wide. The fruit is berry-like (a drupe) and
round, 10-15 millimeters long. The fruit changes from green to yellow, pink, rose and
finally blue-black and is sweet and edible, with a single, smooth, flat stone. Flowering
occurs in May-June and fruit development in July-September (Nesom 2001). While being
shade tolerant, nannyberry grows well in open sites as well. Common habitats are low
woods, swamp borders, and near streambanks; the shrubs are usually found in rich loam
to clay-loam soil. Nannyberry can be easily transplanted and established and can be
propagated by cuttings. Potential problems with nannyberry are its susceptibility to
powdery mildew in areas with low air circulation and the viburnum leaf beetle (Pyrrhalta
viburni), although Viburnum opulus and not Viburnum lentago is the beetle’s preferred
host (Nesom 2001). Nannyberry is an ecologically important plant due to its ability to
provide food and shelter to wildlife.
Many flowering plants possess economically important compounds, from
fragrances to pharmaceuticals, and we suspect that nannyberry is no different. Our
interest is in targeting anti-cancer, specifically breast and prostate cancer, activity. There
are documented cases of extracts isolated from closely related Viburnum species
possessing bioactivity. Several Viburnum species have been used as both uterine
relaxants and utertonics and for pain relief accompanying menstrual complaints, possibly
due to phytoestrogen constituents (Hardy 2000; Leporatti and Ivancheva 2003). Research
has linked Viburnum species with anti-inflammatory and anti-cancer activity as well,
highlighting the potential for novel anti-cancer compounds present in nannyberry (Bibi et
al. 2010; Waheed et al. 2013; Yildirim et al. 2013). We believe that nannyberry is a
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prime candidate for anticancer research and that it is important to provide novel
information about an underutilized plant.
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Figure 2.6 – Images of nannyberry (Viburnum Lentago L.) fruit, shrub and distribution
map (USDA 2018).
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3. Materials and Methods
All antibodies used in this study were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). All chemicals and materials were purchased from Sigma-Aldrich
Canada unless otherwise indicated.

3.1 Fruit Extraction
High purity, OmniSolv® Brand, HPLC-grade methanol (CH3OH) and chloroform
(CHCl3) were used for fruit extractions (VWR International, Mississauga, ON). Reverseosmosis Milli-Q water was prepared in the laboratory (Millipore Corporation, Billerica,
MA). Fruit samples were harvested and flash frozen at the Agriculture and Agri-Food
Canada Agroforestry Centre in Indian Head, Saskatchewan, before being express shipped
to our lab for processing. Fruit samples were maintained at -80°C until they were
lyophilized. Lyophilized fruit samples were ground into a powder using a cryogrinder.
Approximately 1 gram of material from each sample was used for each extraction.
Extractions were carried out using a one-phase solvent mixture of 1:3:1
water:methanol:chloroform. This solvent mixture was selected to extract a wide range of
polarities. Solvent was added in a 20:1 ratio of solvent to ground plant material.
Extractions were carried out for 2 hours at 37°C, while shaking at 250 rpm. Following
the extraction time, samples were filtered using Whatman filter paper and then dried
using rotary evaporation, until only water remained in the extract. Extracts were then desugared using C18 SPE cartridges. The C18 cartridges were washed using water and the
remaining extract was eluted using methanol. The de-sugared methanol extract was dried
44

using rotary evaporation and left in the desiccator for 3 days. Once dried, samples were
stored at -20°C until needed.
3.2 Cell Culture and Treatment
Human LNCaP and PC3 prostate adenocarcinoma cells and MCF-7 and MDA-MB-231
breast cancer cells (ATCC, Manasses, VA) were cultured on 100 mm plastic tissueculture dishes (Falcon, Mississauga, ON) in α minimum essential medium (α-MEM)
(MCF-7 and MDA-MB-231) and Roswell Park Memorial Institute medium (RPMI)
(LNCaP and PC3) (Gibco, Burlington, ON), supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotic-antimycotic (Invitrogen Canada, Burlington, ON), and were
incubated at 37 °C in 5% CO2. At 70% confluence, cells were exposed to varied
concentrations of de-sugared fruit extracts, dissolved in dimethyl sulfoxide (DMSO), for
24 h [concentration of DMSO in both treated and control cells was 0.25% (v/v)]. Control
cells received only DMSO, at an equivalent volume of the highest volume of DMSO
added for a treatment. After treatment, cells were removed using trypsinethylenediaminetetraacetic acid (EDTA) diluted in phosphate buffered saline (PBS)
(0.25% trypsin and 0.01% EDTA) and re-suspended in α-MEM with 10% FBS and
centrifuged for 5 min at 500x g. The medium was then removed by aspiration. The
remaining cell pellet was re-suspended and washed in cold PBS. Cells were again
centrifuged for 5 min at 500x g. After centrifugation, the PBS was removed by aspiration
and the pellet was then stored at -80 °C until further analysis.
3.3 Alamar Blue Cytotoxicity Assay
Cellular viability after exposure to fruit extracts at varied concentrations for 24 hours was
determined using the Alamar Blue assay (Invitrogen Canada). The Alamar Blue assay
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was performed as per manufacturer’s instruction. The Alamar Blue assay measures
cellular viability through the indicator dye resazurin. Resazurin, a blue compound which
is non-fluorescent, is reduced to resorufin, a pink compound which is highly fluorescent,
by the metabolic activity of viable cells. Alamar Blue is advantageous to use because it is
a nontoxic alternative to the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide) cytotoxicity assay and has been shown to be a more sensitive assay (Hamid et
al. 2004).
Briefly, cells were subcultured into a 96-well plate (Falcon) at 5000 cells/well.
After 24 h incubation at 37 °C in 5% CO2, the cells were treated with a specific extract
for 24 hours. The control for this experiment consisted of cells treated with DMSO only
(concentration of DMSO in both treated and control cells was a maximum of 0.25%
(v/v)). A negative control consisting of wells containing media only (no cells, no
treatment extract and no DMSO) was also evaluated. Alamar Blue was added to each
well, at a final concentration of 10%, 3 hours prior to fluorescence measurement; which
allowed for a 3 hour of exposure to Alamar Blue. After exposure to Alamar Blue,
fluorescence was read with an excitation wavelength of 528 nm and an emission
wavelength of 590 nm.

3.4 Cellular Proliferation Curve
LNCaP human prostate adenocarcinoma cells were subcultured at 75000
cells/plate on 100 mm plastic tissue culture dishes in RPMI supplemented with 10% FBS
and 1% antibiotic-antimycotic (solution of penicillin, streptomycin and Amphotericin B).
Following 24 hours of incubation, cells were counted using a hemocytometer to
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determine cell number at the 0 h time point. Cells were then treated with either 6.25 or 25
µg/mL nannyberry extract in DMSO or DMSO alone (control). Cells were again counted
at 24, 48 and 72 h time points. Triplicate plates were counted for controls and treatments
at each time point.
3.5 Nuclear and Cytosolic Protein Fraction Isolation
Nuclear and cytosolic protein isolation was performed using a nuclear extraction
kit (Cayman Chemical, Ann Arbor, MI) as per manufacturer’s instruction. Briefly, cells
were treated and pelleted (See section 2.2), before suspending cell pellets in 250 µL of
hypotonic buffer (10% 10x hypotonic buffer, 2% phosphatase inhibitors, 1% protease
inhibitors, 87% distilled water) and incubated on ice for 15 min. After 15 min, 50 µL of
10% Nonident P-40 assay reagent was added to each sample and mixed by pipetting.
Samples were centrifuged at 14000 rpm for 30 seconds at 4 °C. The supernatant was then
removed and stored at -80 °C as this represents the cytosolic fraction. The remaining cell
pellet was re-suspended in 50 µL of extraction buffer (50% 2x nuclear extraction buffer,
2% phosphatase inhibitors, 1% protease inhibitors, 37% distilled water) and vortexed for
15 seconds, then shaken for 15 minutes at 0 °C. Samples were vortexed, for 30 seconds,
and shaken a second time for 15 minutes at 0 °C. Finally, samples were centrifuged at
14000 rpm for 10 minutes at 4 °C and the supernatant, representing the nuclear fraction,
was removed and stored at -80 °C until further immunoblot analysis.
3.6 Immunoblot Analysis
Cell pellets were re-suspended in 50 µl of 10 mM Tris-HCl buffer (pH 7.4) containing
1 mM phenylmethylsulfonyl fluoride (PMSF), and briefly sonicated. Cell lysates were
then centrifuged at 14000 rpm for 20 min at 4 °C. The supernatant was removed from the
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pellet and evaluated for protein content. Equal amounts of protein from this extract were
mixed in a 3:1 ratio with standard Laemmli buffer consisting of 50 mM Tris-HCl (pH
6.8), 10% SDS, 0.1% bromophenol blue, 10% glycerol and 100 mM β-mercaptoethanol
and then the samples were boiled for 2 min. Electrophoresis through 10% SDS-PAGE
gels was used to resolve proteins which were then transferred onto nitrocellulose
membranes (Bio-Rad, Mississauga, ON) by electro-blotting. Membranes were then
incubated in the presence of a 1% BSA (w/v) TBS-Tween (0.05% v/v) solution overnight
at 4 °C. Primary antibodies diluted to 1:200 (v/v) were then applied to membranes and
incubated for 2 h at room temperature. After incubation, the membranes were washed 3
times with TBS-Tween (0.05% v/v) for a total of ~20 min and then incubated with
alkaline phosphatase (AP) conjugated secondary antibodies (1:1000) for 1.25 h at room
temperature. After incubation the membranes were again washed 3 times with TBSTween (0.05%) for a total of ~20 min and rinsed with distilled water and then exposed to
SigmaFast BCIP/NBT tablets (Sigma-Aldrich, Oakville, ON) dissolved in distilled water
to visualize protein expression levels. Western blots were then photographed using
Infinity Capture Software (Lumenera Corp., Ottawa, ON) and densitometry was
performed with ImageJ Software (National Institute of Health, Bethesda, MD).
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3.7 Chemical Analysis
A Waters Acquity H-Class, quaternary pump UPLC system (Waters Limited,
Mississauga, ON) equipped with inline degassing, diode array detector (DAD) (210700nm range recorded; 1.2 nm resolution; 20 Hz sampling rate), robotic autosampler and
tandem quadrupole (TQD) mass spectrometer were used for fruit extract profile analysis.
Sample vials were kept refrigerated at 5°C and the reverse phase – charged surface
hybrid (RP-CSH) C18 column (2.1 x 100 mm, 1.7 µm particle size) was heated to 45°C.
Binary water:acetonitrile gradients were used for separation. Solvent flow started at 95%
water with the gradient decreasing to 5% water and then re-equilibrating over a 6 minute
run time. UV-vis spectra were recorded from 200-650 nm, the MS was run in ESI mode,
scanning from 100-2000 a.m.u., with a 15.0 L/min desolvation gas (N2) flow at 450˚C.

A calibration curve was used to calculate the concentration of amentoflavone in
the nannyberry extract. A 5 point dilution series of amentoflavone standard (Indofine,
Hillsborough, NJ) was prepared (0.33 mg/mL down to 0.001 mg/mL) and ran on the
UPLC using a C18 CSH column measuring absorbance at 330 nm. The injection volume
was 2 µL. The peak areas were integrated and plotted against the known concentration to
form a standard curve. Peak integration was then used on the nannyberry extract
amentoflavone peaks to calculate the amount present in our extract.

3.8 Statistical Analysis
Statistical analysis was conducted using GraphPad Prism 7 for Windows (GraphPad
Software, Inc. San Diego, CA). Results of immunoblot analyses and cytotoxicity assay
were compared using a 1-way analysis of variance (ANOVA) with a Dunnett’s multiple
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comparisons test, and results were considered statistically significant at P ≤ 0.05, unless
otherwise stated. Results of cell counts for the cellular proliferation curve were compared
to the corresponding control group cells at each time point using a simple t-test and
results were considered statistically significant at P ≤ 0.05.
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4 Results
4.1 Fruit Extracts Affect Growth of Human Cancer Cells in vitro
The effect of twenty-three different fruit extracts on PC3 and LNCaP human
prostate cancer cells and MDA-MB-231 and MCF-7 human breast cancer cells was
measured using the Alamar blue cytoxicity assay. Viability of cells was assessed at 50,
100 and 200 µg/mL over an exposure period of 24 hours. The American plum extract
showed significant decreases in cell viability in PC3 cells (45 % decrease following the
50 µg/mL treatment, 38 % decrease following the 100 µg/mL treatment and a 61 %
decrease following the 200 µg/mL treatment), LNCaP cells (71 % decrease following the
50 µg/mL treatment), MDA-MB-231 cells (47 % decrease following the 50 µg/mL
treatment, 63 % decrease following the 100 µg/mL treatment and 76 % decrease
following the 200 µg/mL treatment) and MCF-7 cells (49 % decrease following the 50
µg/mL treatment, 63 % decrease following the 100 µg/mL and a 80 % decrease following
the 200 µg/mL treatment) (Figure 4.1). Manchurian crabapple extract showed significant
decreases in cell viability in PC3 cells (62 % decrease following the 200 µg/mL
treatment), MDA-MB-231 cells (28 % decrease following the 50 µg/mL treatment, 47 %
decrease following the 100 µg/mL treatment and a 68 % decrease following the 200
µg/mL treatment) and MCF-7 cells (50 % decrease following the 50 µM treatment, a 58
% decrease following the 100 µg/mL treatment and a 76 % decrease following the 200
µg/mL treatment) (Figure 4.2). The amur maple fruit extract showed significant
decreases in cell viability in PC3 cells (35 % decrease following the 100 µg/mL treatment
and a decrease of 54 % following the 200 µg/mL treatment), MDA-MB-231 cells (28 %
decrease following the 50 µg/mL treatment, a 58 % decrease following the 100 µg/mL
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treatment and a 51% decrease following the 200 µg/mL treatment) and MCF-7 cells (52
% decrease following the 50 µg/mL treatment, a 63 % decrease following the 100 µg/mL
treatment and a 65 % decrease following the 200 µg/mL treatment) (Figure 4.3). The
Arnold hawthorn extract showed significant decreases in cell viability in PC3 cells (21 %
decrease following the 200 µg/mL treatment), LNCaP cells (85 % decrease following the
100 µg/mL treatment and a 65 % decrease following the 200 µg/mL), MDA-MB-231
cells (25 % decrease following the 50 µg/mL treatment, a 50 % decrease following the
100 µg/mL treatment and a 51 % decrease following the 200 µg/mL treatment) and
MCF-7 cells (19 % decrease following the 50 µg/mL treatment, a 42 % decrease
following the 100 µg/mL treatment and a 50 % decrease following the 200 µg/mL
treatment) and a significant increase (26 %) in cell viability in PC3 cells treated at 50 µM
(Figure 4.4). The buffalo berry extract showed significant decreases in cell viability in
LNCaP cells (77 % following the 100 µ µg/mL treatment), MDA-MB-231 cells (31 %
decrease following the 50 µg/mL treatment, a 38 % decrease following the 100 µg/mL
treatment and a 30 % decrease following the 200 µg/mL treatment) and MCF-7 cells (19
% decrease following the 50 µg/mL treatment, a 42 % decrease following the 100 µM
treatment and a 37% decrease following the 200 µg/mL treatment) (Figure 4.5). The bur
oak extract showed significant decreases in cell viability in PC3 cells (48 % decrease
following the 50 µg/mL treatment, a 65 % decrease following the 100 µg/mL treatment
and a 67 % decrease following the 200 µg/mL treatment), LNCaP cells (54 % decrease
following the 200 µg/mL treatment), MDA-MB-231 cells (61 % decrease following the
50 µg/mL treatment, a 74 % decrease following the 100 µg/mL treatment and a 86 %
decrease following the 200 µg/mL treatment) and MCF-7 cells (74 % decrease following
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the 50 µg/mL treatment and a 74 % decrease following the 100 µg/mL treatment) (Figure
4.6). The caragana extract showed significant decreases in cell viability in LNCaP cells
(78 % decrease following the 50 µg/mL, a 70 % decrease following the 100 µg/mL
treatment and a 51 % decrease following the 200 µg/mL treatment), MDA-MB-231 cells
(37 % decrease following the 50 µM treatment) and MCF-7 cells (22 % decrease
following the 50 µg/mL treatment and a 66 % decrease following the 200 µg/mL
treatment) (Figure 4.7). The choke cherry extract showed significant decreases in cell
viability in LNCaP cells (decrease of 86 % following the 50 µg/mL treatment, a decrease
of 34 % following the 100 µg/mL treatment and a decrease of 67 % following the 200
µg/mL treatment), MDA-MB-231 cells (43 % decrease following the 50 µg/mL
treatment, a 25 % decrease following the 100 µg/mL treatment and a 41 % decrease
following the 200 µg/mL treatment) and MCF-7 cells (26 % decrease following the 50
µg/mL treatment, a 82 % decrease following the 100 µg/mL treatment and a 24 %
decrease following the 200 µg/mL) (Figure 4.8). The dogwood extract showed significant
decreases in cell viability in LNCaP cells (61 % decrease following the 50 µg/mL
treatment), MDA-MB-231 cells (38 % decrease following the 200 µg/mL treatment) and
MCF-7 cells (20 % decrease following the 50 µg/mL treatment and a 31 % decrease
following the 200 µg/mL treatment) (Figure 4.9). The Douglas hawthorn extract showed
significant decreases in cell viability in LNCaP cells (49 % decrease following the 50
µg/mL treatment, a 76 % decrease following the 100 µg/mL treatment and a 92 %
decrease following the 200 µg/mL treatment), MDA-MB-231 cells (51 % decrease
following the 200 µg/mL treatment) and MCF-7 cells (31 % decrease following the 50
µg/mL treatment, 36 % decrease following the 100 µg/mL and a 49 % decrease following
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the 200 µg/mL treatment) (Figure 4.10). The green ash extract showed significant
increases in cell viability in PC3 cells (43 % increase following the 50 µg/mL treatment
and a 62 % increase following the 200 µg/mL treatment). The green ash extract showed
significant decreases in cell viability in LNCaP cells (49 % decrease following the 200
µg/mL treatment), MDA-MB-231 cells (35 % decrease following the 200 µg/mL
treatment) and MCF-7 cells (21 % decrease following the 50 µg/mL treatment) (Figure
4.11). The highbush cranberry extract showed significant decreases in cell viability in
PC3 cells (52 % decrease following the 200 µg/mL treatment), LNCaP cells (54 %
decrease following the 50 µg/mL treatment, a 58 % decrease following the 100 µg/mL
treatment and a 79 % decrease following the 200 µg/mL treatment), MDA-MB-231 cells
(49 % decrease following the 100 µg/mL treatment and a 65 % decrease following the
200 µg/mL treatment) and MCF-7 cells (31 % decrease following the 50 µg/mL
treatment, a 27 % decrease following the 100 µg/mL treatment and a 44 % decrease
following the 200 µg/mL treatment) (Figure 4.12). The juniper berry extract showed
significant decreases in cell viability in PC3 cells (76 % decrease following the 100
µg/mL and a 88 % decrease following the 200 µg/mL treatment), LNCaP cells (93 %
decrease following the 200 µg/mL treatment), MDA-MB-231 cells (78 % decrease
following the 100 µg/mL treatment and a 92 % decrease following the 200 µg/mL
treatment) and MCF-7 cells (a 16 % decrease following the 50 µg/mL treatment, a 76 %
decrease following the 100 µg/mL treatment and a 94 % decrease following the 200
µg/mL treatment) (Figure 4.13). The Manitoba maple extract showed significant
decreases in cell viability in LNCaP cells (49 % decrease following the 200 µg/mL
treatment), MDA-MB-231 cells (32 % decrease following the 100 µM treatment) and
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MCF-7 cells (18 % decrease following the 200 µg/mL treatment) (Figure 4.14). The
mountain ash extract showed significant increases in cell viability in PC3 cells (52 %
increase following the 100 µ µg/mL treatment and a 4 % increase following the 200
µg/mL treatment). The mountain ash extract showed significant decreases in cell viability
in LNCaP cells (34 % decrease following the 50 µg/mL treatment, a 64 % decrease
following the 100 µg/mL treatment and a 62 % decrease following the 200 µg/mL
treatment), MDA-MB-231 cells (35 % decrease following the 100 µg/mL treatment) and
MCF-7 cells (29 % decrease following the 200 µg/mL treatment) (Figure 4.15). The
nannyberry extract showed significant decreases in cell viability in LNCaP cells (77 %
decrease following the 50 µg/mL treatment, an 81 % decrease following the 100 µg/mL
treatment and a 81 % decrease following the 200 µg/mL treatment), MDA-MB-231 cells
(42 % decrease following the 50 µg/mL treatment, a 48 % decrease following the 100
µg/mL treatment and a 69 % decrease following the 200 µg/mL treatment) and MCF-7
cells (38 % decrease following the 50 µg/mL treatment, a 34 % decrease following the
100 µg/mL treatment and a 44 % decrease following the 200 µg/mL treatment) (Figure
4.16). The pincherry extract showed significant decreases in cell viability in LNCaP cells
(66 % decrease following the 50 µg/mL treatment, a 73 % decrease following the 100
µg/mL treatment and a 77 % decrease following the 200 µg/mL treatment) and MCF-7
cells (21 % decrease following the 50 µg/mL treatment, 24 % decrease following the 100
µg/mL treatment and a 35 % decrease following the 200 µg/mL treatment) (Figure 4.17).
The red elderberry extract showed significant increases in cell viability in PC3 cells (77
% increase following the 50 µg/mL, a 67 % increase following the 100 µg/mL treatment
and a 68 % increase following the 200 µg/mL treatment). The red elderberry extract
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showed significant decreases in cell viability LNCaP cells (45 % decrease following the
50 µg/mL treatment and a 45 % decrease following the 200 µg/mL treatment), MDAMB-231 cells (31 % decrease following the 50 µg/mL treatment) and MCF-7 cells (27 %
decrease following the 50 µg/mL treatment) (Figure 4.18). The round leaf hawthorn
extract showed significant decreases in cell viability in LNCaP cells (60 % decrease
following the 50 µg/mL treatment, 68 % decrease following the 100 µg/mL treatment
and 67 % decrease following the 200 µg/mL treatment), MDA-MB-231 cells (41 %
decrease following the 100 µg/mL treatment and a 60 % decrease following the 200
µg/mL treatment) and MCF-7 cells (27 % decrease following the 50 µg/mL treatment
and a 44 % decrease following the 200 µg/mL treatment) and a significant increase in
cell viability in PC3 cells (48 % increase following the 50 µg/mL treatment and a 51 %
increase following the 100 µg/mL treatment) (Figure 4.19). The sea buckthorn extract
showed significant decreases in cell viability in PC3 cells (33 % decrease following the
100 µg/mL treatment and a 59 % decrease following the 200 µg/mL treatment), LNCaP
cells (67 % decrease following the 50 µg/mL treatment, an 89 % decrease following the
100 µg/mL treatment and an 85 % decrease following the 200 µg/mL treatment), MDAMB-231 cells (27 % decrease following the 50 µg/mL treatment, a 35 % decrease
following the 100 µg/mL treatment and a 70 % decrease following the 200 µg/mL
treatment) and MCF-7 cells (41 % decrease following the 50 µg/mL treatment, a 52 %
decrease following the 100 µg/mL treatment and a 74 % decrease following the 200
µg/mL treatment) (Figure 4.20). The snowberry extract showed a significant increase in
cell viability in PC3 cells (42 % increase following the 50 µg/mL treatment, a 27 %
increase following the 100 µg/mL treatment and a 26 % increase following the 200
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µg/mL treatment) and significant decreases in MDA-MB-231 cells (37 % decrease
following the 100 µg/mL treatment) and MCF-7 cells (40 % decrease following the 100
µg/mL treatment and a 41 % decrease following the 200 µg/mL treatment) (Figure 4.21).
The wolf willow extract showed a significant increase in cell viability in PC3 cells (21 %
increase following the 50 µg/mL treatment). The wolf willow extract showed significant
decrease in cell viability in PC3 cells (24 % decrease following the 200 µg/mL
treatment), LNCaP cells (47 % decrease following the 200 µg/mL treatment), MDA-MB231 cells (26 % decrease following the 100 µg/mL treatment) and MCF-7 cells (27 %
decrease following the 200 µg/mL treatment) (Figure 4.22). The woods rose extract
showed significant decreases in cell viability in MCF-7 cells (39 % decrease following
the 50 µg/mL treatment and a 36 % decrease following the 100 µg/mL treatment) (Figure
4.23).
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Figure 4.1 – Effect of American Plum fruit extract on cellular viability of prostate and
breast cancer cells in vitro: American Plum de-sugared fruit extract is cytotoxic to PC3,
LNCaP, MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with
either DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.2 – Effect of Manchurian Crabapple fruit extract on cellular viability of prostate
and breast cancer cells in vitro: Manchurian Crabapple de-sugared fruit extract is
cytotoxic to PC3, MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were
treated with either DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours.
Cytotoxicity was determined using the Alamar Blue assay. Fluorescence was read at 528
nm (excitation) and 590 nm (emission). Control cells were set to 100% cell viability. All
experiments were performed with an n value of at least 3. (*) indicates P ≤ 0.05
(ANOVA).
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Figure 4.3 – Effect of Amur Maple fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Amur Maple de-sugared fruit extract is cytotoxic to PC3, MDAMB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.4 – Effect of Arnold Hawthorn fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Arnold Hawthorn de-sugared fruit extract is cytotoxic to PC3, LNCaP,
MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined using the
Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm (emission). Control
cells were set to 100% cell viability. All experiments were performed with an n value of at least
3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.5 – Effect of Buffalo Berry fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Buffalo Berry de-sugared fruit extract is cytotoxic to LNCaP,
MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either
DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).

62

B O -P C 3

B O -L N C a P
1 .5

% C o n tr o l

% C o n tr o l

1 .5

1 .0

*
*

*

0 .5

0 .0

*
0 .5

0 .0
C o n tro l

50

100

200

C o n tro l

50

100

200

C o n c e n tr a tio n (u g /m L )

C o n c e n tr a tio n (µ g /m L )

B O -2 3 1

B O -M C F 7
1 .5

% C o n tr o l

1 .5

% C o n tro l

1 .0

1 .0

*
*
*

0 .5

0 .0

1 .0

*

*

0 .5

0 .0
C o n tro l

50

100

200

C o n tro l

C o n c e n tr a tio n (µ g /m L )

50

100

200

C o n c e n tr a tio n (u g /m L )

Figure 4.6 – Effect of Bur Oak fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Bur Oak de-sugared fruit extract is cytotoxic to PC3, LNCaP, MDAMB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.7 – Effect of Caragana fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Caragana de-sugared fruit extract is cytotoxic to LNCaP, MDA-MB231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.8 – Effect of Chokecherry fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Chokecherry de-sugared fruit extract is cytotoxic to LNCaP, MDAMB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.9 – Effect of Dogwood fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Dogwood de-sugared fruit extract is cytotoxic to LNCaP, MDAMB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.10 – Effect of Douglas Hawthorn fruit extract on cellular viability of prostate
and breast cancer cells in vitro: Douglas Hawthorn de-sugared fruit extract is cytotoxic to
LNCaP and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
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(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.11 – Effect of Green Ash fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Green Ash de-sugared fruit extract is cytotoxic to PC3, LNCaP,
MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either
DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.12 – Effect of High Bush Cranberry extract on cellular viability of prostate and breast
cancer cells in vitro: High Bush Cranberry de-sugared fruit extract is cytotoxic to PC3, LNCaP,
MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined using the
Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm (emission).

Control cells were set to 100% cell viability. All experiments were performed with an n
value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.13 – Effect of Juniper fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Juniper de-sugared fruit extract is cytotoxic to PC3, LNCaP, MDAMB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.14 – Effect of Manitoba Maple fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Manitoba Maple de-sugared fruit extract is cytotoxic to
LNCaP, MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with
either DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.15 – Effect of Mountain Ash fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Mountain Ash de-sugared fruit extract is cytotoxic to PC3,
LNCaP, MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with
either DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.16 – Effect of Nannyberry fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Nannyberry de-sugared fruit extract is cytotoxic to LNCaP,
MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with either
DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.17 – Effect of Pincherry fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Pincherry de-sugared fruit extract is cytotoxic to LNCaP and MCF-7
human cancer cells in vitro. Cells were treated with either DMSO (Control), 50, 100 or
200 µg/mL of extract for 24 hours. Cytotoxicity was determined using the Alamar Blue
assay. Fluorescence was read at 528 nm (excitation) and 590 nm (emission). Control cells
were set to 100% cell viability. All experiments were performed with an n value of at
least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.18 – Effect of Red Elderberry fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Red Elderberry de-sugared fruit extract is cytotoxic to PC3,
LNCaP, MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with
either DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.19 – Effect of Round Leaf Hawthorn fruit extract on cellular viability of prostate
and breast cancer cells in vitro: Round Leaf Hawthorn de-sugared fruit extract is
cytotoxic to LNCaP, MDA-MB-231 and MCF-7 human cancer cells in vitro. The round
leaf hawthorn extract increased cell viability at low treatments in PC3 human cancer
cells. Cells were treated with either DMSO (Control), 50, 100 or 200 µg/mL of extract
for 24 hours. Cytotoxicity was determined using the Alamar Blue assay. Fluorescence
was read at 528 nm (excitation) and 590 nm (emission). Control cells were set to 100%
cell viability. All experiments were performed with an n value of at least 3. (*) indicates
P ≤ 0.05 (ANOVA).
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Figure 4.20 – Effect of Sea Buckthorn fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Sea Buckthorn de-sugared fruit extract is cytotoxic to PC3,
LNCaP, MDA-MB-231 and MCF-7 human cancer cells in vitro. Cells were treated with
either DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.21 – Effect of Snowberry fruit extract on cellular viability of prostate and breast
cancer cells in vitro: Snowberry de-sugared fruit extract is cytotoxic to PC3, MDA-MB231 and MCF-7 human cancer cells in vitro. Cells were treated with either DMSO
(Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was determined
using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation) and 590 nm
(emission). Control cells were set to 100% cell viability. All experiments were performed
with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.22 – Effect of Wolf Willow fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Wolf Willow de-sugared fruit extract is cytotoxic to PC3,
LNCaP, MDA-MB-231 and MCF-7 human cancer cells in vitro, although at low dosages
cell viability increased in PC3 cells following treatment. Cells were treated with either
DMSO (Control), 50, 100 or 200 µg/mL of extract for 24 hours. Cytotoxicity was
determined using the Alamar Blue assay. Fluorescence was read at 528 nm (excitation)
and 590 nm (emission). Control cells were set to 100% cell viability. All experiments
were performed with an n value of at least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Figure 4.23 – Effect of Woods Rose fruit extract on cellular viability of prostate and
breast cancer cells in vitro: Woods Rose de-sugared fruit extract is cytotoxic to MCF-7
human cancer cells in vitro. Cells were treated with either DMSO (Control), 50, 100 or
200 µg/mL of extract for 24 hours. Cytotoxicity was determined using the Alamar Blue
assay. Fluorescence was read at 528 nm (excitation) and 590 nm (emission). Control cells
were set to 100% cell viability. All experiments were performed with an n value of at
least 3. (*) indicates P ≤ 0.05 (ANOVA).
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Table 1: Summary of the effect of fruit extracts on human PC3 human prostate cancer
cells. Figures 4.1 – 4.23 PC3 cell viability results are summarized by a (-), where the cell
viability was found to statistically decrease following treatment, a (+), whereby the cell
viability was found to statistically increase following treatment and (N/A), whereby no
statistically significant changes occurred.
Plant Extract Derived From
American Plum
Manchurian Crabapple
Amur Maple
Arnold Hawthorn
Buffalo Berry
Bur Oak
Caragana
Chokecherry
Dogwood
Douglas Hawthorn
Green Ash
High Bush Cranberry
Juniper
Manitoba Maple
Mountain Ash
Nannyberry
Pincherry
Red Elderberry
Round Leaf Hawthorn
Sea Buckthorn
Snowberry
Wolf Willow
Woods Rose

50 µg/mL
Treatment
N/A
N/A
+
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
+
+
N/A
+
+
N/A
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100 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
+
+
+
N/A
N/A

200 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
+
N/A
+
N/A

Table 2: Summary of the effect of fruit extracts on human LNCaP human prostate cancer
cells. Figures 4.1 – 4.23 LNCaP cell viability results are summarized by a (-), where the
cell viability was found to statistically decrease following treatment, a (+), whereby the
cell viability was found to statistically increase following treatment and (N/A), whereby
no statistically significant changes occurred.
Plant Extract Derived From
American Plum
Manchurian Crabapple
Amur Maple
Arnold Hawthorn
Buffalo Berry
Bur Oak
Caragana
Chokecherry
Dogwood
Douglas Hawthorn
Green Ash
High Bush Cranberry
Juniper
Manitoba Maple
Mountain Ash
Nannyberry
Pincherry
Red Elderberry
Round Leaf Hawthorn
Sea Buckthorn
Snowberry
Wolf Willow
Woods Rose

50 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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100 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

200 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Table 3: Summary of the effect of fruit extracts on human MDA-MB-231 human breast
cancer cells. Figures 4.1 – 4.23 MDA-MB-231cell viability results are summarized by a
(-), whereby the cell viability was found to statistically decrease following treatment, a
(+), whereby the cell viability was found to statistically increase following treatment and
(N/A), whereby no statistically significant changes occurred.
Plant Extract Derived From
American Plum
Manchurian Crabapple
Amur Maple
Arnold Hawthorn
Buffalo Berry
Bur Oak
Caragana
Chokecherry
Dogwood
Douglas Hawthorn
Green Ash
High Bush Cranberry
Juniper
Manitoba Maple
Mountain Ash
Nannyberry
Pincherry
Red Elderberry
Round Leaf Hawthorn
Sea Buckthorn
Snowberry
Wolf Willow
Woods Rose

50 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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100 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
-

200 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Table 4: Summary of the effect of fruit extracts on human MCF-7 human breast cancer
cells. Figures 4.1 – 4.23 MCF-7 viability results are summarized by a (-), whereby the
cell viability was found to statistically decrease following treatment, a (+), whereby the
cell viability was found to statistically increase following treatment and (N/A), whereby
no statistically significant changes occurred.
Plant Extract Derived From
American Plum
Manchurian Crabapple
Amur Maple
Arnold Hawthorn
Buffalo Berry
Bur Oak
Caragana
Chokecherry
Dogwood
Douglas Hawthorn
Green Ash
High Bush Cranberry
Juniper
Manitoba Maple
Mountain Ash
Nannyberry
Pincherry
Red Elderberry
Round Leaf Hawthorn
Sea Buckthorn
Snowberry
Wolf Willow
Woods Rose

50 µg/mL
Treatment
N/A
N/A
N/A
N/A
-
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100 µg/mL
Treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
-

200 µg/mL
Treatment
N/A
N/A
N/A
N/A

After analysis of all 23 extracts, nannyberry (Figure 4.16), was selected as the lead
candidate extract for further analysis. Nannyberry’s selection was determined by the cell
specific reaction that was demonstrated in Figure 4.16. The nannyberry extract showed
significant decreases in the LNCaP cell line at low dosages and comparatively no effect
on the PC3 cell line. This cell specific reaction highlights a likely cell mechanistic
response occurring and not just necrosis. Several other factors were considered when
selecting nannyberry as the lead candidate extract, including: crop production (grows
quickly and the fruit can be picked), it is cold tolerant (has a widespread range and can
grow in Prince Edward Island) and the fruit is edible, unlike most other species of
Viburnum.

4.2 Nannyberry Extract Contains Bio-active Biflavonoids
Using RP-CSH C18 UPLC-MS, the de-sugared nannyberry extract was analyzed
to provide information on the berry’s chemical profile. Three major diode array peaks
were observed using UPLC, which were identified using commercial standards as
amentoflavone (Indofine, Hillsborough, NJ) (Figure 4.25) and hinokiflavone (Indofine,
Hillsborough, NJ) (Figure 4.27), with robustaflavone identified as the middle peak
(Figure 4.26). None of these biflavonoids are novel compounds (Lee et al. 2007) (Figure
4.28), although none have been reported before in nannyberry. Three different genotypes
of nannyberry were compared using UPLC and no major differences among genotypes
were present in the chromatograms (Figure 4.29). The effect of environmental site
between two areas of Saskatchewan (Indian Head and Melville) were also examined via
chromatography and no major differences were found (Figure 4.29). Using a standard of
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amentoflavone, the concentration of amentoflavone in the de-sugared extract was
calculated to be 0.483 mg per gram of whole fruit (Figure 4.30, Table 5). Based upon the
differences in peak integrations when comparing amentoflavone to robustaflavone and
hinokiflavone, the concentration of robustaflavone was estimated to be approximately
0.187 mg/g and the concentration of hinokiflavone to be approximately 0.093 mg/g
(Table 5). These concentration estimations are assuming that the compounds possess
equivalent absorbance coefficients.
Cell viabilities of androgen-sensitive LNCaP and PC3 human prostate cancer cells
were measured following a 24 hour exposure to the de-sugared nannyberry extract and
two biflavonoids, amentoflavone and hinokiflavone, identified in the nannyberry extract
using the Alamar Blue assay. A standard for robustaflavone could not be sourced at the
time of the experiment. In LNCaP cells, amentoflavone was shown to significantly
reduce cell viability at 50, 100 and 200 µg/ml concentrations (decreases of 37 %, 48 %
and 42 % respectively), while having a significant increase in viability at the 12.5 µg/mL
dosage (21 % increase). Similarly, in PC3 cells amentoflavone showed significant
increases at the lower dosages of 6.25 and 12.5 µg/mL (24 % increase and a 22 %
increase respectively), while showing significant decreases at 50, 100 and 200 µg/mL (19
% decrease, a 62 % decrease and an 84 % decrease, respectively) (Figure 4.31). In
LNCaP cells hinokiflavone was shown to significantly reduce cell viability at 25, 50 and
100 µg/mL (47 % decrease, a 54 % decrease and a 63 % decrease, respectively) and the
combination of both amentoflavone and hinokiflavone (5:1) was shown to have no
significant decreases in cell viability and an increase at 12.5 and 25 µg/mL treatments (47
% increase and a 29 % increase, respectively) (Figure 4.31). The de-sugared nannyberry
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extract, previously shown to be cytotoxic (Figure 4.16) was tested again at lower dosages
and was found to significantly decrease cell viability in LNCaP cells at dosages as low as
6.25 µg/mL, as well as 12.5, 25, 50, 100 and 200 µg/mL (decreases of 21 %, 37 %, 55 %,
69 %, 81 % and 81 %, respectively. In PC3 cells, the de-sugared nannyberry extract had
no significant differences (Figure 4.31).
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A

B

C

Figure 4.24 – UPLC-DAD chromatogram of de-sugared Nannyberry fruit extract:
Chromatogram showing UV-Vis (total diode array) (A) and MS spectra in positive ion
mode (B) and negative ion mode (C) of nannyberry extract. Minutes is along the x-axis,
with absorbance units (A) and ion intensity (B and C) along the y-axis.
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Figure 4.25 – Amentoflavone standard UPLC-DAD chromatogram: Chromatogram
showing magnified UV-Vis (total diode array) highlighting peak separation (A) and MS
spectra (B) and absorbance (C) of highlighted peak in nannyberry extract. Based on
mass, UV absorption, and comparison to a commercial standard the peak is identified as
the biflavonoid amentoflavone.
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Figure 4.26 – Robustaflavone standard UPLC-DAD chromatogram: Chromatogram
showing magnified UV-Vis (total diode array) highlighting peak separation (A) and MS
spectra (B) and absorbance (C) of highlighted peak in nannyberry extract. Based on
mass, UV absorption, and comparison to retention times published in the literature, the
peak is identified as the biflavonoid robustaflavone.
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Figure 4.27 – Hinokiflavone standard UPLC-DAD chromatogram: Chromatogram
showing magnified UV-Vis (total diode array) highlighting peak separation (A) and MS
spectra (B) and absorbance (C) of highlighted peak in nannyberry extract. Based on
mass, UV absorption, and comparison to a commercial standard the peak is identified as
the biflavonoid hinokiflavone.
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Figure 4.28 – Chemical structures of nannyberry biflavonoids: Structures of the three
biflavonoids, amentoflavone, robustaflavone and hinokiflavone, identified as the major
peaks in the nannyberry extract. Structures obtained courtesy of PubMed.
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Figure 4.29 – Comparing environmental variations using UPLC-DAD chromatography:
Diode array of three different nannyberry genotypes from one site at Indian Head,
Saskatchewan (A) compared with a different environmental site at Melville,
Saskatchewan (B) with the same accessions.
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Figure 4.30 – UPLC-DAD Amentoflavone calibration curve: Calibration curve calculated
using peak integration vs concentration of amentoflavone standard used in dilution series.
UPLC UV chromatogram data collected using absorbance at 330 nm. The concentration
of amentoflavone decreases in a linear fashion from the top chromatogram to the bottom
chromatogram.
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Table 5 – Concentrations of biflavonoids found in Nannyberry whole fruit: Data
calculated shows the concentration of amentoflavone found in the whole Nannyberry
fruit and estimates the concentration of robustaflavone and hinokiflavone present, as
standards were not available when analysis occurred. Data calculated using a calibration
curve (Figure 4.30) to calculate percent dry weight and converting this number into a
mg/g concentration. Three different lineages of nannyberry shrubs across two different
site locations were used for calculations.

Sample
Nb-1
Nb-2
Nb-3
Nb-4
Nb-5
Nb-6
Avg.

Amentoflavone
mg/g
0.285
0.292
0.259
0.600
0.437
1.025
0.483

Robustaflavone
mg/g (Est.)
0.167
0.152
0.098
0.224
0.180
0.302
0.187
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Hinokiflavone
mg/g (Est.)
0.039
0.045
0.053
0.118
0.089
0.213
0.093
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Figure 4.31 – Effect of de-sugared nannyberry fruit extract on cell viability: A) Cell
viability of LNCaP and PC3 human prostate cancer cells was measured following 24
hour exposure to the biflavonoid amentoflavone. B) Cell viability of LNCaP cells was
measured following 24 hour treatment of hinokiflavone and a ratio of 5:1 of
amentoflavone:hinokiflavone (ratio determined using Table 1). C) Cell viability of
LNCaP and PC3 cells after exposure to de-sugared nannyberry extract for 24 hours. Cell
viability was determined using the Alamar Blue assay. Fluorescence was read at 528 nm
(excitation) and 590 nm (emission). Control cells were set to 100% cell viability. All
experiments were performed with an n value of at least 3. (*) indicates P ≤ 0.05.
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4.3 Nannyberry Extract Affects Cellular Proliferation and Key Proliferation Linked
Activities
As displayed in Figure 4.16, the de-sugared nannyberry extract is cytotoxic to
several different human cancer cell lines in vitro. The LNCaP human prostate cancer cell
line was chosen for further research due to the unique differences between the early stage
model of prostate cancer cells, LNCaP, and the late stage model of prostate cancer cells,
PC3. To confirm that cellular proliferation played a role in the reduction in cell viability
found in LNCaP cells, a proliferation curve experiment was carried out. Results from the
proliferation curve demonstrate the significant reduction in proliferation of LNCaP cells
by 48 hours at a dosage of 6.25 µg/mL (19 % decrease) and a significant reduction in
proliferation of LNCaP cells by 24 hours at the 25 µg/mL treatment concentration (47 %
decrease) (Figure 4.32).
As a result of the proliferation curve, the effect of the nannyberry extract on the
expression of key proteins involved in proliferation linked activities was measured using
Western blotting. In LNCaP cells treated at 25 µg/mL for 24 hours, significant decreases
in the protein expression levels of AZ, ODC and SAMDC were noted. These decreases
were by 21 %, 55 % and 44 %, respectively. There was a significant increase in PAO
protein expression (126 % increase following the 24 hour 25 µg/mL treatment).
Ribonucleotide reductase 1 and 2 (R1 and R2) protein expression levels were found to
significantly decrease following the 24 hour treatment at 25 µg/mL (decreases of 30 %
and 60 % respectively), while also significantly decreasing (P ≤ 0.01) in R2 at 6.25
µg/mL after a 24 hour treatment (27 % decrease) (Figures 3.33 and 3.34).
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Figure 4.32 – Effect of nannyberry de-sugared fruit extract on cellular proliferation:
Nannyberry extract reduces cell proliferation in androgen-sensitive LNCaP human
prostate cancer cells. Cells were treated with either DMSO (control) or nannyberry
extract at 6.25 μg/mL or 25 μg/mL over a 24 hour exposure. Cell counts were done in
triplicate using a hemocytometer. Asterisk indicates P ≤ 0.05 (T-test).
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Figure 4.33 – Effect of nannyberry de-sugared fruit extract on cellular proliferationlinked protein expression: Nannyberry extract affects key proliferation linked proteins in
LNCaP human prostate cancer cells. Western blot analysis of protein expression levels in
LNCaP cells treated with: DMSO (Control), 6.25 μg/mL nannyberry extract and 25
μg/mL nannyberry extract over a 24 hour exposure. Actin was used as a loading control.
Each blot shown is representative of results obtained from at least three replications using
separate samples.
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Figure 4.34 - Effect of nannyberry de-sugared fruit extract on cellular proliferation-linked
protein expression: Nannyberry extract affects expression of key proliferation linked
proteins in LNCaP human prostate cancer cells. Western blot analysis of protein
expression levels in LNCaP cells treated with: DMSO (Control), 6.25 μg/mL nannyberry
extract and 25 μg/mL nannyberry extract over a 24 hour exposure. Representative
Western blot figures consist of average (n=3) protein expression levels relative to a
control. (*) indicates significance at P ≤ 0.1 and (**) indicates significance at P ≤ 0.05
(ANOVA).
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4.4 Nannyberry Affects Cellular Signaling Pathway Protein Expression
The effect of nannyberry on the expression of key proteins associated with several
cellular signaling pathways was also analyzed to provide more insight into the cells
response when exposed to the nannyberry extract. With respect to the MAPK pathway,
ERK-1 (36 % decrease), p-ERK-1 (28 % decrease), p-ERK-2 (26 % decrease), JNK-1
(48 % decrease), JNK-2 (22 % decrease) and p-p38 (31 % decrease) were all shown to
significantly decrease following 24 hour exposure to 25 µg/mL of nannyberry extract,
with JNK-1 showing a significant decrease following the 6.25 µg/mL treatment as well
(13 % decrease). There was a significant increase in the protein expression of p38
following the 24 hour exposure of 25 µg/mL of nannyberry extract (27 % increase)
(Figures 3.35 and 3.36). Of the PI3K pathway proteins p-Akt was shown to have a
significant increase following both 6.25 and 25 µg/mL 24 hour treatments (30 % and 60
% increases, respectively. There was a significant decrease in p85, p-p85 and p110 as a
result of the 25 µg/mL 24 hour treatment (decreases of 76 %, 32 % and 40 %
respectively) (Figures 3.37 and 3.38). With respect to significant changes in protein
expression in the NFκB and AP1 pathway following 24 hour treatment of nannyberry
extract IκBα decreased at both 6.25 and 25 µg/mL (16 % and 33 % increases
respectively), p-IκBα decreased at 25 µg/mL (42 % decrease) and p65 cytosol and p65
nuclear both decreased at 25 µg/mL (30 % and 13 % decreases, respectively) (Figures
3.39 and 3.40).
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Figure 4.35 – Effect of nannyberry de-sugared fruit extract on protein expression of
MAPK pathway proteins: Nannyberry affects expression of MAPK pathway proteins in
LNCaP cells in vitro. Western blot analysis of protein expression levels in LNCaP cells
treated with: DMSO (Control), 6.25 μg/mL nannyberry extract and 25 μg/mL nannyberry
extract over a 24 hour exposure. Actin was used as a loading control. Each blot shown is
representative of results obtained from at least three replications using separate samples.
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Figure 4.36 – Effect of nannyberry de-sugared fruit extract on protein expression of MAPK
pathway proteins: Nannyberry affects expression of MAPK pathway proteins in LNCaP cells in
vitro. Western blot analysis of protein expression levels in LNCaP cells treated with: DMSO
(Control), 6.25 μg/mL nannyberry extract and 25 μg/mL nannyberry extract over a 24 hour
exposure. Representative Western blot figures consist of average (n=3) protein expression levels
relative to a control. (*) indicates significance at P ≤ 0.1 and (**) indicates significance at P ≤
0.05 (ANOVA).
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Figure 4.37 - Effect of nannyberry de-sugared fruit extract on protein expression of PI3K
pathway proteins: Nannyberry affects expression of PI3K pathway proteins in LNCaP
cells in vitro. Western blot analysis of protein expression levels in LNCaP cells treated
with: DMSO (Control), 6.25 μg/mL nannyberry extract and 25 μg/mL nannyberry extract
over a 24 hour exposure. Actin was used as a loading control. Each blot shown is
representative of results obtained from at least three replications using separate samples.
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Figure 4.38 - Effect of nannyberry de-sugared fruit extract on protein expression of PI3K
pathway proteins: Nannyberry affects expression of PI3K pathway proteins in LNCaP
cells in vitro. Western blot analysis of protein expression levels in LNCaP cells treated
with: DMSO (Control), 6.25 μg/mL nannyberry extract and 25 μg/mL nannyberry extract
over a 24 hour exposure. Representative Western blot figures consist of average (n=3)
protein expression levels relative to a control. (**) indicates significance at P ≤ 0.05
(ANOVA).
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Figure 4.39 - Effect of nannyberry de-sugared fruit extract on protein expression of NFκB and
AP1 pathway proteins: Nannyberry affects expression of NFκB and AP1 pathway proteins in
LNCaP cells in vitro. A) Western blot analysis of protein expression levels in LNCaP cells
treated with: DMSO (Control), 6.25 μg/mL nannyberry extract and 25 μg/mL nannyberry extract
over a 24 hour exposure. Actin was used as a loading control. Each blot shown is representative
of results obtained from at least three replications using separate samples. B) Representative
Western blot of histone H2B protein indicates nuclear protein enrichment.
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Figure 4.40 - Effect of nannyberry de-sugared fruit extract on protein expression of NFκB
and AP1 pathway proteins: Nannyberry affects expression of NFκB and AP1 pathway
proteins in LNCaP cells in vitro. Western blot analysis of protein expression levels in
LNCaP cells treated with: DMSO (Control), 6.25 μg/mL nannyberry extract and 25
μg/mL nannyberry extract over a 24 hour exposure. Representative Western blot figures
consist of average (n=3) protein expression levels relative to a control. (*) indicates
significance at P ≤ 0.1 and (**) indicates significance at P ≤ 0.05 (ANOVA).
Representative Western blot of histone H2B protein indicates nuclear protein enrichment.
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4.5 Nannyberry Affects Apoptosis Pathway Protein Expression
As previously discussed (Figure 4.16 and Figure 4.31), the nannyberry extract has
been shown to be cytotoxic to LNCaP human prostate cancer cells in vitro. Following the
analysis of the cytotoxicity of the nannyberry extract, along with assessing the effect of
nannyberry extract on the expression levels of key proliferation linked proteins, the effect
of nanny berry extract on key proteins associated with apoptosis was also now
determined. Apoptosis linked proteins were analyzed for altered protein expression to
provide further insight into the mechanism whereby the nannyberry extract plays a role in
cellular function. It was hypothesized that the significant decreases in cell viability
exhibited by the de-sugared nannyberry extract were occurring via an apoptotic pathway.
With respect to significant changes in protein expression in the apoptosis linked
pathway proteins following 24 hour treatment of nannyberry extract caspase 8 increased
following the 25 µg/mL treatment (37 % increase), caspase 9 increased after both 6.25
and 25 µg/mL treatments (67 % and 96 % increases respectively), caspase 3 increased
after both 6.25 and 25 µg/mL treatments (24 % and 31 % increases respectively), cleaved
PARP decreased after the 25 µg/mL treatment (22 % decrease), cytochrome C decreased
after both 6.25 and 25 µg/mL treatments (20 % and 24 % decreases respectively), Fas-L
increased after the 25 µg/mL treatment (24 % increase), PAR4 increased after the 25
µg/mL treatment (39 % increase), survivin decreased after both 6.25 and 25 µg/mL
treatment (34 % and 31 % respectively) and TRAIL increased after the 25 µg/mL
treatment (44 % increase) (Figures 3.41 and 3.42).
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Figure 4.41 – Effect of nannyberry de-sugared fruit extract on protein expression of
apoptosis-linked proteins: Nannyberry affects expression of apoptosis pathway proteins
in LNCaP cells in vitro. Western blot analysis of protein expression levels in LNCaP
cells treated with: DMSO (Control), 6.25 μg/mL nannyberry extract and 25 μg/mL
nannyberry extract over a 24 hour exposure. Actin was used as a loading control. Each
blot shown is representative of results obtained from at least three replications using
separate samples.
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Figure 4.42 – Effect of nannyberry de-sugared fruit extract on protein expression of apoptosislinked proteins: Nannyberry affects expression of apoptosis pathway proteins in LNCaP cells in
vitro. Western blot analysis of protein expression levels in LNCaP cells treated with: DMSO
(Control), 6.25 μg/mL nannyberry extract and 25 μg/mL nannyberry extract over a 24 hour
exposure. Representative Western blot figures consist of average (n=3) protein expression levels
relative to a control. Asterisk (*) indicates significance at P ≤ 0.05 (ANOVA).
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5. Discussion
A total of 23 plant extracts were screened for in vitro anti-cancer activity against a
panel of two human breast cancer and two human prostate cancer cell lines. Several
extracts produced results that are worthy of further investigation. The most prominent
results noted from the cell screening experiments were the extracts from the fruits of
American plum, caragana, high bush cranberry, juniper and sea buckthorn, along with
nannyberry. The American plum (Prunus americana) extract was shown to significantly
decrease cell viability at 50 µg/mL in all 4 cell lines in this experiment. One possible
explanation for this toxicity is the presence of cyanogenic glycosides in the fruit. Several
related plant species have been shown to contain amygdalin, along with several other
cyanogenic glycosides (Poulton and Li 1994; Kolesár et al. 2015; Diaz-Vivancos et al.
2017). Cyanogenic glycosides are secondary metabolites found in several families of
plants. Cyanogenic glycosides are composed of a α-hydroxynitrile type aglycone and of a
sugar moiety, usually glucose. The toxicity of cyanogenic glycosides can be traced with
their conversion to hydrogen cyanide, a known toxic compound. The generation of
hydrogen cyanide from cyanogenic glycosides is a two-step process, involving the
removal of the sugar moiety and the cleavage of the molecule (Vetter 2000).
Caragana (Caragana arborescens), sea buckthorn (Hippophae rhamnoides) and
high bush cranberry (Viburnum trilobum) all displayed varying levels of anti-cancer
potential. Literature reviews of these plants demonstrate they have been studies with
respect to phytochemical profiles (Burns Kraft et al. 2008; Meng et al. 2009; Taylor et al.
2015; Guo et al. 2017) and/or anti-cancer activity (Suryakumar and Gupta 2011; Shortt
and Vamosi 2012). The juniper (Juniperus scopularum) extract, while exhibiting

110

decreased cell viability in all four human cancer cell lines that were tested, did not exhibit
cell-specific results, which the nannyberry extract did display. Several extracts, including
the American plum, caragana, high bush cranberry, juniper and sea buckthorn were
shown to have anti-cancer affects but for this manuscript the second objective was to
select a lead candidate extract exhibiting anticancer effects and determine the
phytochemical profile using instrumental analytical chemistry. The de-sugared
nannyberry was selected as the lead candidate extract due to several factors, including:
the cell-line specific responses exhibited in the cell screening experiment, the potential
for berries to be harvested as a form of crop production, adding potential for increased
value to the plant; that it is a hardy, cold-tolerant plant that exhibits a wide range;
nannyberry is not a common research target in traditional anti-cancer research; and lastly
that nannyberry produces an edible fruit, increasing the potential benefits of the plant as a
nutraceutical. With the variety and number of plants that were tested, and using only fruit
tissues as a source, the cell screening aspect of this research maintains that plants should
remain a source for the treatment of cancer and can provide leads for the development of
novel anti-cancer agents.
Three biflavonoids, amentoflavone, robustaflavone and hinokiflavone, have been
identified in nannyberry for the first time, however further research is required to
determine the compounds responsible for the de-sugared nannyberry crude extract’s
effect on human prostate cancer in vitro. Flavonoids are a class of secondary metabolites
that have been shown to have anti-bacterial, anti-viral, anti-oxidant and anti-cancer
activities (Kandaswami et al. 2005). Identifying these 3 major constituents of the desugared nannyberry extract provides insight into the makeup of the extract. Currently,
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literature reviews indicate there is no published data containing phytochemical
information of the nannyberry fruits. While further work is needed to provide a complete
phytochemical profile of the de-sugared nannyberry fruit extract, this identification of the
3 major peaks provides relevant information for both a chemistry and cancer biology
background.
The anti-cancer affects of the identified biflavonoids in the de-sugared nannyberry
fruit extract were assessed using the same Alamar blue assay that was used to carry
determine the anti-cancer affects in the LNCaP human prostate cancer cell line.
Amentoflavone is the most abundant biflavonoid by concentration in the de-sugared
nannyberry fruit extract. Amentoflavone has been identified as a constituent in a number
of plants and is known to possess several bioactivities, including triggering apoptosis
(Guruvayoorappan and Kuttan 2008). To date, there is no research on the effects of
amentoflavone in human prostate cancer cell lines. Robustaflavone and hinokiflavone,
also present in the de-sugared nannyberry extract in lower concentrations than
amentoflavone, are two other known biflavonoids, not previously discovered in
nannyberry. Both robustaflavone and hinokiflavone have been linked to anticancer
activities in previous studies (Lin et al. 1989; Yao et al. 2017; Yang et al. 2018). Relative
concentrations of the three biflavonoids in the de-sugared nannyberry extract were
calculated using peak integral areas modelled using amentoflavone, the first standard
commercially sourced. A robustaflavone standard was only sourced after the cell
screening portion of this research was completed and was not screened on the human
prostate cancer cell lines. Cell viability was compared between LNCaP and PC3 cells
using the de-sugared nannyberry extract at lower concentrations than previously tested,
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the amentoflavone standard, the hinokiflavone standard and a mixture of amentoflavone
and hinokiflavone at a 5:1 ratio, resembling natural abundances in fruit. The
amentoflavone and hinokiflavone standards, as seen in Figure 4.31, did not replicate the
levels of cytotoxicity that the de-sugared nannyberry extract exhibited when tested on the
LNCaP human prostate cancer cell line. There are several possible explanations of why
these major components, when tested individually, were not able to replicate the results
of the de-sugared crude extract that they were isolated from. One possibility is the
presence of polyethylene glycol contamination. All crude extracts were passed through a
syringe filter before being injected into the UPLC. The commercial standards were not
processed with the syringe filters. The syringes may have contaminated the crude
samples with polyethylene glycol surfactants, which may have influenced the results.
Another explanation is that the compound(s) responsible for the observed cytotoxicity is
not actually one of the two biflavonoids that were tested. Further research will need to be
carried out on this subject to provide a more detailed description of the affects of the desugared nannyberry extract. Synergistic effects have been shown to enhance therapeutic
results of both synthetic and natural product compounds. It is a commonly observed that
herbal drug combinations have a more beneficial therapeutic results when compared with
a single isolated compound from the treatment (Wagner 2011). Studies have begun to
show that even successful anti-cancer compounds can benefit with adjuvant therapy
(Florea and Büsselberg 2011). Without further research, including the testing of the
second most abundant biflavonoid in the de-sugared nannyberry extract, robustaflavone,
it is not possible to rule out that there may be some aspect of a synergistic response from
other compounds in the de-sugared extract that are responsible for the significant results
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of the de-sugared nannyberry extract when compared to the isolated standards with
respect to the cell viability of the LNCaP human prostate cancer cells. Alternatively,
another hypothesis for the mechanism of action for the exhibited cytoxicity involves the
potential build up of the cytotoxic agent intracellularly. The human multidrug resistanceassociated protein is a plasma membrane efflux pump that is associated with human
tumour cell resistance to cytotoxic drugs. This pump has been shown to decrease the
intracellular accumulation of several drugs by pumping the compounds of interest out of
the cell (Zaman et al. 1994). The action of this multidrug resistance-associated protein
pump could explain the higher concentrations of hinokiflavone required to significantly
affect the cell viability of the LNCaP cells following treatment. At the low concentrations
the cell can compensate by pumping the hinokiflavone out of the cell. As the
concentrations reach a point where the multidrug resistance-associated protein pumps can
not keep the intracellular levels low enough the cytotoxic affects begin to exhibit
themselves. There may be a multidrug resistance-associated protein pump inhibitor
present in the de-sugared nannyberry extract which allows the hinokiflavone to have
significant decreases in cell viability at doses as low as 6.25 µg/mL (Figure 4.31). Aside
from the known biflavonoids in the crude nannyberry extract, there are minor peaks
present in the chromatograms that could represent a pump inhibitor (Figure 4.24). This
would be an example of a synergistic affect where the pump inhibitor is allowing the
hinokiflavone to exhibit anti-cancer potential at doses where the hinokiflavone is not able
to produce anti-cancer effects as an isolated compound. Stermitz et al. (1999) published
an example of this synergistic affect involving a multidrug resistance-associated protein
pump inhibitor. In the Stermitz et al. study, berberine alkaloids’ anti-microbial effects
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were being limited by the multidrug resistance-associated protein pump efflux. An
inhibitor of the multidrug resistance pump was tested and while the inhibitor had no antimicrobial activity on its own, when combined with berberine, there was a significant
increase in the anti-microbial affect of the treatment. This is an example of synergy
between two compounds that may provide a viable strategy against drug-resistant microorganisms as well as against drug-resistant cancers.
The effect of the de-sugared nannyberry extract on the proliferation of LNCaP
human prostate cancer cells was confirmed using a proliferation curve experiment.
Following the results of the proliferation curve, the effect of the de-sugared nannyberry
extract on key proteins involved in proliferation linked activities were investigated. The
main driver of increased intracellular polyamine levels and the only established route for
polyamines to be synthesized de novo is through the activity of ODC. The observed
decrease of ODC levels, along with the decrease of SAMDC levels both coincide with
decreasing rates of polyamine synthesis. Combining these results with the increase in
PAO levels, provide further evidence that there would be decreased polyamine levels.
However, the levels of antizyme also decreased in parallel with ODC levels, with no
increase in antizyme inhibitor. The reduction of ODC and SAMDC, along with the
increases in PAO are predicted to decrease polyamine levels intracellularly. Reduced
polyamine levels have been associated with reduced cellular growth and proliferation
(Kahana 2009), consistent with the results displayed in Figure 4.32. Further evidence
showing reduced cellular proliferation following treatment with the de-sugared
nannyberry extract is demonstrated by R1 and R2 protein expression. The decreases in
both proteins can be linked to decreased cell proliferation. This decrease in cell
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proliferation associated with R1 and R2 protein levels is due to limiting DNA synthesis,
particularly during S phase of the cell cycle (Bjorklund et al. 1990). The next step in this
research would be to measure the polyamine pools present in the cell before and after
cellular treatments with the de-sugared nannyberry extract, to quantify the concentration
of polyamines and determine the affect that these regulatory proteins are having on
polyamine concentrations inside the cell. Finding natural products affecting cell
proliferation through polyamine mechanisms is an exciting development.
De-sugared nannyberry extract promotes apoptotic potential in LNCaP human
prostate cancer cells by way of the extrinsic apoptosis pathway. The de-sugared
nannyberry extract activates TRAIL. TRAIL promotes receptors to form complexes that
drive the formation of DISC. Following ligand stimulation, DISC activates caspase 8,
which then activates effector caspase 3. Once caspase 3 is activated it begins a
downstream processing pathway that results in cell death. Based on the results presented
earlier, it is proposed that the de-sugared nannyberry extract can trigger apoptosis solely
by the activation of the “execution caspases” with apoptosis proceeding without
convergence between the extrinsic and intrinsic pathways, where the mitochondria
contributes to apoptosis. This ability to activate apoptosis through TRAIL activation is
important when developing a novel anti-cancer compound/extract. The ability to promote
independent TRAIL-mediated apoptosis allows for apoptotic affects on a cell that
possessed mutations which hindered the cell from completing intrinsic apoptosis
signaling. Other research findings have shown that the majority of cancer cells are only
partially sensitive to TRAIL-mediated apoptosis or are completely resistant (Sayers
2011). Additionally, TRAIL-mediated apoptosis is an attractive therapeutic target as
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transformed cells are more sensitive to this apoptosis pathway than non-transformed cells
are (Burz et al. 2009). Therefore, it is important to emphasize that the de-sugared
nannyberry extract has been shown herein to activate the extrinsic apoptosis pathway, at
relatively low treatment concentrations.
Further evidence that the de-sugared nannyberry fruit extract affects apoptosis
mechanisms in LNCaP human prostate cancer cells was evident following the analysis of
several common cell signaling pathways. Inhibition of the ERK pathway has been linked
with inducing apoptosis in LNCaP cells previously. The ERK pathway has been shown to
counter a cells apoptotic response by activating survival signals in a cell (Tanaka et al.
2003). The inhibition of ERK-1 and ERK-2 in LNCaP cells following treatment with the
de-sugared nannyberry extract increases the cell’s apoptotic potential through the
downregulation of cell survival signaling.
Furthermore, the inhibition of NFκB has been shown to be linked with increased
effectiveness of caspase mediated apoptosis (Wang et al. 1999). The inhibition of p65
nuclear protein levels following treatment with the de-sugared nannyberry extract
correlates with reduced transcription factor activity and an overall inhibition. Wang et al.
(1999) demonstrated that the inhibition of NFκB can significantly increase the ability for
a cell to complete the apoptotic process. This result shows that that the inhibition of
NFκB, along with an effective apoptotic stimulus, in this case the de-sugared nannyberry
extract, can enhance the apoptotic affect in the cell. This adjuvant affect provides
additional therapeutic evidence for the de-sugared nannyberry extract as a
treatment/preventative agent for early stage prostate cancer.
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Based on the research findings reported in this thesis, the PI3K pathway does not
appear to play a role in the anti-cancer potential of the de-sugared nannyberry extract.
Akt functions as a survival and anti-apoptotic protein. However, the role that Akt plays as
an anti-apoptotic protein does not inhibit the hypothesized apoptotic effect demonstrated
in LNCaP cells by the de-sugared nannyberry extract. Akt inhibits caspase 9, which in
this case does not counter the apoptotic effect of caspase 8 still initiating caspase 3,
leading to cell death (Vivanco and Sawyers 2002).
The research findings presented in this thesis highlight the potential for
nannyberry as a therapeutic product. With nannyberry fruit being edible, a route for
nutraceutical product development exists. Nannyberry has proven to be a hardy plant,
capable of growing in a wide range in Eastern North America and has exhibited a
tolerance to cold environments. As nannyberry currently is grown mainly as an
ornamental plant or for use in buffer zone areas, a value-added product would have to
exist to turn nannyberry into a viable crop. The potential for nannyberry to be harvested,
extracted and marketed as a nutraceutical product exists, however a few challenges must
be solved. Bioavailability, different biological activities and in vivo studies would all
need to be assessed before determining the viability of this de-sugared nannyberry extract
as a nutraceutical application. The method of delivery, such as encapsulation, which
would provide consistent dosing, shelf life and functionality would need to be determined
as well.
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5.1 Future Directions

This project focused on a de-sugared nannyberry fruit extract and its effects on cellular
proliferation and apoptosis in vitro. Beyond this, there are several areas for future
research available. There are several other plant extracts (American plum, caragana, high
bush cranberry, juniper and sea buckthorn) that exhibited anti-cancer affects that can be
researched further. These plant extracts could be candidates for further investigations
similar to the work presented in this thesis. The chemical isolation and identification of
the compounds responsible for the anti-cancer effects exhibited by the de-sugared
nannyberry extract has not been conclusively demonstrated. Further chemical profiling
and isolation of compounds of interest may lead to the discovery of a novel anti-cancer
compound or provide insight whereby the de-sugared nannyberry demonstrates its anticancer affect. Isolating minor components for adjuvant studies is warranted. While the
key regulatory proteins of polyamine synthesis and catabolism in the cell were
investigated, future work, using HILIC/normal phase UPLC could be conducted to
determine the cellular polyamine concentrations, both in the presence and absence of the
nannyberry extract; conclusively demonstrating the affect of polyamine regulatory
proteins in controlling polyamine intracellular concentrations. Similarly, while the
expression of key regulatory proteins of the extrinsic apoptosis pathway were altered
following treatment with the de-sugared nannyberry extract, an apoptosis assay was not
conducted. An apoptosis assay must be carried out to assure the researcher that apoptotic
thresholds are being met and cell death is occurring through this mechanism. Targeted
active caspase detection assays could be carried out to determine the activity of the
proteins and DNA condensation/fragmentation assays could be completed using DNA
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stains and agarose gels. Beyond this, the in vitro results exhibited by the de-sugared
nannyberry extract have yet to be expanded into in vivo studies. The in vivo research
would provide insight into attainable concentrations and bioavailability of the extract and
the effect of metabolism on nannyberry components, while determining if nannyberry
produces similar anti-cancer effects in vivo.
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5.2 Conclusions
The results presented in this thesis provide insight into how a de-sugared fruit
extract from nannyberry (Viburnum lentago L.) affects prostate cancer cells behavior in
an in vitro setting. This nannyberry extract has been shown to reduce cellular
proliferation and affect key apoptosis regulating proteins in LNCaP human prostate
cancers cells. This response occurs in a multi-factorial manner by affecting key
regulatory proteins associated with several cell signaling pathways, including the MAPK
pathway, the NFκB pathway, polyamine synthesis pathway and the extrinsic apoptosis
pathway. This thesis highlights how natural products affect the behavior of human
prostate cancer cells in vitro and provides evidence for continuing to explore natural
products as potential therapeutic agents.
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Appendix A: ACC Sylvia-Arlene as a rich source of natural triterpenoids

Abstract
Rose hip species have long been used in ancient Chinese medicine as an herbal remedy
for treatment of diseases such as rheumatoid arthritis, chronic pain and inflammation.
Rose hips have been shown to contain a diverse number of bioactive compounds, while
not very much emphasis has been placed on pentacyclic triterpenoids. Research has
shown triterpenoids to exhibit numerous biological activities and pharmalogical
properties such as anti-bacterial, anti-inflammatory and anti-carcinogenic effects. In this
study, ACC Sylvia-Arlene, an interspecific rose hybrid (Rosa carolina x Rosa virginiana)
rich in triterpenoids, was analyzed to carry out chemical profiling and anti-cancer
screening in vitro. The Rosehip fruit was extracted using a chloroform:water solvent mix
and fractions were analyzed using UPLC-MS. The triterpenoid rich fraction was screened
for cytotoxicity using the Alamar blue assay. UPLC-MS data presented shows the
presence of several triterpenoid compounds in the ethanol fraction isolated from the ACC
Sylvia-Arlene extraction. The triterpenoid rich fraction showed no cytotoxic effects on
LNCaP, MDA-MB-231 or MCF-7 cells, while exhibiting slight cytotoxicity on DU145
cell line after six hours of exposure at 100 and 200 µg/mL. In conclusion this study has
shown that there are multiple triterpenoid compounds present in ACC Sylvia-Arlene and
that it would beneficial to determine structural information about the specific
triterpenoids in this species rose.
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Introduction
Rose hip species have long been used in ancient Chinese medicine as an herbal
remedy for treatment of diseases such as rheumatoid arthritis, chronic pain and
inflammation (Guo et al. 2011). The rose hip is the fruit of the rose plant and has been
utilized in the food and natural medicine industries as a result of its reported health
properties (Pang et al. 2009). Rose hips are known for their high levels of ascorbic acid
(Erenturk et al. 2005), however rose hips have also been shown to contain a diverse
number of bioactive compounds, including carotenoids, phenolics, and monoterpenes and
sesquiterpenes (Guimaraes et al. 2010). The majority of studies have focused on phenolic
antioxidants isolated from crude rose hip extracts, with few published reports focusing on
pentacyclic triterpenoids (Pang et al. 2009).
Triterpenoids represent a large and diverse group of secondary metabolites
characterized by their backbone consisting of a 30 carbon chain formed from 6 isoprene
units (Patlolla and Rao 2012). Research has shown triterpenoids to exhibit numerous
biological activities and pharmalogical properties such as anti-bacterial, antiinflammatory and anti-carcinogenic effects (Zhang et al. 2013). This wide spectrum of
documented bioactivity of triterpenoids has resulted in a growing interest in research
within this class of compounds (Ovesna et al. 2004). Triterpenoids are apolar compounds
and are therefore found in abundance in plant parts such as fruit cuticle waxes (Szakiel et
al. 2012). Triterpenoid’s structural diversity is partly responsible for the wide range of
reported activities, as their structure determines the polarity, hydrophobicity and acidity
of the compound, along with dictating specific cellular target interactions (Chwalek et al.
2006).
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Prostate cancer is the most frequently diagnosed non-dermatological cancer in
Canadian men and the third leading cause of cancer-related deaths (Canadian Cancer
Statistics 2013). The ratio between cell proliferation to the rate of cell death is what
determines the growth of prostate cancer (Feldman and Feldman 2001). For this study,
DU145 and LNCaP human prostate cancer cells were used; with DU145 human prostate
cancer cells representing an androgen-insensitive cell line, commonly used to study how
advanced prostate cancers respond to chemotherapeutic agents (Chlenski et al. 2001).
LNCaP cells represent an androgen-sensitive form of human prostate cancer (Thalmann
et al. 1994). In vitro cytotoxicity screening is a high throughput method of anti-cancer
screening and allows one to utilize multiple cell lines and cell lines displaying different
degrees of transformation.
Breast cancer is the most common cancer among women worldwide and
improvements in hormonal and cytotoxic therapies have led to low success rates in
regard to sustained remission in advanced breast cancer (Ho et al. 2005). The cell lines
utilized in this study were MDA-MB-231 and MCF-7. Studies have shown MCF-7 cells
to possess estrogen receptors, thus allowing this cell line to represent the earliest stages
of breast neoplasia. MDA-MB-231 cells have been shown to be a useful model of
advanced stage breast cancer. MDA-MB-231 cells are classified as triple negative and do
not express the estrogen receptor, progesterone receptor and HER2. (Hsieh et al. 2005).
Cell proliferation is required for the progression of a cancer tumour (Olsson et al.
2004). Alterations in regulatory mechanisms controlling cell proliferation are a
requirement in enabling a tumour to establish (Olsson et al. 2004). Testing cytotoxicity
of extracts on cell lines displaying varying degrees of cellular transformation is a
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platform whereby to screen compounds for anti-cancer potential. Cytotoxicity or growth
inhibition is key when doing preliminary anti-cancer screening. In this study, ACC
Sylvia-Arlene, an interspecific rose hybrid (Rosa carolina x Rosa virginiana) rich in
triterpenoids, will be analyzed to carry out chemical profiling and anti-cancer screening
in vitro.
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Materials and Methods
Sample Collection and Extraction:
ACC Sylvia-Arlene rose hips, were collected from the Crops and Livestock Research
Centre Experimental Farm (Harrington, PE) and stored at -80˚C. The rosehips were flash
frozen in liquid nitrogen and crushed using a mortar and pestle. Rosehip powder was
extracted with chloroform:water (1:1) (20:1 solvent:tissue ratio) at 37˚C, while shaking at
180 revolutions per minute. The extract was then gravity filtered through qualitative
Whatman filter paper before being dried using rotary evaporation. The extracts were
defatted using a liquid:liquid partition of hexane:methanol:water (3:3.5:1 ratio) in a
separatory funnel. The methanol:water layer was washed 3 times with hexane and the
hexane layer was washed 3 times with methanol:water. The methanol:water extract was
fractionated on a C18 Sep-Pak into seven fractions: water:methanol (9:1),
water:methanol (5:5), water:methanol (2:8), ethanol, acetone, chloroform:methanol (1:1)
and methanol (100 %).
UPLC-MS:
An Acquity H-Class, quaternary pump UPLC system (Waters, Mississauga, ON)
equipped with inline degassing, diode array detector (DAD), robotic autosampler, sample
and column temperature controls and tandem quad mass spectrometer (TQD) was used
for fraction profile analysis. An Acquity CSH C18 column (2.1 x 100 mm, 1.7 µm
particle size) was used. A binary solvent system for UPLC-MS analysis consisting of
water and acetonitrile was used for UPLC-MS analysis. Solvent flow started at 95%
water with the gradient decreasing to 5% water and then re-equilibrating over a 6 minute
run. UV-vis spectra were recorded from 200-650 nm, the MS was run in ESI mode,
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scanning from 100-1000 a.m.u., with a 15.0 L/min desolvation gas (N2) flow at 45°C.
Each fraction was screened for triterpenoids and compared against known chromatogram
and mass data of triterpenoid standards.
Cytotoxicity:
The Alamar Blue assay (Invitrogen, Burlington, On) was performed to determine cellular
viability after treatment with fraction 4, the fraction with the highest number of
triterpenoids, from the rose hip extraction, and was performed as per manufacturer’s
instructions. Cells were subcultured into a 96-wll plate at 5000 cells/well for DU145 and
15000 cells/well for LNCaP, MDA-MB-231 and MCF-7. After 24 hours of incubation
the cells were treated with fraction 4 extract at 50, 100 and 200 µg/ML for 3, 6 and 24
hours using DMSO as a vehicle. The control for this experiment was each respective cell
line treated with DMSO at a total concentration of 1.5% for 24 hours. Following
treatment 10 µL of Alamar Blue was added to each well to reach a final volume of 10%
Alamar Blue in each well. The cells were incubated for 3 hours after the addition of
Alamar Blue before recording fluorescence with an excitation wavelength of 528 nm and
an emission wavelength of 590 nm.
Statistical Analysis:
Statistical analysis was done using GraphPad Prism 6.04 for Windows (GraphPad
Software, Inc., San Diego, CA). Results from the cytotoxicity analysis of each assay were
done using a 1-way ANOVA and Dunnet’s multiple comparisons test. Results were
considered statistically significant for all tests at p < 0.05.
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Figure 1: Structures of triterpenoids investigated: Structures of lupane, oleanane and
ursane triterpenoids which make up the general backbone of the triterpenoids
investigated here.
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Table 1. Representation of triterpenoid structural diversity: Representative triterpenoids
highlighting the diversity and number of isomers in this class of compounds.
Triterpene

Triterpene

R1

R2

R3

R4

Family

Molecular
Weight (g/mol)

Lupane

Betulinic acid

COOH

Oleanane

Oleanolic acid

COOH

H

H

H

456.71

Maslinic acid

COOH

OH

H

H

472.70

Hederagenin

COOH

H

OH

H

472.70

Vitalboside B

COOH

H

OH

C6H11O5 634.84

Ursolic acid

COOH

Ursane
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456.71

456.71

Results
UPLC-MS data presented here shows the presence of three principle triterpenoid
compounds in the ethanol fraction (fraction 4) isolated from the ACC Sylvia-Arlene
extraction (Figures 2 and 3). Fractions 3 and 5 were also tested, though there were only
very small amounts of the compounds of interest in fraction 3 and none detected in
fraction 5 (data not shown).
The orange, lyophilized triterpenoid-rich ACC Sylvia-Arlene extract (fraction 4) exhibited
a significant reduction in cell viability in the DU145 cancer cell line after six hours of
exposure at 100 and 200 µg/mL. However, there was no significant decrease in cell
viability in the 3 or 24 hour treatment lengths in DU145 cells (Figure 4). In the androgen
sensitive prostate cancer cell line, LNCaP, there was no observable decrease in cell
viability; similarly, to both breast cancer cell lines analyzed, MDA-MB-231 and MCF-7
(Figure 4).
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3

2

1

Figure 2. Fraction 4 UPLC-MS trace: UPLC negative ion mode MS trace with
triterpenoid compounds present in fraction 4 of rosehip extraction shown as peaks 1
(Compound 1), 2 (Compound 2) and 3 (Compound 3).
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[M-H]Compound 1

[M-H]Compound 2

[M-H]Compound 3

Figure 3. Fraction 4 LC-ESI-MS spectra: LC-ESI-MS of triterpenoid compounds present
in fraction 4 of rosehip extraction. Compounds labeled as 1, 2 and 3; corresponding with
peaks labeled in Figure 2.
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Figure 4. Cell viability screening: Cell viability evaluated in DU145, LNCaP, MDA-MB231 and MCF-7 cell lines using Alamar blue assay. Cells were treated with multiple
concentrations of a triterpenoid rich rosehip extract over three exposure times. The data is
representative from a minimum of three separate experiments. Asterisk denotes
statistically significant difference from control (p ≤ 0.05) (ANOVA).
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DISCUSSION
This study has shown that a crude rosehip extract, rich in triterpenoids does not
exhibit cytotoxic effects on the breast and prostate cancer cell lines selected. The Alamar
blue assay showed that only DU145 cells demonstrated any differences in percentage of
cell viability. DU145 cells are an androgen insensitive form of prostate cancer (Chlenski
et al. 2001), which may explain the observed differences between DU145 cells and
LNCaP cells. Another unexpected result is the observed changes in cell viability
decreasing in the 3 and 6 hour treatment exposures in DU145 cells, while there was no
alterations in cell viability numbers in the 24 hour treatment exposure. Chemical or
thermal degradation of the treatment compounds is unlikely as the extraction process
used similar temperature and humidity levels. One potential explanation involves the use
of DMSO as the treatment vehicle. The extract was not water soluble and so over the
long treatment exposure in an aqueous environment the extract may have precipitated out
and was not taken up by the cells. This could allow the healthy cells to continue
proliferation, resulting in no change in the number of viable cells over the 24 hour
exposure time. It should be noted that while there was an observable decrease in cell
viability in DU145 cells after the 3 hour exposure, it was not statistically significant. A
possible explanation for this result could be related to the short treatment length not
allowing for the significant effects documented at 6 hours to have occurred. The
treatment concentrations should also be noted. With the lowest concentration of extract
showing a quantifiable effect being 100 µg/mL the concentrations are too high to be of
use as an anti-cancer compound without comparing cytotoxicity to untransformed cells.
Combined with the fact that no cell line reached below 50 % viability after 24 hours at a
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high treatment dosage, making it impossible to calculate IC50 values, this assay
demonstrates the limited anti-cancer potential of this extract.
For more structural information to be determined isolation of each characterized
compound would need to be conducted, allowing for more in depth MS/MS experiments
and NMR spectroscopy. There are a number of possible tentative identities that may be
assigned to each of the triterpene compounds that were fractioned based on similar
masses and other reports from roses and rose relatives (Table 1). Furthermore, many of
the potential matches for the triterpene compounds present in the crude fraction have
been shown to be present in some levels in some species of rosehip, giving reason to the
requirement of more data before a tentative structure can be assigned (Wenzig et al.
2008).
Until more structural analysis is complete we cannot classify compound 3 in more
detail than being part of the triterpene family, due to the large number of isomers that
exist. Based upon the detected mass of compound 2, we proposed that an extra oxygen is
present, compared to compound 3, similar to the structure of hederagenin or masliinic
acid. However, this difference in mass could also be a result of a methyl ester being
present. Based upon the retention time of compound two it is more likely to possess an
extra oxygen than a methyl ester as the methyl ester would decrease polarity, increasing
the retention time past that of compound 3. Compound 1 is thought to have a hexose
sugar, likely galactose or glucose, present off of the first ring, resulting in the detected
mass.
Future work will involve working on isolation and identification of each of the
three compounds with the end goal of structural characterization being successfully
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completed. Once isolation and identification are complete it would be worthwhile
determining the percentage of mass of the original extract which was used for screening
on the selected cancer cells. Screening isolated compounds may provide information on a
more accurate dosage and if there were any antagonistic effects occurring between
compounds in the crude extract.
In conclusion this study has shown that there are multiple triterpene compounds present
in ACC Sylvia-Arlene and that while not exhibiting a cytotoxic effect in this study, it
would be beneficial to determine structural information about the triterpene compounds
from this species of triterpenoid rich rose.
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Appendix B: Cranberry flavonols decrease urokinase activity through the action of
the inhibitor PAI-1 in DU145 cells
Abstract
Prostate cancer is the most frequently diagnosed non-dermatological cancer in Canadian
men and the third leading cause of cancer-related deaths. Prostate cancer does not
become life-threatening until it metastasizes to different sites. Metastasis is a complex
process with invasion into the vasculature only possible after degradation of the
extracellular matrix (ECM) has occurred. The urokinase system has been shown to play a
key role in invasion and metastasis; demonstrating the relevance of targeting this protease
as a potential method of reducing the invasive potential of this cancer. It was
hypothesized that cranberry flavonols affect invasive potential of DU145 cells through an
effect on the uPA system. DU145 cells were treated with 50 µg/mL of cranberry
flavonols for 6 hours. Protein expression of uPA, uPAR, PAI-1 and PAI-2 was analyzed
using Western blotting. Results show there was a significant increase in the protein
expression levels of PAI-1 (p = 0.0373, unpaired T-test) and no change of PAI-2 protein
expression levels (p = 0.9208, unpaired T-test) (Figure 3). Alternatively, there was a
significant decrease in the protein expression levels of pro-uPA (p = 0.0373, unpaired Ttest), active uPA (p = 0.0042, unpaired T-test) and uPAR (p = 0.0059, unpaired T-test).
This data provides insight into the mechanisms whereby cranberry flavonols play a role
in affecting the uPA system in DU145 cells.
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Introduction
Prostate cancer is the most frequently diagnosed non-dermatological cancer in
Canadian men and the third leading cause of cancer-related deaths (Canadian Cancer
Statistics 2013). Prostate cancer does not become life-threatening until it metastasizes to
different sites, with more than 80% of advanced stage prostate cancer patients
demonstrating skeletal metastasis (Hwang and Park 2010). Metastasis is a complex
process with invasion into the vasculature only possible after degradation of the
extracellular matrix (ECM) has occurred. The ECM is composed of collagen,
proteoglycans, fibronectin, laminin and other glycoproteins (Niedzwiecki 2011). While
the main purpose of the ECM is to provide structural support, it plays a role in other
cellular processes, including proliferation and migration. The interaction between the
ECM and malignant cells has been studied extensively, with emphasis on the degradation
of the basement membrane. Some proteases, such as urokinase-type plasminogen
activator (uPA), have been shown to have the ability to degrade the ECM and as such are
crucial for the development of invasion and metastasis (Niedzwiecki 2011). The
urokinase system has been shown to play a key role in invasion and metastasis;
demonstrating the relevance of targeting this protease as a potential method of reducing
the invasive potential of a cancer (Niedzwiecki 2011).
The components of the uPA system consist of the serine proteases plasmin and
uPA, the uPA receptor (uPAR), and two specific inhibitors of uPA: plasminogenactivator-1 and plasminogen-activator-2 (PAI-1 and PAI-2) (Mekkawy et al. 2014). The
serine protease uPA consists of the N-terminal A chain, consisting of the growth factor
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domain and a kringle domain, and the B Chain, which contains the serine protease
catalytic domain (Mekkawy et al. 2014). The two chains are linked with a disulfide bond.
The zymogen form of uPA (pro-uPA) is released from the cell, requiring cleavage of the
peptide bond, which may be catalyzed by plasmin. The pro-uPA form has an activity
250-fold lower than that of the active uPA (Mekkawy et al. 2014). Unlike some
proteases, uPA has a specific substrate specificity, with plasminogen as the main
substrate (Andreasen et al. 1997). The receptor, uPAR, has three extracellular domains
(Fowler et al. 1998) and uPA has been shown to be the sole protease capable of cleaving
uPAR in vivo (Zhou et al. 2000). Plasmin is a serine protease which when active, has a
wide-ranging substrate specificity, accounting for its ability to degrade various ECM
proteins (Mekkawy et al. 2014). Plasminogen is the precursor of plasmin and has a
dramatically decreased enzymatic activity than that of plasmin. The complex of pro-uPA
and uPAR results in increased activation of plasminogen into plasmin (Mekkawy et al.
2014). The serine protease inhibitors, PAI-1 and PAI-2 from stoichiometric 1:1
complexes with uPA (Andreasen et al. 1997). This 1:1 complex maintains uPA in its
inactive form. Both PAI-1 and PAI-2 can inhibit the uPAR-uPA complex, though the
reaction occurs at a slower rate when compared to uPA inhibition individually
(Andreasen et al. 1997). As more research has been done on the uPA system considerable
evidence supports the role of this system in regulating the potential invasiveness of a
cancer (Mekkawy et al. 2014). With the knowledge of the mechanism behind
plasminogen activation, it has become known that the uPA system plays an important
role in increasing the invasive potential of a cancer by degrading the basement membrane
and ECM (Dass et al. 2008).
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Cranberry (Vaccinium macrocarpon) is a fruit native to North America which has
exhibited many reported health benefits (Neto et al. 2008). There is growing evidence of
various anti-cancer properties exhibited by cranberry phytochemicals, including
flavonols (Neto et al. 2008). Cranberry fruits average a total flavonol content of 20-30
mg per 100 g of fresh fruit, with the major flavonol present being quercetin (Figure 1)
(Neto et al. 2008). Quercetin has been shown to exhibit various anti-cancer effects
(Danihelova et al. 2013; Devipriya et al. 2006; Senthilkumar et al. 2011) and thus it was
hypothesized that the crude flavonol extract being tested will exhibit an effect on the
urokinase plasminogen activation system.
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Figure 1. Structure of Quercetin: Quercetin glycosides are the most prevalent flavonols
found in the fruit of the cranberry. In this structure, R can represent glucose, rhamnose,
xylose, galactose or arabinose.
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Materials and Methods
All materials, unless otherwise indicated, were purchased from Sigma-Aldrich
(Oakville, ON). Cranberry flavonols were received from Dr. Catherine Neto (University
of Massachusetts Dartmouth, North Dartmouth, MA).
Cell Culture and Treatment with Cranberry Flavonols:
Human DU145 prostate adenocarcinoma cancer cells (ATCC, Manassas, VA;
Cedarlane Laboratories Ltd., Burlington, ON) were cultured on 100 mm tissue culture
plates (Falcon, Mississauga, ON) and maintained at 37°C in 5% CO2 in a humidified
Thermo Steri-Cycle CO2 incubator (Thermo Scientific, Ottawa, ON). Cells were grown
in alpha minimum essential medium (αMEM), supplemented with 10% (vol/vol) fetal
bovine serum (FBS) (Hyclone, Logan, UT) and 1% (vol/vol) antibiotics/antimycotics
(Invitrogen, Burlington, ON).
The DU145 cells were initially incubated for 24 hours and then the media containing
FBS was replaced with serum free media supplemented with 5 µg/mL of transferrin and
2.5 µg/mL of insulin. Cells were allowed to incubate for 24 hours in serum free media
and were then treated with 50 µg/mL cranberry flavonol extract, with the control cells
being exposed to the vehicle only (DMSO). Cells were exposed to either the vehicle
(DMSO) or to cranberry flavonols for 6 hours. Following the 6 hour treatment the cells
were removed 1X Trypsin-EDTA, diluted using phosphate buffer saline (PBS). Trypsin
was deactivated by the addition of serum supplemented alpha MEM. Once the cells were
re-suspended in the media they were centrifuged for 5 minutes at 500g with the IEC
Clinical Centrifuge (Chattanooga, TN). The supernatant was discarded and the cell pellet
was reconstituted in 5 mL of cold (4 ˚C) 1X PBS, before being centrifuged again for 5
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minutes at 500g. After centrifugation, the supernatant was removed and the cell pellet
was then stored at -80˚C in the Thermoforma ULT freezer (Thermo Scientific, Ottawa,
ON) until further analysis was performed.
Cytosolic Protein Extraction:
The cell pellets were reconstituted in 50 μL of 10 mM Tris-HCL (pH 7.4) and 1
mM phenylmethylsulfonyl fluoride (PMSF) by repeated pipetting, before lysing the cells
using the Branson SLP Sonifier (PGC Scientifics, Palm Desert, CA) at 25% amplitude
(three 10 second pulses with 30 seconds between each pulse to allow sufficient time for
cooling). After sonication the lysed cells were centrifuged in the Thermo IEC Microlite
RF refrigerated centrifuge (Thermo Scientific, Ottawa, ON) at 4 ˚C for 20 minutes at
10000 rpm, and the supernatant was collected for evaluation. Bio-Rad protein assay
(BioRad, Mississauga, ON), following the manufacturer’s protocol, was used to
determine the protein concentration of the samples. Protein concentrations were
calculated from absorbance readings (595 nm) using the Ultrospec 2100 pro UV/Visible
spectrophotometer (GE Healthcare Life Sciences, Baie d’Urfe, QC) and an equation
produced from a standard curve plotted from absorbance readings of samples containing
known concentrations of BSA.
Western Blot Analysis:
Proteins were resolved using a gel containing 10% polyacrylamide. The stacking gel
contained 7.5% polyacrylamide. 50 µg of protein sample (as determined by Bio-Rad
protein assay) was added to 20 µL of 10 mM Tris-HCl (pH 7.4) and 5 µL of Laemmli
buffer (50 mM Tris-HCl pH 6.8, 10% SDS, 0.1% bromophenol blue, 10% glycerol, and
100 mM beta-mercaptoethanol). Beta-mercaptoethanol was added to Laemmli buffer
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immediately before use. Samples were homogenized and then incubated in a water bath
at 100 ˚C for 3 minutes. Following the incubation, the samples were loaded on the
stacking gel. A protein marker (BioRad, Mississauga, ON) (5 µL of prestained molecular
weight marker, 20 µL 10 mM Tris-HCl pH 7.4, and 5 µL Laemmli buffer) was also
loaded on each gel. Electrophoresis was performed using the Mini-PROTEAN Tetra Cell
electrophoresis system (BioRad, Mississauga, ON) using a constant current of 35 mA.
Electrophoresis was performed in the presence of 1X running buffer (2.5 mM Trizma
base, 19.2 mM glycine, and 0.3 mM SDS). Following gel electrophoresis, the resolved
gels were incubated in 1X transfer buffer (0.05 mM Trizma base and 0.4 mM glycine in a
20% methanol solution) with constant agitation for 30 minutes before electroblotting.
Proteins were transferred from the gel onto a nitrocellulose membrane at 65 V for 75
minutes in the presence of 1X transfer buffer at 4 ˚C. The membrane was then incubated
in the presence of 1% (w/v) bovine serum albumin (BSA), dissolved in TBS-Tween (200
mM NaCl, 50 mM Tris-HCl, 0.05% Tween, pH 7.4) overnight at 4°C. Then, the
membrane was incubated in the primary antibody solution (1:200 primary antibody ratio
for Actin, uPA, uPAR, PAI-1, and PAI-2) containing 0.5% BSA. Incubation time was 1
hour at room temperature with constant agitation. After hybridization with the primary
antibody, the membrane was then washed three times for 10 minutes each with 0.05%
TBS-Tween. Then the membrane was incubated in the presence of secondary antibody
(1:500 secondary antibody ratio in 0.5% BSA solution) for 90 minutes at room
temperature. All antibodies used in this study were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Actin was used as a loading control for each
protein set. Post incubation with secondary antibody, the membrane was briefly rinsed
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with distilled water and then protein levels were visualized by exposing the membrane to
Sigma Fast BCIP-NBT tablets (dissolved in 10 mL distilled water). Protein expression
levels, displayed on the nitrocellulose membrane, were documented using the Montreal
Biotech Inc. (MBI) transilluminator under white light conditions with Infinity Capture
software (Lumenera Corp., Ottawa, ON). Densitometry was performed using ImageJ
software (National Institutes of Health, Bethesda, MD).
Statistical Analysis:
Statistical analysis was done using GraphPad Prism 6.04 for Windows (GraphPad
Software, Inc., San Diego, CA). Results from the densitometric analysis of each Western
blot were done using an unpaired T-test. All experiments were performed with an n value
of at least 3. Results were considered statistically significant for all tests at p < 0.05.
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Results
Cranberry Flavonols Affect the Urokinase System
A representative Western blot, shown in Figure 2, illustrates the protein
expression levels of PAI-1, PAI-2, pro-uPA, active uPA, and uPAR in DU145 cells
treated with 50 µg/mL cranberry flavonol for 6 hours. There was a significant increase in
the protein expression levels of PAI-1 (p = 0.0373, unpaired T-test) and no change of
PAI-2 protein expression levels (p = 0.9208, unpaired T-test) (Figure 3). Alternatively,
there was a significant decrease in the protein expression levels of pro-uPA (p = 0.0373,
unpaired T-test), active uPA (p = 0.0042, unpaired T-test) and uPAR (p = 0.0059,
unpaired T-test) (Figure 3).
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Figure 2. Representative Western blots of key urokinase regulatory proteins:
Representative Western blots depicting PAI-1, PAI-2, Pro-uPA, Active uPA, and uPAR
protein expression levels in DU145 cells treated with 50 µg/mL cranberry flavonols for
48 hours. Minimum of three experiments represented per blot. Actin was used as a
loading control.
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Figure 3. Graphical representation of representative Western blots of key urokinase
regulatory proteins: Bar graphs representing densitometric analyses of Western blots
from cytosolic protein extracted from DU145 cells treated with 50 µg/mL cranberry
flavonols for 6 hours. Asterisk denotes statistically significant difference from control.
Data obtained from a minimum of three separate experiments and (*) indicates significant
at P ≤ 0.05 (ANOVA).

Discussion
The urokinase-type plasminogen activation system has been reported to aid tumour
invasion and metastasis through the degradation of the ECM (Niedzwiecki 2011). This
study demonstrated that cranberry flavonols at a treatment dose of 50 µg/mL for 6 hours
reduced uPA protein expression in DU145 cells, thereby decreasing the metastatic
potential of the cells. The possible mechanisms responsible for this decrease in
expression were evaluated by determining the expression levels of protein modulators of
uPA. PAI-1, recognized as an inhibitor of uPA activity, was shown to increase in this
study. The documented increase in PAI-1 after treatment with cranberry flavonols
correlates with the decrease in uPA activity. PAI-1 has been shown to form a covalent
complex with uPA through action as a pseudo-substrate of the protease (Van De Craen et
al. 2012). A study by Hagelgans et al. (2013) provides evidence that the individual
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expression levels of PAI-1 and uPA in prostate cancer cell lines do not correlate to better
or worse prognosis, rather that it is the ratio of PAI-1 to uPA that is an indicator of the
invasive potential of the cells. The ratio of PAI-1 to uPA presented here is consistent
with cranberry flavonols decreasing the invasive potential of DU145 cells.
Unexpectedly, the expression of PAI-2 was not altered following treatment with
cranberry flavonols. This suggests that the inhibition of uPA by cranberry flavonols does
not involve PAI-2. The primary inhibitor in the uPA system is considered to be PAI-1
and reacts much more rapidly than PAI-2 in forming a complex with uPA (Mekkawy et
al. 2014). This rapid inhibition may explain the apparent lack of involvement of PAI-2
demonstrated in our study. Research has shown that protein expression of uPA, uPAR
and PAI-1 were significantly correlated to prognosis in prostate cancer, while PAI-2
expression was not significantly correlated (Kumano et al. 2009). Further research is
required to determine more details about the effects of cranberry flavonols on this system
and the pathways involved in the alterations of protein expression exhibited here.
Future considerations may explore the effects cranberry flavonols have on different
prostate cancer cell lines. DU145 cells are an androgen refractory cell type, reflecting an
advanced stage prostate cancer (Chlenski et al. 2001). With five currently known
mutations that each lead to the development of an androgen insensitive form of prostate
cancer (Feldman and Feldman 2001) it would be worthwhile to test cranberry flavonol
treatments on an androgen sensitive form of prostate cancer, such as LNCaP cells.
Experimentation on a different cell line would also remove the possibility of the results
from this study being specific to DU145 cells and help to determine a more universal
representation of cranberry flavonol’s anti-cancer properties. Other possibilities that
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should be considered for future work would be investigating dose responses through
testing different concentrations and time points with the flavonol extract and the affect
that individual glycosides, present in the whole flavonol extract, may have on DU145
cells.
In conclusion, the work in this study demonstrates that cranberry flavonols have
an inhibitory effect on the in vitro growth of DU145 human prostate cancer cells by
affecting the uPA system and provides further insight into the potential mechanisms
through which cranberry flavonols affect these systems. Additional research into cell
signaling pathways is required to determine how treatment with cranberry flavonols are
altering the expression of the cellular signaling pathways involved. The research
presented in this study further promotes cranberry flavonol`s anti-cancer properties,
warranting additional research be carried out on cranberry flavonols.
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Appendix C: Pterostilbene Does Not Affect NF-κB and AP-1 Activity in DU145
Cells
Abstract
Pterostilbene (trans-3,5-demethoxy-4’-hydroxystilbene) is a structural analogue of
resveratrol and is a naturally occurring stilbene found primarily in blueberries.
Pterostilbene has been shown to have an increased bioavailability compared to that of
resveratrol and has been documented to have various anti-cancer effects. The
transcription factors NF-κB and AP-1 have been shown to be activated by similar groups
of stimuli and have both been shown to be key transcription factors in apoptosis. This
study aimed to build upon current knowledge of the anticancer characteristics of
pterostilbene. Protein expression of cytosolic and nuclear p65, IκBα, p-IκBα, c-fos and cjun was analyzed using Western blotting. The results documented a significant increase
in the protein expression level of IκBα and no change in p-IκBα and nuclear p65 protein
expression levels. Alternatively, there was a significant decrease in the protein expression
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level of cytosolic p65. There was a statistically insignificant increase in c-fos and c-jun
protein expression levels. The results demonstrated that pterostilbene does not alter
nuclear protein signaling in several proteins related to NF-κB and AP-1 activity, in
DU145 human prostate cancer cells.

INTRODUCTION
Pterostilbene (trans-3,5-demethoxy-4’-hydroxystilbene) is a structural analogue
of resveratrol and is a naturally occurring stilbene found primarily in blueberries
(Remsberg et al. 2008). Pterostilbene has been documented to be an effective anticancer
compound against multiple diseases (McCormack and McFadden 2012). The structural
differences between pterostilbene and resveratrol has been shown to result in an
increased bioavailability, with pterostilbene being four times more bioavailable upon oral
administration (Kapetanovic et al. 2011). This increase in bioavailability is due to the
presence of two methoxy groups, resulting in increased lipophilic properties and oral
absorption (Figure 1) (Perecko et al. 2010, Stivala et al. 2001). The structural makeup of
pterostilbene has resulted in it having the potential to become a more advantageous
therapeutic agent when compared to resveratrol.
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Research has shown that many diseases, including various cancers, can be related
at the molecular level to alterations in the inflammatory response (Aggarwal and Gehlot
2009). Inflammation is a physiological process that must be strictly regulated and
functional for an organism to survive environmental stimuli (De Bosscher et al. 2003).
An important link between inflammation and cancer is the transcription factor nuclear
factor κB (NF-κB) (Gupta et al. 2010b). Active NF-κB has also been linked to patients
suffering from cancers of the prostate, breast, oral cavity, liver, pancreas, colon and ovary
(Aggarwal and Gehlot 2009). Specifically, NF-κB has been shown to regulate gene
expression of genes involved in the proliferation, invasion, angiogenesis and metastasis
of tumour cells (Gupta et al. 2010b). In its inactive state NF-κB occurs in the cytoplasm
as a heterotrimer consisting of p50, p65 (also called RelA) and IκBα (Ghose and Karin
2002). For NF-κB to be transformed to its active state, IκBα undergoes phosphorylation,
ubiquitination and degradation, resulting in p50 and p65 being released and allowing
their translocation to the nucleus. Once in the nucleus p50 and p65 trigger transcription
of various genes, including anti-apoptotic activities, as a result of their binding to specific
promoter regions of DNA. The main activated form of NF-κB contains the p65 subunit
(Li and Verma 2002). Due to the relevance of the NF-κB pathway in cancer, it has
resulted in this pathway being an attractive target for therapeutic approaches (Gupta et al.
2010a).
Another key transcription factor in the activation of genes involved in apoptosis,
inflammation and oncogenesis is activator protein 1 (AP-1) (Fujioka et al. 2004). The
predominant form of AP-1 in the majority of cells exists as Fos/Jun heterodimers, which
have a high affinity for binding to the AP-1 site. In contrast to this, Jun/Jun homodimers

167

have a low affinity of binding to the AP-1 site (Ransone and Verma 1990, Shaulian and
Karin 2002). Although NF-κB and AP-1 transcription factors are controlled using
different mechanisms, they have been shown to be activated by the same groups of
stimuli (Fan et al. 2002, Karin et al. 2001, von Knethen et al. 1999, Lee et al. 2002). This
study aims to build upon current knowledge in anticancer characteristics of the bioactive
compound pterostilbene.
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Figure 1. Chemical structures of pterostilbene and resveratrol: Pterostilbene (a) and
resveratrol (b); demonstrating the structural differences between the two molecules.
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Materials and Methods
All materials, unless otherwise indicated, were purchased from Sigma-Aldrich
(Oakville, ON).
Cell Culture and Treatment with Pterostilbene:
Human DU145 prostate adenocarcinoma cancer cells (ATCC, Manassas, VA;
Cedarlane Laboratories Ltd., Burlington, ON) were cultured on 100 mm tissue culture
plates (Falcon, Mississauga, ON) and maintained at 37°C in 5% CO2 in a humidified
Thermo Steri-Cycle CO2 incubator (Thermo Scientific, Ottawa, ON). Cells were grown
in alpha minimum essential medium (αMEM), supplemented with 10% (vol/vol) fetal
bovine serum (FBS) (Hyclone, Logan, UT) and 1% (vol/vol) antibiotics/antimycotics
(Invitrogen, Burlington, ON).
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The DU145 cells were initially incubated for 24 hours and then the media containing
FBS was replaced with serum free media supplemented with 5 µg/mL of transferrin and
2.5 µg/mL of insulin. Cells were allowed to incubate for 24 hours in serum free media
and were then treated with 30 µM pterostilbene, with the control cells being exposed to
the vehicle only (DMSO). Cells were exposed to either the vehicle (DMSO) or to
pterostilbene for 6 hours. Following the 6 hour treatment the cells were removed 1X
Trypsin-EDTA, diluted using phosphate buffer saline (PBS). Trypsin was deactivated by
the addition of serum supplemented alpha MEM. Once the cells were re-suspended in the
media they were centrifuged for 5 minutes at 500g with the IEC Clinical Centrifuge
(Chattanooga, TN). The supernatant was discarded, and the cell pellet was reconstituted
in 5 mL of cold (4 ˚C) 1X PBS, before being centrifuged again for 5 minutes at 500g.
After centrifugation, the supernatant was removed, and the cell pellet was then stored at 80˚C in the Thermoforma ULT freezer (Thermo Scientific, Ottawa, ON) until further
analysis was performed.
Cytosolic Protein Fraction and Nuclear Protein Fraction Isolation:
Cytosolic and nuclear protein isolations were performed using a Nuclear Extraction kit
(Cayman Chemical, Ann Arbor, MI). Cell pellet was removed from -80˚C and
homogenized and incubated in 250 µL hypotonic buffer on ice for 15 minutes. Then, 50
µL of 10% Nonident P-40 assay reagent was added to each sample and mixed using
pipetting. Samples were centrifuged at 14000 g for 30 seconds at 4˚C. The supernatant
was collected and stored at -80˚C (cytosolic protein fraction) and remaining pellet was
re-suspended in 50 µL of extraction buffer. Samples were vortexed for 15 seconds,
shaken gently for 15 minutes, followed by vortexing again for 30 seconds and shaking
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for 15 minutes once more. Samples were centrifuged at 14000 g for 10 minutes at 4˚C
and the supernatant containing the nuclear protein fraction was collected and stored at 80˚C. Histone H2B protein expression was analyzed via Western blotting to determine
the success of the nuclear isolation procedure.
Western Blot Analysis:
Proteins were resolved using a gel containing 10% polyacrylamide. The stacking gel
contained 7.5% polyacrylamide. 50 µg of protein sample (as determined by Bio-Rad
protein assay) was added to 20 µL of 10 mM Tris-HCl (pH 7.4) and 5 µL of Laemmli
buffer (50 mM Tris-HCl pH 6.8, 10% SDS, 0.1% bromophenol blue, 10% glycerol, and
100 mM beta-mercaptoethanol). Beta-mercaptoethanol was added to Laemmli buffer
immediately before use. Samples were homogenized and then incubated in a water bath
at 100 ˚C for 3 minutes. Following the incubation, the samples were loaded on the
stacking gel. A protein marker (BioRad, Mississauga, ON) (5 µL of prestained molecular
weight marker, 20 µL 10 mM Tris-HCl pH 7.4, and 5 µL Laemmli buffer) was loaded on
each gel. Electrophoresis was performed using the Mini-PROTEAN Tetra Cell system
(BioRad, Mississauga, ON) under a constant current of 35 mA. Electrophoresis was
performed in the presence of 1X running buffer (2.5 mM Trizma base, 19.2 mM glycine,
and 0.3 mM SDS). Following gel electrophoresis, the resolved gels were incubated in 1X
transfer buffer (0.05 mM Trizma base and 0.4 mM glycine in a 20% methanol solution)
with constant agitation for 30 minutes before electroblotting. Proteins were transferred
from the gel onto a nitrocellulose membrane at 65 V for 80 minutes in the presence of 1X
transfer buffer at 4 ˚C. The membrane was then incubated in the presence of 1% (w/v)
bovine serum albumin (BSA), dissolved in TBS-Tween (200 mM NaCl, 50 mM Tris-
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HCl, 0.05% Tween, pH 7.4) overnight at 4°C. Then, the membrane was incubated in the
primary antibody solution (1:200 primary antibody ratio for actin, p65, IκBα, p-IκBα, cfos and c-jun, histone H2B) containing 0.5% BSA. Incubation time was 1 hour at room
temperature with constant agitation. After hybridization with the primary antibody, the
membrane was then washed three times for 10 minutes each with 0.05% TBS-Tween.
Then the membrane was incubated in the presence of secondary antibody (1:500
secondary antibody ratio in 0.5% BSA solution) for 90 minutes at room temperature. All
antibodies used in this study were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Actin was used as a loading control for each protein set. Post incubation with
secondary antibody, the membrane was briefly rinsed with distilled water and then
protein levels were visualized by exposing the membrane to Sigma Fast BCIP-NBT
tablets (dissolved in 10 mL distilled water; 3 mL per membrane). Protein expression
levels, displayed on the nitrocellulose membrane, were documented using the Montreal
Biotech Inc. (MBI) transilluminator under white light conditions with Infinity Capture
software (Lumenera Corp., Ottawa, ON). Densitometry was performed using ImageJ
software (National Institutes of Health, Bethesda, MD).
Statistical Analysis:
Statistical analysis was done using GraphPad Prism 6.04 for Windows (GraphPad
Software, Inc., San Diego, CA). Results from the densitometric analysis of each Western
blot were done using an unpaired T-test. Results were considered statistically significant
for all tests at p ≤ 0.10.
RESULTS
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Representative western blots, shown in Figure 2, illustrate the protein expression
levels of cytoplasmic and nuclear p65, IκBα, p-IκBα, c-jun and c-fos in DU145 cells
treated with 30 µM pterostilbene for 6 hours. There was a significant increase in the
protein expression level of IκBα (p = 0.0708, unpaired T-test) and no change in p-IκBα
(p = 0.3247, unpaired T-test) and nuclear p65 protein expression levels (p = 0.3502,
unpaired T-test) (Figure 3). Alternatively, there was a significant decrease in the protein
expression level of cytosolic p65 (p = 0.0002, unpaired T-test) (Figure 3). There was a
statistically insignificant increase in c-fos (p = 0.1320, unpaired T-test) and c-jun protein
expression levels (p = 0.1136, unpaired T-test) (Figure 3).
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Figure 2. Representative Western blots of key NFκB pathway regulatory proteins:
Representative Western blots depicting protein expression levels in DU145 cells treated
with 30 µM pterostilbene for 6 hours. Minimum of three experiments represented per
blot. Actin was used as a loading control.
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Figure 3. Graphical representation of representative Western blots of key NFκB
regulatory proteins: Bar graphs representing densitometric analyses of western blots from
protein extracted from DU145 cells treated with 30 µM pterostilbene for 6 hours.
Asterisk denotes statistically significant difference from control. Data obtained from a
minimum of three separate experiments and (*) indicates significant at P ≤ 0.10 (T-Test).
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DISCUSSION
This study demonstrated that pterostilbene at a treatment dosage of 30 µM for 6
hours in DU145 cells does not play a role in p65 protein signaling with regard to
pterostilbene’s reported anti-cancer characteristics. While there is a significant increase
in IκBα protein expression, suggesting an inhibition of p65, there was no change detected
in the nuclear p65 protein expression levels, despite a significant decrease in cytosolic
p65 protein levels. These results demonstrate that pterostilbene does not inhibit the
translocation of p65 to the nucleus and does not inhibit phosphorylation of IκBα. The
lack of decrease in nuclear p65 results in no proposed decrease in the activity of NF-κB.
This is an unexpected result as several compounds, such as curcumin and apigenin, with
similar structural components as pterostilbene have been shown to affect NF-κB in
similar prostate cancer cell lines, such as PC-3 (Sarkar and Li 2004).
There have been reports of NF-κB having a pro-apoptotic effect in LNCaP
prostate cancer cells, giving evidence that the role of NF-κB in regulation of apoptosis
may be agent dependent or not cell line specific (Kimura and Gelmann 2002). However,
this supposed pro-apoptotic effect does not fit with the results presented here, as there
was no change in the nuclear p65 protein expression levels, preventing a proposed
change in NF-κB transcription rate. While the proteins examined in this study showed
that pterostilbene was not affecting the DU145 cells in the manner originally
hypothesized, there are other pathways and/or targets which pterostilbene may be
affecting. While p65 translocation was not shown to be a mechanism whereby
pterostilbene may alter NF-κB activity, p50 may have been affected. This potential
alteration in p50 translocation would have the desired result of decreasing NF-κB activity
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through the decrease in the p50/p65 heterodimer. There is also the potential that
pterostilbene may have an effect on the NF-κB pathway through a mechanism not tested
in this study. There are multiple inhibiting proteins to NF-κB, including multiple IκB
proteins and p50, p52 and p105 and p100 (Chaturvedi et al. 2011). The proteins analyzed
in this study are key in the canonical pathway of NF-κB activation, whereas there is the
pterostilbene could be playing a role in alternating the non-canonical pathway, which
involves p100 and RelB (Chaturvedi et al. 2011). Compounds with a similar structure as
pterostilbene, such as curcumin, have been shown to be able to bind to DNA directly,
limiting the abilities of other ligands to activate transcription and so this also may have
played a role activities we detected pterostilbene possessing (Nafisi et al. 2009).
While approaching significance, the insignificant increases in protein expression
of c-fos and c-jun show that pterostilbene treatment at 30 µM for 6 hours in DU145 cells
has not resulted in a decrease in the two activators of AP-1. The increase in both c-fos
and c-jun protein expression would lead to a proposed increase in AP-1 activity, which
has been linked with cancer disease progression (Fujioka et al. 2004). From this result we
conclude that pterostilbene’s reported anti-cancer characteristics are not linked with AP-1
related activities.
Further research should be done in this area to provide more insight into
pterostilbene’s mechanisms of anti-cancer action. The activity of NF-κB itself is an area
that should be looked at before further research into protein expression and signaling
occurs. If there is no alteration to NF-κB activity occurring upon treatment with
pterostilbene, then there is no need to further analyze the related pathways. Another
option is to alternate the treatment duration or dose used in a study. Some studies have
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used pterostilbene in concentrations as high as 100 µM and for lengths as long as 24
hours (Pan et al. 2009, Nikhil et al. 2014). The treatments used in this study may not
have allowed for enough time for alterations of protein expression to have occurred and
by extending the treatment duration there is the potential for pterostilbene to have
provided more positive results.
In conclusion, the work in this study demonstrates that pterostilbene does not alter
nuclear protein signaling in several key proteins related to NF-κB and AP-1 activity in
DU145 human prostate cancer cells. Due to the varied mechanisms pterostilbene has
previously been shown to effect, further research on the anti-cancer mechanisms targeted
by this compound is warranted.
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