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ABSTRACT

Flavonoids are a large class of dietary polyphenols that have emerged as candidate agents
for chemoprevention in prostate cancer. Despite the large number of known flavonoids (over
9000), only a few have been studied in prostate cancer to date. The work presented in this thesis
describes the identification of novel anti-proliferative flavonoids, their molecular effects on cell
cycle and related proliferation and survival pathways, and their chemopreventive properties in a
murine model of prostate carcinogenesis.

We identified several novel flavonoids with potent anti-proliferative effects in human
prostate cancer cells in vitro. Non-prostate cell lines were generally resistant to the effect of these
flavonoids. Two of the most potent flavonoids identified, 2,2-dihydroxychalcone (DHC) and
fisetin, induced S and G2 phase cell cycle arrest in LNCaP and PC3 prostate cancer cells. Gene
expression studies employing oligonucleotide microarray demonstrated profound down-
regulation in gene expression of 75 key cell cycle (predominantly G2 and M phase) genes by
DHC and fisetin, and the enhanced expression of 50 stress-response genes with important roles in
cell proliferation and survival. DHC and fisetin induced apoptosis, but not accelerated

senescence, in prostate cancer cells.
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The chemopreventive effect of 4 flavonoids identified from the in vitro studies was
examined in an autochthonous murine model of prostate cancer (TRAMP). Mice were
administered diets supplemented with 1% DHC, 1% fisetin or a combination of flavonoids
(0.25% DHC, 0.25% fisetin, 0.25% quercetin, 0.25% luteolin) for 32 weeks. We demonstrated a
significant reduction in genitourinary weight, and a reduction in prostate cancer grade in mice
administered 1% DHC and combination diets. Flavonoid supplementation was, however,
associated with gastrointestinal toxicity in some mice. Liquid chromatography-mass spectrometry
demonstrated the accumulation of high levels of flavonoid in the prostates of TRAMP mice.
These findings lay the foundation for further studies of flavonoids in clinical chemoprevention

trials.
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CHAPTER 1

INTRODUCTION



1.1  Prostate Cancer Overview

Prostate cancer is the most common non-cutaneous malignancy in North America
accounting for 27-29% of all new cases of cancer in males (1). It is also estimated to be the
second (United States) or third (Canada) leading cause of cancer mortality (1, 2). The Canadian
Cancer Society estimates that 1 in 8 men will develop prostate cancer in their lifetime (2).
Prostate cancer therefore constitutes a significant public health burden, and like many other
cancers, the burden is likely to increase due to the continued growth in the aging population.

Despite technological and scientific advancements, prostate cancer management remains
a challenging field. Once the diagnosis of prostate cancer is made, both patient and physician are
faced with complicated risk-benefit choices that range from conservative approaches such as
active surveillance to invasive surgical and radiation therapy based treatments (3, 4). Definitive
therapy with radical prostatectomy or radiotherapy for localized disease are in many cases not
curative, with only 80% of patients remaining free of biochemical recurrence at 10 years (5-7).
Most patients who present with advanced and metastatic disease end up dying of prostate cancer
(8). Furthermore, treatment modalities often impact significantly on quality of life. Complications
of therapy such as incontinence and sexual dysfunction occur in up to 70% of patients post
radical prostatectomy and occur even following less invasive therapies such as brachytherapy (9).

Treatment of prostate cancer has been further affected by the widespread use of prostate
specific antigen (PSA) screening by physicians despite the absence of clear evidence that such
screening positively affects survival. Prostate cancer is unique in its natural history in that many
cancers diagnosed on prostate biopsy are not destined to develop into clinically aggressive
tumors, and therefore the concern with widespread use of PSA is the problem of over-diagnosis.

In a study of patients diagnosed with prostate cancer in the pre-PSA era, Adolfson et al



demonstrated that under half of patients diagnosed died of the disease (10). The high incidence of
indolent cancers is also highlighted in autopsy studies where almost 85% of men in their eighties
have microfoci of prostate cancer, yet the majority will have died of other causes. Therefore,
unlike many other cancers, early detection in prostate cancer has not yet been shown to be of
survival benefit and may actually be of detriment (because of over-treatment) to those patients
with indolent cancers. Even if managed conservatively, such patients now bear the ‘survivor’
label, with its attendant anxiety, need for close follow up, and potential for reduced quality of
life. These complexities in the management of prostate cancer and the lack of low-morbidity
treatment options have necessitated the development of alternative strategies to tackling this

highly prevalent disease.

1.2 Prostate Cancer Chemoprevention

1.2.1 Types of prevention

Prevention has come to light as one approach to reduce the public health impact of
prostate cancer. Various types of prevention approaches may be applied in prostate cancer
including both primary and secondary prevention methods. Primary prevention (i.e. preventing
the disease before it occurs), although the desired preventive strategy for chronic diseases with
clearly defined and modifiable risk factors, such as lung cancer, is a less suitable approach in
prostate cancer where the etiology is multi-factorial and risk factors are less well defined. Further
research into the mechanism of initiation of prostate carcinogenesis is required in order to
identify the specific molecular events and risk factors involved in prostate cancer transformation

before primary prevention approaches can be appropriately applied.



Secondary prevention on the other hand refers to interventions that prevent or minimize
the progression of a disease at an early stage, thereby limiting disability once the disease is
diagnosed. Therefore, while the underlying prevalence of the disease may not be altered by
secondary prevention measures, progression to clinically apparent disease may be reduced. The
utility of this approach in prostate cancer is supported by epidemiologic observations. Studies of
‘latent’ prostate cancer, that is cancer detected at post-mortem examination, have shown that the
incidence of small latent cancers does not vary with geographic region (11-13). In contrast,
population studies of worldwide prostate cancer incidence and mortality rates suggest that certain
regions impart a favorable risk to the development of prostate cancer. The incidence in China and
Japan, for example is 80 times less than the incidence in high risk regions such as North America
and Northern Europe (14). While differences in incidence have to be interpreted with caution
since the widespread use of prostate cancer screening in North America undeniably accounts for
the dramatically higher incidence, other indices such as mortality rate demonstrate the same
overall pattern. The prostate cancer mortality rate, which is a more accurate reflection of prostate
cancer risk, is 15 times lower in China and Japan compared to North America (14), although
under-reporting in Asian countries could be a confounding factor in this difference. Since we
know from autopsy studies that the prevalence of prostate cancer is the same worldwide, the
observation of reduced prostate cancer mortality in low risk countries implies that a secondary
prevention type of effect appears to be occurring, such that select environmental pressures appear

to be affecting progression of the disease into clinically aggressive cancer.

1.2.2 Rationale for Chemoprevention in Prostate Cancer
Both genetic and environmental factors could account for the differences in worldwide

prostate cancer mortality rates. The contribution of environmental factors is clearly substantiated



by epidemiologic migration studies that show a change in the prostate cancer mortality rate for
men migrating from low to high-risk regions. For example, men migrating from Japan to the
United States have been shown to acquire the high risk of the local population as early as one
generation after migration. This provides the best evidence to date of the role of environmental
and lifestyle factors in the risk of prostate cancer (14-19).

Certain biological features of prostate cancer further define it as a suitable target for
secondary prevention. Prostate cancer is a slowly progressing disease that arises decades prior to
diagnosis. The time between the onset of microscopic evidence of prostate cancer and clinically
perceptible disease is believed to be 20 years or more in many cases. Autopsy studies have shown
that 29% of men in their thirties harbor microfoci of latent prostate cancer (20), however, prostate
cancer is rarely clinically apparent before the age of 40 and incidence reaches a peak between 50-
70 years. The gradual progression of prostate cancer over many years provides an ideal window
of opportunity for lifestyle modifications or for the use of chemo-preventive agents (21, 22).

The identification of proposed pre-malignant precursor lesions to prostate
adenocarcinoma, such as prostatic intraepithelial neoplasia (PIN) or proliferative inflammatory
atrophy (PIA), also holds promise for the identification of prevention agents capable of halting
the multi-step progression of the disease. The natural evolution of prostate cancer from pre-
neoplastic to adenocarcinoma to aggressive androgen independent disease and metastasis is
hastened in high risk populations compared to low risk groups such as in South East Asia. The
aim of secondary prevention is to emulate the natural history of the disease in low risk regions of
the world and to maintain the status of the disease in the pre-cancerous or early steps prior to the

development of an aggressive phenotype.



1.2.3 Clinical Chemoprevention Trials

The first trial to demonstrate the efficacy of prevention in any cancer was the Breast
Cancer Prevention Trial that examined the effect of tamoxifen, a non-steroidal anti-estrogen on
the prevention of breast cancer in high risk women (23). The study demonstrated a 49% reduction
of breast cancers diagnosed in women in the tamoxifen group, however, this came at the cost of
increased risk of endometrial cancer and thrombo-embolic events in this group. This landmark
trial was soon followed by the Prostate Cancer Prevention Trial (PCPT) which provided the first
level I evidence that prostate cancer, like breast cancer, is a preventable disease (24). The study
randomized 18,882 men 55 years of age or older with a normal digital rectal examination (DRE)
and a prostate-specific antigen (PSA) level of 3.0 ng per milliliter or lower to treatment with
finasteride (5 mg per day) or placebo for seven years. Finasteride, a 5-alpha reductase inhibitor
was hypothesized to reduce the prevalence of prostate cancer owing to its effect of inhibiting the
conversion of testosterone to the more potent dihydrotestosterone. The study was designed to
compare the biopsy proven prevalence of prostate cancer in the two groups. The primary results
demonstrated a 24.8% reduction in the number of prostate cancers detected in the finasteride arm.
While there was a reduction in prevalence, there was also an increase in the number of high grade
cancers (Gleason grade 7 or more) in the finasteride group. This appears to be an artifact of the
cytoreduction induced by finasteride, resulting in a) biopsies which more accurately identify high
grade cancer, and b) improved performance of PSA as a screening test for high grade cancer (25,
26).

A number of questions remain unanswered with regards to the actual preventive effect of
finasteride. The study accrued men 55 years of older with a PSA less than 3 and normal DRE.
We know from previous studies that the incidence of histologically detectable prostate cancer is

high in men less than 55 years old. Since no pre-study biopsy was performed, it is not clear



whether the cancers detected in the PCPT were actually present before the commencement of the
trial. This is conceptually important because a reduction was seen in prevalence of disease, but it
is not clear to what degree there was a reduction in numbers of new cancers (primary prevention),
or rather a treatment effect of finasteride on pre-existing cancer (secondary prevention). It is
impossible to determine this since there were no pre-study biopsies performed. Another point is
that the effect of finasteride on morbidity or mortality has not been assessed. Although fewer
cancers were identified in the finasteride arm, not all histologically diagnosed cancers are
destined to clinical progression. Therefore, the long-term effects of finasteride on progression to
clinically advanced disease and survival is not known. Fewer men in the finasteride group
required biopsy for cause (e.g. because of elevated PSA), but this does not imply a reduction in
disease progression. Most chemoprevention trials, however, are not designed to have mortality as
an endpoint. This trial has demonstrated the utility of chemoprevention as a real option in
controlling prostate cancer. However, long-term follow up is required before reaching definite
conclusions about the efficacy of finasteride in prostate cancer prevention.

In summary, prevention of prostate cancer has become increasingly attractive owing to
the significant limitations of current management options once prostate cancer has clinically
progressed. Prevention is particularly favorable since most prostate cancer deaths occur after the
sixth decade, so that even modest delay in the natural progression of the disease could impact
significantly on mortality (27). Epidemiologic evidence suggests that although the underlying
rates of initiation of prostate cancer in high and low risk populations are the same, clinical
progression of the disease is much greater in high risk populations, and this may in large part be
attributable to environmental factors. These observations support the rationale for secondary
prevention of prostate cancer by demonstrating that under favorable conditions, prostate cancer

progression can be inhibited or perhaps arrested. Prostate cancer is a disease that gradually



progresses over 20-30 years, and in this regard is ideally suited to prevention strategies with
lifestyle modification or targeted chemical agents. The success of chemoprevention in prostate
cancer has most recently been showcased by the outcome of the PCPT trial. Although finasteride
was effective at reducing prostate cancer prevalence, the side effects of 5-alpha reductase
inhibitors, and lingering uncertainty about the increase of grade associated with finasteride
administration highlight the necessity for alternative chemoprevention agents. The epidemiologic
evidence supporting the role of environment on the rate of progression of prostate cancer has
paved the way for concerted research efforts to identify specific environmental, dietary and

lifestyle factors that could account for the preventive effect described in epidemiologic studies.

1.3 Diet and Cancer

1.3.1 Background

The role of dietary influences in cancer has been studied since the 1940’s when
Tannenbaum and others demonstrated the tumor promoting effects of various dietary
constituents, especially dietary fat, in animal models (28-30). Dietary factors have been estimated
to contribute up to 30% to cancer progression and mortality, although this figure suggested by
Doll et al is highly speculative (31). While the animal experiments of the early to mid 1900’s set
the scene for diet-cancer hypotheses, the emergence of strong epidemiological observations in the
1960’s and 1970’s linking dietary habits with cancer incidence world-wide reignited interest in
the field of diet and cancer (32-40). Armstrong and Doll’s study of correlations between dietary
habits and cancer incidence and mortality in 32 countries probably received the greatest attention.

The strongest associations in this study were meat consumption with colon cancer and fat



consumption with breast and uterine cancer, although weaker correlation of fat and prostate and
other cancers was also demonstrated (32).

Many diet-cancer hypotheses were extrapolated from these epidemiologic observations.
Since the strongest associations were from international geographical correlations where
confounding variables are incompletely accounted for, and estimations of dietary consumption
are often flawed, some argue that conclusions and dietary recommendations were inappropriately
reached based purely on indirect epidemiologic evidence (41). Enstrom also questions the
selective interpretation of data from migration studies where although an increased risk of breast
and colon cancer is observed in Japanese migrants to the US, the total cancer rate for Japanese
Americans is unchanged and overall mortality is actually lower than that of Japanese natives. The
challenge in the field of nutrition and cancer is that testing these hypotheses in the setting of
randomized controlled trials is often difficult due to poor patient compliance and the enormous
expense required for such extensive trials.

Most research in the field in the last 20 years has focused on determining diet and cancer
associations by well designed case-control and prospective cohort studies. The trend has been
that case-control studies tend to show a correlation between a dietary component and cancer risk
that is not evident when examined by prospective cohort studies. Part of the problem with case-
control studies investigating an association of diet with cancer is the strong effect of both recall
and selection bias on this type of study design (42). Recall of diet can be biased by the diagnosis
of cancer in which case patients may unduly associate particular unhealthy dietary habits with
their diagnosis (43). Case and control selection in these studies is often biased since although
cancer patients have a high degree of participation, control participation is usually low.

Furthermore, control subjects who do participate are usually more health conscious and have
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healthier dietary habits, therefore accentuating the inverse association of healthy dietary habits
with cancer in case-control studies (42).

A major complicating factor in our interpretations of epidemiologic studies of diet and
prostate cancer is the confounding role of PSA screening on study outcomes (44). This is
highlighted by the disparity in results of epidemiologic studies of lycopene and prostate cancer
incidence conducted in the pre- and post-PSA era. A protective effect of lycopene was
demonstrated in studies pre-PSA screening while the results of more recent studies have been
negative. Giovannucci has proposed that this trend may be accounted for by the decreased
likelihood of detecting a significant effect of lycopene in populations that are PSA screened (44).
The inverse association of lycopene and prostate cancer incidence in pre-PSA era studies was
strongest for metastatic disease. Since most PSA diagnosed cancers are early and organ-confined,
the resulting dilution of the number of advanced cancers may mean that post-PSA era studies fail
to show an effect on advanced disease (44). This is supported by findings of prospective studies
such as the Health Professionals Study that spanned both the pre- and post-PSA eras.

Other sources of inaccuracy and bias in the design of nutritional studies have been in the
inconsistencies associated with gathering accurate data on dietary habits. Willett et al have been
leaders in designing validated food frequency questionnaires (45-47). Although their food
questionnaires have been widely adopted, validation of this tool by weighing participant diets for
one week and comparing to the questionnaire demonstrated correlation of 0.5-0.6 (47). The
enormous variability in dietary intake on a day-to-day basis makes it extremely challenging to
accurately estimate dietary intake. Although the application of food frequency questionnaires has
been questioned, their efficacy has been demonstrated in studies highlighting the effects of diet in

cardiovascular disease (48). Therefore, lack of positive studies using these questionnaires in
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cancer studies is not solely due to the inaccuracy of the questionnaire, but rather could be due to
issues related to cancer such as complexity of causation and latency (45).

When estimating the intake of particular nutrients or micronutrients, food frequency
questionnaires can be quite misleading owing to the complexity of micro- and macro-nutrients in
the diet, and the significant effect of food processing and cooking on the availability of these
nutrients. When examining a heterogeneous group of micronutrients such as flavonoids or
carotenoids, a further source of bias may be that the total micronutrient content of particular
foods may not have been determined. For example, while the vitamin A content of many foods is
known, the total carotenoid levels for these foods are not known. Thus, while B-carotene may not
correlate with a particular disease, the same conclusions cannot be reached for total carotenoid
intake. The United States Department of Agriculture flavonoid content has attempted to address
this deficiency in our knowledge for flavonoid content of different foods, but this database is
limited to only a few flavonoids (49).

Over the last decades a number of dietary associations with cancer risk have gained
credibility, while at the same time many hypotheses have been refuted (50). Progress in this field
has been slow to produce definite recommendations for dietary modifications for improving
cancer risk not least for the difficulties mentioned above. Another reason, according to
Giovannucci, for the slow progress in the field of nutrition and cancer, compared to the study of
nutritional factors in cardiovascular disease has been the absence of intermediate biomarkers
(such as blood pressure or lipid profile in cardiovascular disease) which means that cancer studies
have to rely on long-term delayed outcome measures (51).

In conclusion, the studies examining dietary associations with cancer are highly
inconsistent. The variety of approaches (case-control, cohort etc) and the differences in

adjustment for confounding variables makes it difficult to reach firm conclusions on dietary
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associations with cancer development. While retrospective studies have shown correlations of
dietary factors with cancer incidence, prospective cohort studies have in many cases failed to
support these results. The influence of PSA screening on the outcome of recent epidemiologic
studies is another critical factor adding to the difficulty of demonstrating any dietary associations
with prostate cancer risk. Below, I will address the most pertinent reports of the role of dietary

factors and cancer risk, with a focus on dietary associations with prostate cancer.

1.3.2 Role of Macronutrients in Cancer

Possibly the most intensely studied of all dietary associations is that of fat and cancer. The
availability of international age-adjusted mortality rates in the 1960’s for various malignancies
paved the way for analytic epidemiologic studies of dietary habits and cancer that highlighted the
positive association of dietary fat consumption and cancer (52). Epidemiologic studies correlated
the high intake of fat in developed countries with increased incidence of colon (34), breast (36),
and ovary, endometrium and prostate (37). Epidemiologic studies of this nature fail to take into
account major confounding variables that could influence disease risk, such as age of menarche
or parity in breast cancer risk (53).

Data from case-control studies of fat intake and breast cancer has been inconsistent, with
studies demonstrating both positive and negative correlations. Several prospective cohort studies
have failed to show an association with fat intake and breast cancer, as did the Women’s Health
Initiative randomized control trial. The consensus, therefore, is that there is no association
between fat intake and breast cancer risk (54). Most studies of fat intake and colon cancer risk
similarly have shown no correlation, with the exception of the Nurse’s Health Study that
demonstrated a statistically significant increased risk (relative risk of 1.89) of colon cancer

between women in the highest and lowest quintiles of fat consumption (55). Most analytic
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epidemiologic studies of prostate cancer have failed to demonstrate a correlation with fat intake.
Early case-control studies that did show a significant correlation failed to control for total energy
intake (56). Interestingly the type of fat may be important, with alpha-linolenic acid in particular
associated with increased cancer risk in several studies. Thus, while early population studies have
correlated fat intake with cancers of the breast, colon, and prostate, prospective studies have
largely failed to confirm these associations possibly reflecting the lack of suitable adjustment for
confounding variables in population studies (57).

A difficulty arising from the assessment of dietary studies of fat and cancer risk is the
inverse correlation of fat intake with carbohydrate consumption. Therefore, it can be difficult to
determine the extent to which outcomes of studies examining alterations in fat intake are
attributable to fat or carbohydrate variations (58). Carbohydrate intake in itself has been linked to
cancer risk. In a review of 21 case-control studies of sugar and colorectal cancer, 7 demonstrated
positive correlation between sugar consumption and colorectal cancer risk (59). Prospective
cohort studies have failed to show significant correlations of sugar intake or glycemic load and
colon cancer risk, although positive trends are apparent (58). Similarly for breast cancer, all
prospective studies but one (60) failed to show a significant correlation with carbohydrate intake.
Studies of the effect of carbohydrates in prostate cancer have been mostly limited to animal
experiments that have shown the inhibition of prostate cancer xenograft growth in mice fed low
carbohydrate diets compared to high carbohydrate diets (61, 62). This effect was associated with
a reduction in levels of insulin, IGF-1 and its downstream target Akt. Insulin and IGF-1 are both
growth hormones that have been associated with increased risk of prostate cancer (63, 64). A
weak but significant positive correlation of fasting serum glucose levels was demonstrated in a
large Icelandic cohort indirectly suggesting a possible relationship between carbohydrates in the

diet and prostate cancer risk (65). In summary, while results of animal experiments are
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promising, the association of carbohydrates with colorectal and breast cancer is minimal based on
analytic epidemiologic studies, and the association with prostate cancer is yet to be adequately
investigated in humans.

The effect of dietary protein intake on tumorigenesis has been studied for over 50 years.
Animal experiments have demonstrated a reduction in onset of various types of malignancy in
animals fed low protein (casein) compared to high protein diets (66-69). Verification of these
observations in the human setting has been less widely studied than other macronutrients. A small
case-control study demonstrated that high protein intake was associated with increased levels of
growth factors including IGF-1 (70). An extensive report by the World Cancer Research Fund
(WCRF) did not include protein in it’s recommendations of dietary modifications based on
extensive review of available literature (71). The intakes of meat and dairy products, both major
sources of dietary protein have been extensively studied; however, since these also represent
major sources of other nutrients such as saturated fat, correlations with cancer risk cannot be
directly attributed to protein in these studies. Therefore, further research is needed to fully
determine the effects of protein intake on carcinogenesis.

The evidence for meat is particularly strong for colorectal cancer, with a recent meta-
analysis of several cohort studies by the WCRF concluding that ‘red meat is a convincing cause
of colorectal cancer’ (71). This conclusion is debated by others who site the absence of
correlation or indeed the inverse association of meat and colon cancer risk in several large cohort
studies (72, 73). The major studies demonstrating increased colorectal cancer risk with meat are
the Nurses’ and Health Professional studies where a significant risk was associated with very
high meat intake >140g per day. Thus, while there are conflicting reports in the literature, the
consensus is that meat intake of >140g per day is detrimental (55, 74). Meta-analyses of cohort

studies examining meat and breast cancer have shown a slight or no association (75, 76). Several
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case-control and cohort studies have shown significant positive correlation of meat intake with
prostate cancer (77). Therefore, the evidence for meat as an etiological factor in cancer appears to
be strongest for colorectal and prostate cancer.
The WCREF study panel also concluded that milk and dairy products likely have a protective role
in colon cancer, while the results of cohort studies in prostate cancer are inconsistent (71).

The emergence of obesity as a public health problem was highlighted as early as the early
1900’s when large studies sponsored by the American life insurance industry demonstrated a
positive association between premature mortality and body build (78). A century later and the
association of obesity to mortality from all causes and cancer continues to be highlighted in
epidemiologic studies (79-82). The International Association for Cancer Research (IARC)
conducted an extensive review of the evidence linking obesity with cancer in 2002. This report
suggested that the evidence supporting the association of obesity to cancer was greatest for
colorectum, breast, endometrium, kidney and esophagus. The evidence for an association of
obesity and prostate cancer was more inconsistent. This is despite the outcome of the largest
study examining obesity and prostate cancer risk in a Norwegian cohort of 950,000 men with
33,000 incident prostate cancer cases that showed a significant association of obesity with
incidence of prostate cancer in men aged 50-59 (RR 1.59) (83). Prospective cohort studies
published after 2002 continued to support this conclusion for both prostate and non-prostate
cancers (82, 84-89). Interestingly, while the data suggest a weak association of obesity with
incidence of prostate cancer, the association is somewhat stronger for mortality from prostate
cancer. The American Cancer Society Cancer Prevention Study I and II enrolled over 900,000
participants and demonstrated a significant positive association of obesity and prostate cancer
mortality (RR 1.27) (90). This association was also confirmed in a prospective cohort study of

135,000 Swedish construction workers (91). This supports the notion that obesity has a role in
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progression rather than initiation of prostate cancer. Thus, the evidence suggests that caloric
intake, obesity and macronutrient consumption are all important factors in the pathogenesis of

prostate cancer.

1.32. Effect of Micronutrients and phytochemicals in Cancer Prevention

Micronutrients, vitamins, minerals and trace elements are essential constituents of diets
and are needed in small quantities. Phytochemicals are non-essential bioactive components
derived from plant products. Thousands of phytochemicals exist in nature, and many have been
developed into pharmaceutical agents in use today, while many more are currently under
investigation. Examples of phytochemicals include flavonoids, stilbenes (e.g. resveretrol),
isothiocyanates amongst many others. Many of these classes of compounds have been shown to
possess anti-oxidant, anti-inflammatory, anti-microbial and anti-cancer effects. Fruits and
vegetables, tea, and medicinal herbs are all rich sources of phytochemicals.

Fruits and vegetables have been used for medicinal purposes for millennia. The numerous
case-control and cohort studies examining the relationship of fruit and vegetable consumption
with cancer risk have recently been reviewed in a report by the WCRF (71). The authors
examined evidence for non-starchy vegetables and fruits separately. The evidence for non-starchy
vegetable consumption appears to be strongest for mouth, pharynx and larynx cancers where a
large body of evidence has shown a dose-response effect, while the evidence in lung, stomach,
colorectal, and ovarian cancer was limited. The evidence for the cancer preventive effect of fruit
consumption was strongest for lung cancer, weaker for esophageal and mouth, pharynx and
larynx cancer, and limited evidence existed for other cancers. Unfortunately, the WCRF report

did not review the association of fruit or vegetable intake on prostate or breast cancer.
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Several case-control and cohort studies have examined the link between fruit and
vegetable consumption and prostate cancer (92-103). Early case-control studies revealed no
association of fruit and vegetable consumption and PCa risk (92, 95-98). Larger cohort studies
have recently corroborated these conclusions (99, 102, 103). The European Prospective
Investigation into Cancer and Nutrition (EPIC), a cohort of over 130 000 men from seven
European countries, reported no association (99). Similarly, in the multi-ethnic cohort study,
comprising 90,000 participants and almost 4000 cases of prostate cancer, no significant
association was found for prostate cancer incidence and fruit and vegetable intake (102). In a
recent prospective study of diet and prostate cancer in almost 30,000 men, higher intake of
vegetables was associated with a significant reduction only in high grade prostate cancer (RR
0.41), particularly cruciferous vegetables such as broccoli (RR 0.55) and cauliflower (RR 0.48)
(103). However, other prospective cohort studies have failed to demonstrate a significant inverse
association of cruciferous vegetable intake and PCa risk (96, 99-101).

Tomato products have demonstrated protective effects on prostate cancer development,
although the data is somewhat conflicting. Tomatoes are high in lycopene, a potent free radical
scavenger of the carotenoid family. In a recent meta-analysis, high versus low intake of tomatoes
was associated with a 10% to 20% reduction in prostate cancer risk (104). The association was
stronger for cooked versus raw tomato products. In a prospective cohort study, Giovannucci et al
reported that tomato sauce intake was associated with a 35% decreased risk of incident advanced
prostate cancer (105). Several studies have not shown an association of lycopene with prostate
cancer risk and it has been proposed that the negative outcomes of three of these studies may
have been due to the generally low intake of tomato products in the study populations (106). The
recently conducted U.S. Food and Drug Administration’s review of the evidence for an

association between tomatoes, lycopene and prostate cancer reported very little evidence
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supporting an association (107). The effect of PSA screening on the outcome of lycopene studies
was proposed by Giovannucci to account for the lack of an association of lycopene and prostate
cancer in recent epidemiologic studies, as was discussed earlier (44).

Other micronutrients with postulated effects in prostate cancer include vitamin E and
selenium. The initial evidence for vitamin E emerged from the Alpha-Tocopherol Beta-Carotene
cancer prevention trial that reported statistically significant reductions in prostate cancer
incidence and mortality in men randomly assigned to alpha-tocopherol versus placebo (108).
Similarly, gamma-tocopherol has also demonstrated an inverse association with prostate cancer
risk in epidemiologic studies (109, 110). Several studies however have failed to show any
association of alpha or gamma tocopherol intake and prostate cancer (111-114). The evidence for
the effect of selenium is stronger, with a number of large prospective cohort studies and a
randomized controlled trial demonstrating an inverse association of selenium consumption and
prostate cancer (115-117). The chemopreventive effects of selenium and vitamin E are currently
being examined in a randomized controlled trial (SELECT) of 32,400 men, the results of which
are expected in 2013 (118).

In vitro, animal and epidemiological studies have pointed to the chemopreventive role of
vitamin D in cancer. Schwartz et al. first put forward the vitamin D hypothesis for prostate
cancer, postulating that various epidemiologic risk factors for prostate cancer (increasing age,
Black race, Northern latitude) could be explained by relative vitamin D deficiency (119).
Supporting this hypothesis are epidemiological studies that have demonstrated that solar
ultraviolet-B radiation, the most important source of vitamin D, is associated with reduced risk of
several malignancies including prostate cancer (120, 121). Furthermore, striking reductions in
cancer mortality have been demonstrated for cancers diagnosed in summer months when vitamin

D levels are highest, compared to winter (122, 123). The discovery that many cell types,
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including prostate epithelial cells express vitamin D receptors, lends further rationale to this
hypothesis (124). Prostate epithelial cells also express the vitamin D metabolizing enzyme 1-
alpha-hydroxylase which converts circulating 25-hyroxyvitamin D (25-D) into the more potent
1,25 dihydroxyvitamin D (1,25-D) (125). 1,25-D has been shown to promote differentiation and
inhibit proliferation and invasiveness in vitro (126, 127).

Epidemiological studies of the association of prostate cancer with serum vitamin D levels
have been conflicting (128). Several small serum based case-control studies have shown no
difference in serum vitamin D (both 25-OH and 1,25-OH vitamin D) levels between cases and
controls (129-132), while others have demonstrated a protective effect of higher levels of 25-OH
vitamin D in prostate cancer (133, 134). Dietary intake studies of vitamin D consumption or
supplementation have not supported the role of vitamin D in prostate cancer risk (135, 136). This
is in contrast to colorectal cancer where dietary vitamin D intake is more strongly associated with
reduced cancer risk (137). It has been postulated that lower levels of 1-alpha hydroxylase in
prostate cancer cells compared to colon cancer cells may account for the disparity in the effect of
vitamin D in prostate and colon cancers (138).

Calcium intake has been shown to be associated with prostate cancer risk. Case-control
and prospective cohort studies have shown positive associations between calcium intake and
prostate cancer risk, particularly for advanced disease and at higher supplemental doses (135,
139, 140). In a meta-analysis of eleven case-control studies examining calcium intake and
prostate cancer risk, the combined odds ratio was 1.68 (95% CI = 1.34-2.12) (141). A meta-
analysis of prospective cohort studies demonstrated a relative risk of total prostate cancer of 1.11
(95% CI 1.00, 1.22; p=0.047) for the highest vs. the lowest intake categories of dairy products
and 1.39 (95% CI 1.09, 1.77; p=0.018) for the highest vs. lowest intake categories of calcium

(142). The hypothesis that increased calcium intake increases prostate cancer risk by virtue of
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lowering 1,25-OH vitamin D levels is not supported by studies demonstrating that large
variations in calcium intake are associated with small changes in 1,25-OH vitamin D levels (143).
Thus, the effect of calcium on prostate cancer progression is most likely unrelated to the vitamin
D pathway.

The detailed molecular effects of vitamin D, calcium and other micronutrients such as
selenium, vitamin E, and lycopene are beyond the scope of this thesis and have been reviewed
elsewhere (144-147). This thesis will focus instead on the cellular and molecular effects of

another important class of antioxidant phytochemicals- the flavonoids.

1.4. Flavonoids in prostate cancer prevention

1.4.1 Definition, Classification & Chemistry

Phenolics are the most ubiquitous class of plant chemicals, and consist of compounds
with a hydroxyl group (-OH) attached to an aromatic hydrocarbon. Flavonoids are a special class
of polyphenolic plant secondary metabolites. The term ‘flavonoids’ encompasses a diverse range
of compounds all of which are based on the Cs-C3-Cs (phenylbenzopyran) carbon skeleton.
Flavonoids are located inside the cells or on the surface of various plant organs and have various
functions in plants (148).

The underlying basic structure of all flavonoids consists of 2 aromatic rings, the ‘A’ and
‘B’ rings linked by a 3-carbon bridge (Fig 1.1). For most flavonoids, the 3-carbon bridge
combines with an oxygen and the ‘A’ ring to form a third central ring structure, the ‘C’ ring
(149). The central ring structure is known as a chromane ring and is a shared structure of
flavonoids and tocopherols. Chalcones, a sub-class of flavonoids, lack the central ‘C’ ring.
Flavonoids are categorized into several groups based on specific structural features: the major

flavonoids, isoflavonoids, and neoflavonoids (148) (Fig 1.2). The major flavonoids, isoflavonoids
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and neoflavonoids are isomers that differ according to the position of the aromatic B-ring moiety
(Fig 1.2). Other variations of the flavonoid structures include the chalcone and aurone flavonoid
families that are referred to as minor flavonoids.

The group of major flavonoids is further subcategorized based on differences in structure
of the central chromane ring (Fig 1.3). Different degrees of saturation of the chromane ring occur,
as shown in Fig 1.3, with flavanones and flavanols having no carbon-carbon double bonds in the
middle ring; flavones having one C-C double bond; and anthocyanidins possessing two C-C
double bonds. Flavanones and flavanols are differentiated based on the presence of a carbonyl
(C=0) group at position 4 on the chromane ring of flavanones which is absent in flavanols. This
C=0 functional group is also seen in flavones. Flavonols are very similar to flavones differing
only by the addition of a hydroxyl at the 3- position on the central ring. Flavanols usually have a
hydroxyl at the 3-position and are therefore termed flavan-3-ols, helping to avoid confusion with
the similar sounding flavenols. Anthocyanidins are unique in that the oxygen atom of the
chromane ring has a positive charge (Fig 1.3) (148, 150).

Up until the middle of the 20™ century, flavonoids were believed to be waste products of
plant primary metabolism, a notion that was soon abandoned based on research demonstrating the
myriad functions of flavonoids in plant survival (151). We now know the complex metabolic
pathways used to synthesize flavonoids in plants- pathways that have evolved over millennia to
provide a survival advantage to plants. Plants, clearly do not have the luxury of mobility and have
had to evolve elaborate chemical mechanisms in order to defend themselves from various insults
(such as UV radiation) and in order to attract those that will assist with their reproduction (bees,
birds) (152). Indeed, the complexity of the plant genome, which exceeds that of humans, is
believed to have developed to maintain these immensely complex pathways of synthesis of novel

chemicals (152).
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Flavonoids are best known as the red, blue and purple pigments of flowering plants (due
to the anthocyanidin sub-group) although the red pigment of some fruits can be due to
carotenoids such as lycopene (153). These pigments and the yellow pigments of flavones and
flavanols are also responsible for the fall leaves coloration (154). Because of the importance of
color in pollinator attraction, flavonoids have an important role in plant reproduction. Flavonoids
in plants also serve to protect from ultraviolet (UV) light owing to their high UV absorbance
coefficients, and it has been suggested that this property of flavonoids was critical in the
evolution of aquatic plants to a terrestrial existence (151). Flavonoids also possess other critical
functions in defense against microorganisms and germination of pollen (155, 156).

Biosynthesis of flavonoids in plants is via a series of enzymatic steps starting with the
aromatic amino acid phenylalanine and acetate (154). The flavonoid pathway is regulated in
plants according to environmental stimuli that cause alterations in transcription of various
enzymes in the pathway (157). This results in the generation of flavonoids with specific function
according to the survival needs of the plant. The flavonoid pathway is one of the most clearly
defined of all secondary metabolism pathways in plants. This has been partly attributed to the
bright colors of flavonoids that greatly facilitate the monitoring of experiments in flavonoid
biology. An intriguing possibility that has emerged with the understanding of flavonoid
biochemical pathways has been the application of biotechnology methods to generate plants or
even bacteria that are genetically engineered to produce high levels of a particular flavonoid for
human use (158).

Each group of flavonoids possesses unique chemical properties and has a particular
distribution in plants. Anthocyanins (glycosylated anthocyanidins) and proanthocyanidins
(polymers that produce anthocyanidins when hydrolyzed) primarily provide color to flowering

plants and fruit, and are therefore found in high concentrations in the skin of red grapes, red wine
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and berries. Flavan-3-ols, such as catechin, epicatechin gallate are colorless and are found in high
concentrations in green tea. Isoflavones are only found in legumes (e.g. soy) and are therefore
consumed in high quantities in regions of the world with high soy consumption. Flavanones are
found in high levels in citrus fruits, while flavones are present in green leafy spices such as
parsley, and flavonols are ubiquitous and found in most fruits and vegetables consumed in the
human diet (149, 159).

Over 9000 flavonoids have been discovered in nature (160). The number of theoretically
possible flavonoids is even greater. This enormous diversity is due to the large number of
possible substitutions (hydroxyl, methoxyl, methyl, isoprenyl, benzyl etc.) at the various
positions on the flavonoid carbon framework. Furthermore, each hydroxyl group and some
carbons can be substituted by a range of different sugars, which can be substituted themselves by
various organic and aliphatic acids (160). Because of their common presence in plants they
constitute an important part of the human diet and estimates of daily consumption range from 50-
1000mg total flavonoid intake daily (161-164). The large differences in estimated flavonoid
consumption is partly due to the estimation of different forms of flavonoids by different studies.
Most flavonoids in nature are glycosylated, and therefore, the studies estimating flavonoid
glycoside consumption quote flavonoid consumption at several fold higher than studies
measuring aglycone intake. Regardless of the estimation, the intake of flavonoids even in the
Western diet which is low in fruits and vegetables greatly surpasses the intake of other
phytochemicals such as vitamin E and B-carotene (161). Owing to the considerable human
consumption, it is imperative that we examine closely the safety and underlying effects of
flavonoids on human health and disease.

Interest in the health benefits of flavonoids stemmed from early research in 1936 by the

Hungarian scientist Szent-Gyorgyi, who also incidentally discovered vitamin C. He isolated a
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substance, which he called citrin, from lemons that restored weakened capillaries to normal. This
effect was not noted when vitamin C alone was administered. Citrin was later shown to be
composed of the flavonoids hesperidin and eriodictyol (165). Although citrin was also called
vitamin P, this name was dropped in the 1950s after it was concluded that flavonoids did not fit
the strict definition of a vitamin (166). Despite not qualifying as vitamins, flavonoids have been
shown in the last 72 years since Szent-Gyorgyi’s initial discovery to affect various aspects of
human health not limited to their beneficial effects on capillary wall integrity.

The diversity of effects of flavonoids on mammalian biological systems is nothing short
of remarkable. The cellular processes modulated by flavonoids in vitro number in the hundreds.
A few themes emerge from the many thousands of studies in this field. Firstly, the effects of
flavonoids while remarkable in vitro are not conclusively translated in the in vivo situation. This
can be accounted for by a number of factors such as poor absorption of flavonoids, extensive
metabolism, and the complexity of the milieu in vivo, which is poorly replicated with in vitro
experiments. Secondly, the literature points to the importance of flavonoid structure in their
biological effects, such that certain structures (e.g. flavonols) have considerably greater
biological effect than others (e.g. flavanones). One explanation for this latter effect may be the
more planar structure of flavonols (owing to the double bond in the C-ring) that makes these
molecules more likely to interact with active sites on enzymes. Many other mechanisms are likely
to account for differences between individual flavonoids. Such generalizations that emerge from
the literature allow us to put flavonoid research in perspective. Thus, we need to be aware that in
vitro flavonoid effect should not be taken to immediately imply in vivo activity; and that the

effects of one class of flavonoid does not necessarily apply to all flavonoid types.
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1.4.2. The Epidemiology of Flavonoids in Relation to Cancer

A substantial epidemiologic literature supports the beneficial health effects of flavonoid
consumption. The main areas of interest have been the anti-cancer and cardio-protective effects
of flavonoids. Prostate cancer has gained special attention in this regard owing to observations of
dramatic differences in mortality of prostate cancer between populations consuming high (China)
and low (North America/Europe) levels of flavonoids. Epidemiological studies, including several
case-control and cohort studies have broadly supported this hypothesis. Only 2 out of 7 case-
control studies failed to show a protective effect of flavonoid consumption and prostate cancer
risk (167, 168). Both these studies were conducted in European populations where flavonoid
intake is low and may not reach chemopreventive levels even in the highest category of
consumption. These two studies also differ in the relatively large sample size compared to those
studies that demonstrated significant inverse association with flavonoid consumption. The
chemopreventive effect of flavonoids in prostate cancer has been further supported by a number
of large prospective cohort studies that have demonstrated an inverse association of cancer risk
with flavonoid intake. In these studies, soy (RR 0.3 for consumption of soy milk more than once
per day), isoflavone (RR~0.5 in men over 60 years of age) and green tea consumption (RR 0.52
for consumption of more than 5 cups per day) was significantly correlated to lower prostate
cancer risk (169-171). However, one large cohort study conducted in Japan did not demonstrate
an association of green tea intake with prostate cancer (172). This study differed from the other
large Japanese cohort study examining the effect of green tea intake (171), by having a shorter
follow-up time and a lower mean age of study participants, both of which may have influenced
the likelihood of detecting a significant effect of green tea consumption. Two other cohort
studies, both conducted on Finnish populations, did not report an association (173, 174). In a

follow-up to one of these studies however, a significant inverse association was demonstrated for
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consumption of the flavonol myricetin and prostate cancer risk. This highlights the effect of non-
soy or green tea flavonoids in prostate cancer chemoprevention (175). Overall, the evidence for a
protective effect of flavonoids in prostate cancer appears to be supported by the results of most
case-control and cohort studies.

Flavonoids have been the subject of controversy regarding their potentially harmful
phytoestrogenic effects in estrogen dependent malignancies such as breast and endometrial
cancer. Despite this theoretical risk, the great majority of epidemiologic studies have failed to
demonstrate an increased breast cancer risk, and most in fact show an inverse association with
flavonoid intake. These studies have examined breast and endometrial cancer risk and the intake
of soy and green tea (both rich sources of flavonoids), or the specific flavonoids such as
isoflavones found in soy (genestein, daidzein), as well as flavonoids of other classes such as
flavonols, flavones, anthocyanidins and catechins. Flavonoid intake was assessed in these studies
by dietary questionnaire or urine/serum determination of flavonoid levels. Fourteen out of 19
case control studies demonstrated significantly lower flavonoid consumption in breast cancer
patients compared to matched cancer free controls (176-193). Four case-control studies showed
no association of flavonoid consumption to cancer risk, while one study demonstrated a slight
increased risk (RR 1.2) with daidzein consumption in post-menopausal women with breast
cancer. In contrast to the protective effect observed in case-control studies, five out of six cohort
studies failed to show a significant association with flavonoid intake (194-198). Only one cohort
study demonstrated a protective effect with high isoflavone consumption (RR 0.46). The absence
of an association in other cohort studies may be explained by differences in study populations.
The only positive study was conducted in Japan where isoflavone consumption is considerably
higher than in the West (199). The five negative studies were conducted in European or

American populations where isoflavone consumption is low and may not reach chemopreventive
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levels even in the highest category of consumption. With regard to other estrogen-dependent
cancers, 3 case control studies reported a significant inverse association of soy or isoflavone
intake and endometrial cancer (200-202).

The beneficial effects of flavonoids in cancer are not limited to breast and prostate cancer.
Results of prospective cohort studies of flavonoid intake have generally been mixed in colon
(203-207), gastric (208-211) and pancreatic cancer (212, 213). One reason for inconsistencies
between studies includes the variability of dietary screening tools for estimation of flavonoid
intake. The results are more consistent in ovarian cancer where a risk reduction was noted for
higher levels of isoflavone, black tea and flavonol (kaempferol and luteolin) intake (214-216).
One large cohort study of oral and pharyngeal cancer in Japan showed significant inverse
association with green tea consumption, but only in female subjects (217).

Although the anti-cancer effects of flavonoids predominate, one cancer type, bladder
cancer, demonstrates an increased incidence with higher levels of flavonoid consumption. Three
studies (one cohort and two case-control) have examined the intake of flavonols (quercetin,
luteolin, kaempferol, myricetin), green tea intake or soy isoflavones with respect to bladder
cancer risk (218-220). The largest of these studies was a cohort study conducted in Singapore
(n=63257), which demonstrated a significantly increased risk of bladder cancer (RR=2.32) with
the highest quartile of soy consumption (220). This pro-carcinogenic effect may be due in part to
the urinary excretion of metabolized soy isoflavones, resulting in high levels of modified pro-
carcinogenic forms of the flavonoids in the urine. The authors also proposed that other factors in
soy may be responsible for the perceived pro-carcinogenic effect, since total soy was more highly
correlated with bladder cancer risk than isoflavone concentration (220).

A number of studies have examined the association of non-flavonoid phytoestrogens

such as lignans (e.g. enterolactone) with prostate cancer risk and have generally highlighted a
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protective effect of lignans. Since lignans are found in high levels in soy, positive epidemiologic
associations of the soy flavonoids (genistein and daidzein) with cancer may indeed be a reflection

of the confounding effect of lignans, or other as yet unidentified phytochemicals (168, 186).

1.4.3. Bioavailability and Metabolism of Flavonoids

The absorption, metabolism and excretion of flavonoids is a complex process involving
various structural modifications to the ingested flavonoid in multiple tissues and cellular
compartments. Determining the bioavailability of flavonoids (the proportion of flavonoid found
in blood or target tissue after ingestion) is critical to understanding the effects of flavonoids as
chemopreventive agents. Although flavonoids have been shown to undergo extensive
metabolism, this does not necessarily equate to biological inactivation of the compound. In many
cases in pharmacology, the metabolized product is often more active than the parent compound.
A case in point is morphine whose glucuronated metabolite is known to be a more potent opiate
than the parent compound (221).

Flavonoids are predominantly absorbed in the small intestine, with only small amounts
absorbed via the gastric mucosa (222). The glycosylation state of the flavonoid greatly affects the
mechanism of flavonoid absorption. Most flavonoids in nature exist as glycosides. Early studies
suggested that flavonoid glycosides were not absorbed intact in the human gut (due to their high
hydrophilicity). These findings have more recently been refuted (223). Studies have since
demonstrated that quercetin glycosides are not only absorbed, but that their absorption is actually
enhanced compared to quercetin aglycone (224). This absorption is believed to occur partly due
to the action of sodium dependent glucose transporter (SGLT1) (225). More commonly, however,
the first step in absorption of flavonoid-glycosides is usually hydrolysis of the sugar moiety in the

gut resulting in generation of the flavonoid aglycone (226). This hydrolysis was initially assumed
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only to occur in the colon by bacteria since humans lack the necessary enzymes to hydrolyze the
B-glycoside linkages of flavonoid glycosides. However, recently is has become clear that a broad-
specificity B -glucosidase enzyme in enterocytes and lactase phloridzin hydrolase in the small
intestine brush border can hydrolyze these B-glycoside linkages (227). Hydrolysis of flavonoid-
glycosides has also been shown to occur in the oral cavity (228). The flavonoid aglycones
generated by hydrolysis of the sugar moiety are more lipophilic, and hence are more readily
absorbed in the gut by passive diffusion. Flavonoids entering the colon undergo a similar
hydrolysis by bacterial glucosidases (223). Flavonoids that reach the colon undergo ring scission
of the aromatic ring after sugar hydrolysis, resulting in simple phenolic compounds, which
accounts for the low levels of flavonoid absorption from the colon (229).

The type of sugar moiety is an important determinant of absorption efficiency, with
flavonoid-glucosides much more readily absorbed than flavonoid-rutinosides (230). With respect
to the flavonoid aglycones, methoxylated flavonoids as opposed to hydroxylated flavonoids are
much more readily absorbed owing to their increased lipophicity, Flavonoids lack an active
transporter, and as such they are absorbed via passive diffusion, a more efficient process in
hydrophobic flavonoids (231). Other factors affecting flavonoid absorption include the protein
content of food ingested with the flavonoid. Since flavonoids bind to proteins, flavonoid
absorption will be attenuated until the protein is digested (232).

The biotransformation of flavonoids continues in the enterocytes. The main metabolic
transformations include conjugation of glucuronic acid (glucuronidation), methylation and
sulphation (233). These conjugations are essentially phase II detoxification reactions resulting in
increased molecular mass and improved solubility of the compound which enhances excretion of
the compound in bile and urine (234). Thus the enterocyte is an important site of flavonoid

metabolism. Flavonoid aglycones that reach the circulation are bound to albumin. Interestingly,



30

binding to albumin does not affect the antioxidant ability of flavonoids, an important point in
terms of the likely biological effect of absorbed flavonoids (235). Flavonoids entering the
circulation subsequently undergo phase II detoxification in the liver. Other transformations in the
liver include the formation of flavonoid-glutathione adducts also resulting in enhanced excretion
of the flavonoid (233). Excretion of flavonoids occurs in urine as well as bile (236).

The kinetics of flavonoid absorption and metabolism in humans has been studied for
quercetin and other flavonoids. Hollman et al demonstrated that peak plasma levels of quercetin
were reached in 2.9 hours in subjects consuming a meal of 333 grams fried onion (237). The
mean peak plasma level of quercetin was 196 ng/ml and the half-life of quercetin was 16.8 hours.
This long half-life suggests that quercetin may accumulate with continued flavonoid
administration. Importantly for purposes of chemoprevention, studies have also demonstrated the
accumulation of flavonoids in various animal tissues (238).

Quercetin, a flavonol, is believed to have different absorption and kinetics to other
flavonoid classes. Anthocyanins, in comparison, are absorbed poorly and rapidly excreted in
urine. Citrus flavanones are well absorbed but have shorter plasma half lives. They also reach
higher maximum concentrations than flavonols (239). A significant degree of variability is
therefore expected in the pharmacokinetic properties of different flavonoids. As with other
ingested compounds, inter-individual variability is another important factor accounting for the
pharmacokinetic properties of flavonoids in humans.

Food preparation has variable effects on the bioavailability of flavonoids in the diet.
Peeling, for example, greatly reduces flavonoid content since the peel contains a large proportion
of flavonoids in fruits and vegetables (240). The effect of cooking on flavonoid content has been
examined for quercetin content in onions after cooking. When onions are boiled, flavonoids

diffuse out to enter the broth, making the broth a rich source of flavonoids. Frying onions for 40
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minutes did not alter total quercetin content. An increase in quercetin is noted on microwaving
due to increased extractability (241). Consumption of flavonoids and protein together, while
postulated to reduce the absorption of flavonoids, has not been shown to have an effect (242).

Thus, in general, flavonoid availability from food appears to be enhanced by cooking.

1.4.4. Are Flavonoids Safe for Human Consumption?

The availability of a diverse range of flavonoids to the general public as prescription-free
supplements propels the issue of flavonoid safety to the forefront of public health concerns. A
large number of studies have investigated the safety of flavonoids, particularly of the isoflavone
genistein, the green tea catechin EGCG and the flavonol quercetin. The effect of these flavonoids
has been investigated using various genotoxicity assays in vitro and in vivo, and the safety of
long-term administration of these compounds in animals and humans has been assessed (243-
266).

Studies examining the toxicity of EGCG demonstrated no mutagenicity in a salmonella
mutagenicity assay in vitro, but at doses of 210 uM were clastogenic (248). When administered
to rats, EGCG was non-toxic at 50mg/kg as an intravenous bolus and was non-toxic to rats after
13 weeks administration at doses of 500mg/kg/day. An oral dose of 2 grams/kg was lethal in rats
(250). In order to determine reproductive toxicity, mice were administered 14000ppm EGCG
during gestation (249). Although there was reduced pup growth and pup loss, there was no
evidence of teratogenecity. 800mg/day of EGCG administered to humans for 4 weeks had only
minimal side effects including mild gastrointestinal symptoms and muscle aches (244). There
was no hematologic or serum chemistry abnormalities. Thus, EGCG appears to be non-mutagenic

except at very high doses in vitro. EGCG should be avoided during pregnancy.
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Genistein had no mutagenic effect in the Ames test, and although clastogenic in vitro,
there was no increase in micronuclei in Wistar rats administered 2 grams/kg of genistein (256).
Like EGCG, genistein administration during gestation (at 1gram/kg) resulted in increased pup
mortality without being teratogenic (251). Studies examining effects of soy infant formula have
not demonstrated any adverse effects in terms of growth, development or later reproduction
(254). Genistein administered to humans at 600mg/day for several weeks did not induce
micronucleus formation or rearrangement in MLL gene (267). McClain et al examined the effect
of short and long term administration of genistein by rats at a dose of 500 mg/kg/day (256). This
dose was toxic to rats as evidenced by reduction in body weight and poor feeding. Long term
administration (52 weeks) was associated with increased liver gamma glutamyl transferase and
minimal bile duct proliferation suggestive of liver toxicity. Effects on hormone sensitive tissues
included ovarian atrophy, hyperplasia of endometrial epithelium and vacuolation of epididymal
epithelium suggestive of a estrogenic effect of high dose genistein on these tissues (256). In
summary, short term high dose (2 grams/kg) genistein is not genotoxic in vivo, despite being
clastogenic in vitro. Toxic effects of genistein including estrogenic side effects are observed at
doses of 500mg/kg. A safe dose in humans is 600mg/day, although the adverse effects on the
fetus should preclude genistein use during pregnancy.

Quercetin has tested positive for mutagenicity in most salmonella mutagenicity assays
(247). Quercetin also induces micronucleus formation and chromosomal aberrations in vitro. As
for genistein and EGCG above, in vivo genotoxicity is not observed. The numerous in vivo
studies examining quercetin toxicity have recently been reviewed (247). No toxic effects of
quercetin at doses up to 1 gram/kg body weight/day have been demonstrated. In mice consuming

2000mg/kg/day quercetin for 2 years, an increased incidence of renal adenomas and
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adenocarcinomas was noted, although this observation has not been noted in other long term
studies of similar dose quercetin ingestion.

In summary, the degree of toxicity from flavonoids is dependent on dose. Very high doses
(>1gram per kg) are likely to have toxic side effects. Since over-the-counter flavonoid
supplements are recommended at doses of approximately 14mg per kg, side effects from
flavonoid self-supplementation in humans are unlikely. Although high doses of flavonoids were
not teratogenic in most studies, fetal loss was increased and pup weight was reduced. For these

reasons, excess flavonoid intake should be avoided during pregnancy.

1.4.5. The Mechanisms of Action of Flavonoids
1.4.5.1 Antioxidant Potential

Reactive oxygen species (ROS) are highly reactive molecules with both physiologic and
pathologic roles. ROS can occur in the form of molecules with highly reactive unpaired electrons
known as free radicals (e.g. superoxide, O,"), or as non-radicals that are highly liable to form free
radicals (e.g. hydrogen peroxide, H,O,). They can exist in the body as a result of deliberate
synthesis (e.g. production by macrophages for bacterial killing), or as a result of accidental
production by metabolic processes such cellular respiration in mitochondria, or via exogenous
insults such as smoking (268). Many ROS are not in themselves exceptionally reactive; however,
in the presence of free heavy metal ions such as copper and iron they generate highly toxic
radicals such as hydroxyl ions (OH). ROS are highly damaging as they can attack lipids in cell
membranes, proteins, carbohydrates, and DNA. The resulting oxidative damage may play a role

in aging and chronic and degenerative diseases including cancer (269-272).
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About 1-3% of the oxygen we breathe ultimately goes into making ROS, resulting in a
huge burden of pro-oxidant free radicals that has to be effectively removed (273). The human
body relies on both endogenous and exogenous (dietary) anti-oxidant systems to buffer the effect
of the ROS constantly produced by metabolic processes. Endogenous antioxidant systems include
enzymes such as superoxide dismutase, which converts O, into H,O,, and glutathione
peroxidase and catalase, that serve to remove H,O,. Non-enzymatic endogenous defense
mechanisms also have a significant anti-oxidant impact, including buffering by plasma urate and
plasma protein thiols. Furthermore, the sequestration of heavy metal ions in binding proteins such
as transferrin (iron) reduces the risk of formation of toxic hydroxyl radicals (274). Despite these
many levels of protection against ROS damage, endogenous antioxidant systems are
incompletely efficient in elimination of all ROS, particularly with the added insult of various
environmental ROS from smoking, air pollution etc. Exogenous antioxidant supplementation,
from dietary sources therefore has a critical role in the prevention of oxidative stress in human
physiology (274, 275).

Antioxidant phytochemicals constitute some of the most important exogenous defense
antioxidants in mammalian physiology. Up until the mid-1990’s the dietary phytochemicals most
prominently studied for their antioxidant properties were vitamin C, E and the carotenoids (276).
Polyphenols, which constitute a major group of plant chemicals, only gained interest for their
antioxidant effects in the last decade. Flavonoids, the largest group of polyphenols found in
nature, appear to be particularly potent antioxidants in vitro. The flavonoids, however, are not all
equally effective, with definite structural requirements necessary for the greatest antioxidant
effect. The presence of a 2,3 double bond in the C-ring, a catechol structure in the B-ring, and

hydroxylation at position 3 and 5 of the A ring appear to impart increased redox potential (277).
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The redox potential of quercetin was similar to ascorbic acid and greater than the redox potential
of uric acid (278).

Direct scavenging of free radicals is one of the major mechanisms of antioxidant activity
by flavonoids. The resulting aroxyl radical (Flavonoid-O’) is more stable than other ROS and
gains further stability on reacting with a second radical to form a stable quinone structure (279).
Several other mechanisms of antioxidant activity of flavonoids have been proposed including
scavenging of transition metal ions (280), and inhibition of enzymes responsible for antioxidant
production. In terms of the latter property, flavonoids have been shown to inhibit several pro-
oxidant enzymes including xanthine oxidase (281), glutathione S-transferase (282), nitric oxide
synthase (283), and NADH oxidase (284) amongst others.

The antioxidant effects of flavonoids in vitro are well established, and have been
confirmed using several methodologies (285-287). However, studies examining the effects of
flavonoids in humans have demonstrated conflicting results. Lotito et al recently reviewed studies
examining the protective effects of consumption of flavonoid rich foods or extracts on
oxidizability of LDL in human plasma (288). Studies reviewed included those examining green
tea, black tea and red wine consumption. Conflicting results were shown for each of these
flavonoid rich food products, with both positive and negative results. Differences between studies
could be accounted for by differences in the amount and frequency of flavonoid-rich food
consumption. Others dismiss the results of studies of this design because of the likelihood that
flavonoids could be removed from LDL during the lipoprotein isolation and wash procedures,
therefore yielding inaccuracies in the results (289). Despite inconsistencies when examining LDL
oxidizability, studies examining total antioxidant capacity of human plasma after consumption of

flavonoid rich diets have almost all noted significant increase (288).
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Measuring markers of oxidative damage of lipids (F»-isoprostane) and DNA (8-hydroxy-
2'-deoxyguanosine) constitute alternate methodologies employed to determine the true
antioxidant effect of flavonoids in vivo. Studies employing these methodologies have generally
failed to demonstrate a protective antioxidant effect of flavonoid rich diets on lipid peroxidation
or oxidative DNA damage (289). Therefore, while studies consistently demonstrate an increase of
plasma antioxidant capacity with intake of flavonoid rich foods, studies measuring markers of
oxidative lipid and DNA damage fail to demonstrate a protective effect. Virtually all the research
in this field has focused on the antioxidant effect of flavonoid rich food or extracts, rather than
pure flavonoids. Thus, conclusions about the antioxidant effect of flavonoids cannot be drawn
from these studies, since food products such as those examined are also rich sources of non-
flavonoid antioxidants.

Discrepancies between the strong antioxidant capacity of flavonoids in vitro and their
antioxidant efficacy in vivo may be due to the poor absorption and extensive metabolization of
flavonoids leading to poor bioavailability. The serum levels of other dietary antioxidants such as
vitamins C and E are typically over 100 times greater than flavonoids even after the consumption
of flavonoid rich foods (288). Therefore, in normal human physiology, the actual impact of
flavonoids on the total antioxidant capacity of human serum is likely to be minimal. Therefore,
despite flavonoids constituting the largest group of antioxidants in plants, a diet high in fruits and
vegetables is more likely to provide actual antioxidant supplementation in the form of non-

flavonoid compounds.

1.4.5.2. Pro-Oxidant Effects
While flavonoids are best known for their anti-oxidant properties, it has been shown that

under certain conditions, flavonoids may be pro-oxidant. This property has been proposed to
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account for several biological effects of flavonoids, such as apoptosis, that are induced in the
setting of oxidative stress. These pro-oxidant effects have also been observed for other phenolic
antioxidants including tocopherols, ascorbate, urate, curcumin and N-acetylcysteine. The balance
between anti-oxidant and pro-oxidant effects of these compounds is dependent on several factors
in the cellular environment, particularly on the presence of transition metal ions.

The hydroxyl groups of flavonoids account for much of their antioxidant effect. After
scavenging ROS, flavonoids are themselves oxidized, with a hydroxyl group now containing a
free radical known as a phenoxyl radical. Some flavonoids possess a catechol structure in the B-
ring. Oxidation of these flavonoids can result in a semi-quinone radical. The flavonoid semi-
quinone can undergo further oxidation resulting in flavonoid quinone. Therefore different types
of oxidation of flavonoids occur depending on their exact structure. In addition to scavenging of
ROS, flavonoids can also be oxidized in other ways. These include oxidation by cellular
peroxidases, or by auto-oxidation in the presence of oxygen- a process greatly accelerated in the
presence of transition metal ions.

The paradox of ‘antioxidant’ flavonoids is that in the process of scavenging ROS, they
become pro-oxidant radicals themselves, albeit less reactive than the scavenged species. The
flavonoid radicals never-the-less have undesirable properties. For example, in the presence of
transition metals such as Cu2+, flavonoids undergo a series of redox reactions culminating in the
genesis of damaging hydroxyl radicals (290). Another mechanism involves the flavonoid-
quinones that are the products of oxidation in catechol containing flavonoids. These are highly
reactive to thiol groups, and result in the formation of flavonoid conjugates with thiol containing
proteins such as glutathione. Interestingly, flavonoids that do not form flavonoid-quinones have
also been shown to form thiol conjugates, highlighting the complexity of flavonoid chemistry that

remains to be fully elucidated (291). The pro-oxidant effects of flavonoids have been shown to
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result in DNA damage and lipid peroxidation in vitro. Pro-oxidant radicals have been
demonstrated for several flavonoids including myricetin (292), quercetin (293, 294),
proanthocyanidins (295), green tea catechins (296, 297), daidzein (298) and baicalin (299).

The precise conditions promoting either the anti-oxidant or pro-oxidant effects of
flavonoids in vivo remain to be addressed, and is an important area of future research. Most of the
studies of the oxidant properties of flavonoids have been performed in cell free or cell culture
systems. The dose of flavonoid used in these studies is often over 10 fold higher than is
physiologically achievable by diet or flavonoid supplements. Cell culture models also suffer a
number of deficiencies not least owing to the artificially high oxidative stress conditions in cell
culture, and the presence of free metal ions that are known to induce pro-oxidant effects in
flavonoids (300). Various protective features of human physiology make it unlikely that the pro-
oxidant properties of flavonoids will have such dramatic effects in the human body. For example,
flavonoid-quinone toxicity is rapidly prevented in vivo by dithiols (301). Flavonoids also undergo
considerably less auto-oxidation in vivo as a result of the sequestration of free transition metal
ions in carrier proteins such as transferrin. Thus, the pro-oxidant effects of flavonoids are

expected to be considerably less pronounced in vivo.

1.4.5.3. Hormonal Properties

Together with the antioxidant effects of flavonoids, the hormonal, and particularly the
estrogenic effects of flavonoids have garnered the greatest attention in flavonoid research over
the past 50 years. The estrogenic properties of flavonoids first came to light in the 1950’s when it
was observed that sheep grazing on red clover pastures had reduced breeding rates (302). Red
clover was found to contain several isoflavones and the estrogen-like properties of isoflavones

were shown to account for fertility disturbances in animals feeding on red clover. As a result of
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their estrogen-like properties, isoflavones are also classed as phytoestrogens. The high levels of
isoflavones in red clover may serve as a defense mechanism limiting the population of grazers,
and thereby providing a survival advantage to the plant. The reproductive effects of isoflavones
are of considerable concern to human health because foods rich in isoflavones, such as soy
products, are consumed in large amounts in the human diet. These and other safety issues of
flavonoids were discussed in greater detail in section 1.4.4.

Isoflavones (genistein and formononetin) have been shown to displace radiolabeled
estradiol from the estrogen receptor (ER) (303). Studies have also demonstrated the partial
agonist properties of isoflavones on the estrogen receptor using transfected ER-element reporter
assays (304, 305). Flavonoids from the flavone, flavonols, flavonone and chalcone classes are
considerably weaker phytoestrogens than the isoflavones as determined by competitive binding
assays (306). Of the two estrogen receptor isoforms, genistein has a 7-fold greater binding
affinity to ERP than ERa, although binding affinity is 20 and 3.7 fold less than 17- estradiol (E»)
(307). Three-dimensional structure analysis confirmed that genistein bound to the ligand-binding
site of ER is similar to the natural ligand E; (308). Furthermore, the recruitment of ER co-
activators was modified by genistein differentially with the ERB-genistein complex binding ER
co-activators to a much greater degree than ERa-genistein (309).

The differential binding of phytoestrogens to ER isoforms is of importance, since each of
the ER isoforms has been shown to have distinct functions in proliferation. At the promoters of
certain proliferation genes, ERa and ERP have opposite actions, with ERa being pro-proliferative
and ERp anti-proliferative (310). Despite the weak binding of ERa, genistein caused ERa
activation at concentrations of 1uM in a luciferase-reporter assay (311). Therefore, at the
physiologically achievable dose of 1uM, genistein is an activator of both ER isoforms. Genistein

and other flavonoids such as quercetin display a biphasic proliferation pattern in vitro, such that
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at doses <1uM these compounds cause an increase in proliferation in ER positive cell lines, and
at >10uM they are anti-proliferative (312-314). The proliferative effect of flavonoids at low
doses was shown to be dependent on ERa since the effect was abolished by the ERa antagonist
hydroxytamoxifen. Interestingly, genistein activated ER mediated expression more in cells co-
transfected with ERa and ER, than in cells transfected with ERa alone, suggesting that ERf}
contributes to the agonistic effects of genistein, which goes against the predominantly anti-
proliferative effect typically attributed to ERB (315). The anti-proliferative effect of flavonoids at
higher doses is seen in ER-negative cell lines, and is thus independent of both ER isoforms (314).

Taken together, the data suggest that at low doses, flavonoids may be pro-proliferative in
an ERa and possibly ERP dependent fashion, while neither ERa nor ERP are critical for the anti-
proliferative effect of flavonoids at higher doses. The precise physiologic effects of flavonoids
mediated by their binding to ERa and ER are yet to be fully determined. This is an important
area of future research because phytoestrogenic flavonoids are consumed in large amounts in the
human diet. If the estrogenic effects of these compounds are predominantly pro-proliferative at
low concentrations, flavonoids could potentially pose a health risk in terms of promoting
hormone dependent cancers.

Flavonoids may also exert anti-estrogenic effects by various enzymatic mechanisms.
Blocking the synthesis of estrogens by inhibiting aromatase is an established strategy in the
treatment of breast cancer. Flavonoids have been shown to bind the active site of aromatase, and
inhibit its function, with flavones and flavanones, rather than isoflavones having the greatest
effect (316, 317). Other enzymes of note in estrogen metabolism include sulfatase and 17f3-
hydroxydteroid dehydrogenase, both of which result in activation on estradiol precursors, and
which are inhibited by flavonoids (318). The levels of sex hormone binding globulin (SHBG) by

flavonoids is also of importance, as excess SHBG can bind estrogen reducing its effect (319).
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The estrogenic effects of isoflavones in humans is supported by studies demonstrating
altered menstrual cycle length in women consuming daily soy protein, a product rich in
isoflavones (320-322). Despite the undoubted estrogenic properties of flavonoids, epidemiologic
studies have for the most part demonstrated a protective effect for high flavonoid intake and
hormone dependent cancers (section 1.4.2.). The degree of dietary flavonoid intake, estrogenic
properties of flavonoids and hormone dependent cancers is highly complex. The relationship
cannot be explained solely by the estrogenic properties of flavonoids. Other mechanisms of
action need to be considered in attempting to understand the actual effect of flavonoid intake on
hormonal cancer risk in humans.

The similarity in structure of flavonoids to all steroid hormones raises the possibility of
ligand binding of flavonoids to other members of the nuclear steroid receptor family. Flavonoids
have been shown to bind and activate a number of nuclear receptors including androgen (323,
324), progesterone (323), thyroid (325), and peroxisome proliferator-activated receptor PPARy
(325). Flavonoids functionally activate androgen receptor mediated transcription, resulting in
increased PSA, a major downstream androgen receptor regulated gene. Apigenin, a flavone, was
the most effective flavonoid in upregulating PSA expression (326). Interestingly, in a related
study other flavonoids were shown to have precisely the opposite effect and inhibit PSA
production. It was concluded that unlike the estrogenic effects of flavonoids, the effects on PSA
production did not follow a structure-function relationship (327). Genistein and quercetin were
shown to induce AR activation, however, it is evident from these studies that the effect of
flavonoids, like that of dihydrotestosterone is biphasic, with activation of AR occurring at low
doses and AR inhibition at higher flavonoid doses (328-331).

In addition to their sex steroid effects, flavonoids affect several other hormonal pathways.

For example, several mechanisms have been described for the potentiation of the vitamin D
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pathway by genistein. This includes up-regulation of vitamin D receptor gene expression and
activity (332), and inhibition of enzymes (CYP24) that convert 1,25-vitamin D into less active
metabolites (333). The vitamin D pathway is increasingly implicated in chemoprevention of
prostate cancer, and up-regulation of this pathway is a potentially useful synergistic property of
flavonoids. Genistein has also been shown to have a stimulatory effect on insulin secretion in
vitro (although this effect is not seen in vivo) and an inhibitory effect on leptin secretion in rats
administered genistein (334). Flavonoids also inhibit corticosteroid secretion in vitro and in vivo
(334). Finally, the goitrogenic activity of soy is well documented, especially in the setting of
iodine deficiency. This effect is believed to be secondary to inhibition of thyroid peroxidase, a
major metabolizing enzyme in thyroxine biosynthesis (335).

Overall, the interactions of flavonoids with steroid hormone pathways are highly
complex. However, the effect of flavonoids on these pathways has been shown to ultimately
cause alterations resulting in beneficial effects such as the negative regulation of proliferative
stimuli. As with much of flavonoid research, the in vivo effects of flavonoids on hormonal
signaling require further study. This is highlighted in a recent review by Hamilton-Reeves et al,
where the majority of intervention studies reviewed did not find a difference in circulating sex

steroid hormone levels (336).

1.4.5.4. Cell Cycle Effects of Flavonoids
1.4.5.4.1. The cell cycle- background
The mammalian cell cycle is divided into a DNA synthesis (S phase) and mitotic phase
(M-phase) that are preceded by two gap phases, G1 and G2 respectively (Fig 1.4). The main
coordinators of the cell cycle are the cyclin dependent kinases (cdks). Cdks are activated by

binding to specific cyclins, which results in down-stream alterations that enable the cell to
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progress from one phase to another. Cdks are expressed throughout the cell cycle, while
expression of cyclins fluctuates with the different stages of the cycle. The specific cyclin/cdk
complexes of the G1 to S transition are cyclin D-cdk4/6, and cyclin E-cdk2. The main target of
these kinase complexes is phosphorylation of the retinoblastoma protein (Rb). Phosphorylation of
Rb causes it to dissociate from the E2F transcription factors which can then promote G1 to S
transition by the transcriptional up-regulation of downstream genes. S-phase progression requires
cyclin A-cdk2/cdk1(cdc2) complex and G2 to M requires cyclin B/cdk1(cdc2) activation. Cyclin-
cdk complexes are regulated by members of the cip/kip family of pan-cdk inhibitory proteins
(p21°*', and p27""""). These proteins bind to cdk resulting in inhibition of kinase activity.
Throughout the different stages of the cell cycle, a number of fail-safe mechanisms exist
referred to as cell cycle checkpoints. These are signaling pathways necessary for the orderly and
error free progression of the cell cycle (337). Cell cycle arrest occurs when checkpoints are
activated by stresses such as genomic damage. Activation of checkpoints arrests the cell cycle
thereby allowing time for DNA repair, or the activation of cell death pathways in cases of
irreparable insult. The activation of cell cycle checkpoints leads to cell cycle arrest by several
pathways both post-translational and transcriptional. These pathways invariably lead to a
modulation of cyclin-cdk complexes- the critical and final determinants of cell cycle progression.
The DNA damage checkpoint is a classical example of the complex events that lead to
checkpoint activation (Fig 1.5). ATM, a phosphatidylinositol 3-kinase like protein kinase, is an
early sensor of DNA double strand breaks and a key player in the DNA damage checkpoint
(338). ATM is mutated in the rare inherited disorder, ataxia telangectasia. This disease is
characterized by cerebellar degeneration, immunodeficiency, cancer predisposition and genomic
instability (339). ATM is activated by a variety of agents, such as ionizing radiation (IR), that

induce DNA double strand breaks (340). This triggers autophosphorylation of ATM on serine
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1981, and conversion of ATM from the inactive dimeric form to the active monomeric form
(341). ATM phosphorylates a number of downstream proteins that result in cell cycle checkpoint
activation, and arrest at G1/S and G2/M phases of the cell cycle. Amongst the downstream
phosphorylation targets of ATM are p53, mdm?2, chk2, and H2AX (342-344). ATM
phosphorylates p53 on serines 9, 15, 20 and 46, resulting in increased stability and activity of pS3
(345). Phosphorylation of the p53 negative regulator mdm2 on serine 395 is also ATM dependent
(342). This phosphorylation has been shown to attenuate the actions of mdm2, thereby ensuring a
dual mechanism whereby p53 is activated and is responsible for G1/S phase cell cycle arrest. p53
has also been shown to influence the G2/M checkpoint by inhibition of cyclin B1/Cdc2 activity
and through transcriptional upregulation of additional downstream target genes that activate the
G2/M checkpoint (346).

The G2/M checkpoint is regulated by the cyclin dependent complex, cdc2-cyclin B1.
Cdc2 is maintained in an inactive form by phosphorylation of residues threonine 14 and tyrosine
15 by Weel and Mytl kinases(347). Dephosphorylation of these residues by c¢dc25C activates
cdc2 and is a prerequisite for mitosis(348). Further activation of cdc2 occurs by phosphorylation
of threonine 161 by CDK-activating kinase (CAK). The checkpoint protein chk?2 is a key player
at the G2/M checkpoint, and is activated by IR in an ATM-dependent manner by phosphorylation
at threonine 68. Chk2 is responsible for phosphorylating cdc25C at serine 216 causing
inactivation of ¢cdc25C by allowing 14-3-3c binding, anchoring cdc25C in the cytoplasm(349). It
is therefore clear that there is a close interplay between cell cycle proteins and upstream

regulators in the form of DNA damage sensors such as ATM.
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1.4.5.4.2 Cell cycle alterations by flavonoids

Most flavonoids studied to date have been shown to target the cell cycle. Flavonoid
treatment results in a wide range of cell cycle alterations including inhibition of cyclin-dependent
kinases and cyclins, or up-regulation of cdk-inhibitors of the cip/kip family. Alterations in the
regulators of G1 to S transition including RB and E2F proteins have also been demonstrated.
Flavonoids have also been shown to regulate cell cycle checkpoint pathways, in particular the
DNA damage response pathway.

Several flavonoids have been studied in prostate cancer in vitro. Apigenin, a flavone, has
been studied in 3 prostate cancer cell lines —PC3, LNCaP and DU145 (350-353). This flavone has
been shown to induce G1 cell cycle arrest in all three cell lines. The molecular mechanisms of
apigenin have been demonstrated and include down-regulation of cyclins D1, D2 and E, and
inhibition of cdk2, 4, 6. This was associated with up-regulation of p21, p27 and a reduction in
phosphorylated RB (350-352). The green tea catechins have also been studied in these cell lines
and like apigenin, caused a G1 arrest in all three cell types(354-356). In addition, the authors
demonstrated an up-regulation of p16 and p18 (356). In contrast, genistein, a soy isoflavone,
caused G2 arrest in PC3 and DU145 cells (357-359), and G1 arrest in LNCaP (360). The G2
arrest of genistein is explained by inhibition of cyclin B1, cdk1 and up-regulation of p21 and p27
(359). Silibinin, a flavono-lignan from milk thistle, caused a G1 arrest in DU145 and LNCaP and
a G1 and G2 arrest in PC3 (361, 362). Other flavonoids studied in prostate cancer include
quercetin (G2/M in PC3 and LNCaP) (353, 363), baicalin (G1 in LNCaP) (364), acacetin (G1 in
LNCaP and G1 and G2/M in DU145) (365). The effect of flavonoids on cell cycle is cell-type
dependent. Apigenin, which arrested 3 prostate cancer cell lines in G1, has been shown to arrest

bladder cancer cells in G2. Thus, prediction of the type of cell cycle arrest by flavonoids is
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difficult, and probably depends on several factors such as p53 status of the cell lines being
examined.

Modulation of the ATM dependent DNA damage checkpoint by flavonoids has been
demonstrated in several cancer types, but has not been examined in prostate cancer. Genistein
was shown to arrest hepatoma cells in G2/M, an effect mediated by decrease in cdc2 kinase
activity and activation of the ataxia telangectasia mutated (ATM) gene (337). Up-regulation of
the ATM DNA damage response pathway by genistein represents a constraint to the progression
of genetic instability commonly seen in pre-malignant cells. Silibinin has also been shown to
activate tumor suppressor p53 by the ATM-chk2 pathway (366). Kaempferol, apigenin and
luteolin have all been shown to activate the ATM pathway in oral cancer cells in vitro (367).
Flavonoids are known to inhibit DNA topoisomerase I, which is responsible for the clastogenic
(DNA strand breaking) properties of flavonoids. The clastogenic properties of flavonoids occur at
high micromolar concentrations and it is undetermined whether the relatively low doses of
flavonoids in these studies causes DNA strand breaks. It remains to be determined whether ATM
pathway activation by flavonoids is simply a result of the DNA damaging effects of flavonoids,
or whether the activation of ATM by flavonoids occurs via a novel mechanism.

The activation of cell cycle checkpoints has been shown to occur early in the process of
tumorigenesis. This has been proposed to act as a barrier against genetic instability and further
malignant transformation (368). Flavonoids thus have a direct impact on key cell cycle regulatory
mechanisms that ordinarily exist to suppress the proliferation of cells with tumorigenic potential.
These properties of flavonoids may explain their chemopreventive effect highlighted in

epidemiologic studies.
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1.4.5.5. Apoptotic Effects as a Consequence of Flavonoid Treatment

In addition to the cell cycle and DNA damage pathways outlined above, flavonoids have
been shown to induce apoptosis in a variety of cell types. Apoptosis occurs through two well-
characterized pathways: the external pathway which is initiated by ligand binding to cell
membrane death receptors, and the intrinsic pathway triggered by changes in internal cellular
signals. Both pathways ultimately result in activation of the caspase cascade. Caspases are
cysteine dependent proteases that initiate the sequence of events culminating in the apoptotic
phenotype. In the intrinsic pathway, apoptogenic stimuli cause cytochrome c release from the
mitochondria, an event inhibited by bcl-2 and promoted by bax (369).The ratio of bel-2 to bax is
an important factor in apoptosis progression. Once in the cytoplasm, cytochrome ¢ binds to Apaf-
1 which recruits ATP and caspase 9 to form the apoptosome. Caspase 9 recruits pro-caspase 3 to
the apoptosome and activated caspase 3 mediates cell death (370). The apoptotic pathway is
modulated by several other proteins including the inhibitor of apoptosis family (IAP).

Flavonoids have been shown to influence some aspects of this pathway. Apigenin was
shown to activate the mitochondrial apoptotic pathway as evidenced by loss of mitochondrial
Bcl-2 expression, mitochondrial permeability, cytochrome C release, and the cleavage of caspase
3 and 9 (371). Quercetin potentiated TRAIL induced apoptosis via the extrinisic pathway in
DU145 and LNCaP prostate cancer cell lines, and induced apoptosis in a p53 independent fashion
in PC3 cells, associated with an increase in Bax protein expression and a decrease in Bel-x(L)and
Bcl-2 protein (372, 373). EGCG on the other hand has been shown to cause apoptosis by a p53-
dependent mechanism. EGCG mediated apoptosis in PC3 cells was attenuated by inhibition of
p21 and bax by siRNA (355). Inhibition of transcription factor NFxB by EGCG leading to
increased apoptosis has also been demonstrated (374). Other flavonoids shown to induce

apoptosis via similar mechanisms in prostate cancer cells include genistein, isoliquiritigenin,
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silibinin, baicalin, amongst others (375-378). A novel association of flavonoids and apoptosis has
been the association of degree of apoptosis induced by flavonoids (EGCG) and their ability to
inhibit fatty acid synthase (FAS) activity. FAS is a key lipogenic enzyme over-expressed in
cancer cells (379). In summary, flavonoids induce apoptosis in cancer cells by several

mechanisms regulating both the intrinsic and extrinsic pathway.

1.4.5.6. Flavonoids and Alterations in Signal Transduction Pathways

Flavonoids modulate several key elements of signal transduction pathways related to
cellular growth and survival. These cover the full spectrum of the intracellular signaling network.
Below I will summarize the major reported signaling effects of flavonoids outside of the cell
cycle, apoptosis, hormonal and antioxidant pathways already discussed.
NFkB: The transcription factor NFkB has important functions in several cellular processes.
Activation of NF«B has been shown to inhibit apoptosis. Gong et al have demonstrated the effect
of genistein on abrogating NFkB DNA-binding activity. The effects of genistein were shown to
be partly mediated by inhibition of the cell survival oncoprotein Akt (380). Similar findings were
also shown for the tea flavonoid EGCG (381). Although genistein inhibits NFkB activity, it
appears to increase NFxB gene transcription as evidenced by increased level of the p5S0 NFkB
subunit in nuclear extracts of genistein treated cells (382).

Wnhnt/B-catenin: The Wnt pathway is a key pathway dysregulated in cancer. Flavonoids have

been shown to inhibit this pathway at several levels. The nuclear co-factor f-catenin associates
with T-cell factor (Tcf) transcription factor to activate genes needed for growth promotion and
metastasis of tumors. Using reporter assays for f-catenin activation, Lee et al demonstrated the
down-regulation of B-catenin signaling by the citrus flavanone naringenin (383). Park et al

demonstrated that quercetin inhibits Wnt/ B-catenin signaling by disrupting the B-catenin/Tcf
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complex and by inhibiting the binding of Tcf to promoter target sequences (384). Nuclear levels
of B-catenin and its down-stream targets c-Myc and cyclin D1 were also shown to be reduced by
apigenin administration in vivo (385).

STATS3: Signal-transducer-and activator-of-transcription-3 (STAT3) is a transcription factor
often implicated in malignancy. STAT3 is activated constitutively in malignancy, induces
transcription of several genes that mediate proliferation and promote angiogenesis (386).
Flavonoids such as EGCG and the synthetic flavonoid flavopiridol have been shown to act as
inhibitors of STAT3, disrupting STAT3/DNA interactions (375, 387). Future studies are likely to
examine in greater detail the potential of flavonoids as STAT3 inhibitors.

Matrix metalloproteinases: Proteases secreted by cancer cells include urokinase plasminogen

activator (uPA) and matrix metalloproteinases (MMPs). These proteases are believed to lead to
the facilitation of metastasis and promotion of angiogenesis by degredation of the extracellular
matrix. Ho et al demonstrated the inhibition of invasion and migration of oral cancer cells in vitro
by EGCG. This was associated with a reduction in levels of MMP2 and 9. Similar findings were
shown for quercetin in PC3 prostate cancel cells (388). The membrane-type 1 matrix
metalloproteinase (MT1-MMP) which activates pro-MMP2 was shown to be inhibited by tea
polyphenols including EGCG (389).

VEGF and HIF-1e: In addition to suppression of matrix metalloproteinases, flavonoids have

been shown to inhibit angiogenesis in several other ways. Liu et al demonstrated the effect of
apigenin on VEGF expression in lung cancer cells. Apigenin was shown to inhibit transcription
of VEGF through the hypoxia inducible factor binding site and by reduction of total HIF 1alpha
levels (390). Suppression of VEGF transcription and activity was also shown for EGCG in gastric
cancer cells (390). Genistein was shown to be a potent inhibitor of angiogenesis in a xenograft

model. It was shown to inhibit expression of VEGF, platelet derived growth factor, and up-
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regulate anti-angiogenic factors such as endostatin and angiostatin (391). Thus by inhibition of
VEGF and MMPs, and activation of anti-angiogenic factors, flavonoids may have an important
role as anti-angiogenic agents in cancer. Not all studies, however, have demonstrated an anti-
angiogenic effect of flavonoids. EGCG, for example, was shown to demonstrate strong activation
HIFlalpha in human breast cancer cells. A similar up-regulation of HIF-1alpha was also noted
for quercetin (392). The precise cause of the disparity in HIF-1alpha and VEGF expression
between flavonoids is undetermined.

Anti-inflammatory: Inflammation is an established etiological factor for several cancer types

including prostate cancer. Flavonoids have been shown to possess anti-inflammatory properties.
Flavonoids have been shown to inhibit phospholipase A2, cyclooxygenases, and lipoxygenases
resulting in reduction of levels of pro-inflammatory mediators. These alterations have partly been
accounted for by inhibition of transcription of pro-inflammatory genes. Nitric oxide, an
inflammatory mediator is induced by inducible nitric oxide synthase iNOS, which has been
shown to be inhibited by flavonoids such as quercetin and luteolin.

IGF-1: Elevated levels of insulin-like-growth factor 1 (IGF1) have been associated with a
number of cancer types including prostate cancer. In prostate cancer, progression to androgen
independent disease has been associated with increased IGF-1 levels. The IGF-1 receptor has
intrinsic tyrosine kinase activity, and phosphorylates adapter protein IRS-1. This in turn activates
the PI3-kinase-AKT survival pathway. Fang et al demonstrated the effect of luteolin on IGF-1
signaling. Luteolin inhibited IGF-1 induced activation of IGF-1R and AKT in prostate cancer
PC-3 and DU145 cells. Inhibition of AKT by luteolin resulted in decreased phosphorylation of its
downstream targets (393). Genistein treatment has also been shown to reduce IGF-1R levels. This
was associated with inhibition of phosphorylation of IRS-1 and AKT (394). Similar findings

were shown for EGCG in colorectal cancer cells (395).
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Telomerase: Human telomerase adds telomeric repeats to the 3’-end of telomeric DNA.
Telomerase is expressed in tumors but is repressed in normal cells. Ouchi et al employed the

PCR-based telomeric repeat amplification protocol (TRAP) assay to examine the activity of h-TERT the

catalytic subunit of telomerase. Using this assay, the telomerase activity of both LNCaP and DU145
cells was reduced by genistein. mRNA levels of h-TERT were also reduced by genistein. Several
other flavonoids have demonstrated telomerase inhibition including EGCG (396), silibinin (397)
and other novel polyhydroxylated flavonoids (398).

In summary, the modulation of a large number of signaling pathways is a distinctive
property of flavonoids. The multi-targeting of several pathways at once by a single compound is
likely to be more effective at suppression of cancer cell proliferation than single target inhibition.
The key to the suitability of flavonoids as chemopreventive agents lies in the translational
potential of these in vitro findings to the human situation. Bridging the gap to the clinical
application of flavonoids requires the use of suitable animal models to study the effects and

safety of flavonoids in vivo.

1.4.6. The Translational Potential of Flavonoids

Testing the potential of flavonoids to prevent advanced prostate cancer in vivo is a priority of
flavonoid research. Efforts to study the role of flavonoids on PCa in vivo have been hampered by
the lack of available animal models. Over 100 studies have examined the effect of flavonoids in
animal models of carcinogenesis. Most of these studies have employed mouse models wherein
tumors have been induced by carcinogen administration or tumor cells injected into
immunocompromised hosts (xenograft). Neither of these models resembles the true
carcinogenesis process that occurs in human tumors. In prostate cancer in humans, the prostate

tumor progresses through distinct phases of prostatic intraepithelial neoplasia, adenocarcinoma
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and undifferentiated cancer. This natural progression is not represented in the carcinogen and
xenograft model. Another drawback of the xenograft model is that although it is suitable for
testing treament agents, it is not an adequate model for chemoprevention.

One of the best available models in terms of its resemblance to the human form of prostate
cancer is the transgenic adenocarcinoma of the mouse prostate (TRAMP) model developed by
Greenberg et al (399). This model was generated using a construct consisting of the minimal rat
probasin promoter driving expression of the SV40 early genes (T antigen; Tag). TRAMP mice
develop progressive forms of PCa with lesions ranging from mild PIN to large multinodular
malignant neoplasia and metastatic spread to lymph nodes and bone (400). Mice bred on a
C57Bl/6 background strain develop severe hyperplasia and adenocarcinoma by 18 weeks of age.
By 24-30 weeks of age, TRAMP males develop primary prostate cancer. Metastases are common
in the lymph nodes and lungs.

A common misconception with the TRAMP model is that the undifferentiated tumors that
develop in a proportion of the animals are purely neuroendocrine. In contrast to the 12T-10
“LADY” model where cancers originate within the neuroendocrine compartment of the prostate,
neuroendocrine differentiation in TRAMP occurs as a stochastic event correlated with
progression and the loss of differentiation (401). The fact that undifferentiated TRAMP tumors
express AR further supports the non-neuroendocrine origin of this phenotype since
neuroendocrine cells do not express AR (402). Finally, gene expression profiling shows distinct
differences between true neuroendocrine cells and undifferentiated TRAMP samples (403).
Therefore, undifferentiated tumors in TRAMP are a consequence of epithelial to neuroendocrine
differentiation and are not pure neuroendocrine tumors, and mimic the human occurrence of

neuroendocrine differentiation in advanced prostate cancer.
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The TRAMP model has been implemented to test the effects of a number of preventative
agents on PCa progression(404-406). Gupta et al were the first to report a chemopreventive effect
of flavonoids in this model. They administered 0.1% green tea polyphenols in drinking water
from 8 weeks of age. They demonstrated a 64% reduction in prostate weight compared to control
and a reduction in IGF-1 serum levels. There was also a reduction in IGF-1 and an increase in
IGF-BP3 and inhibition of phosphorylated Akt. This study did not quantify tumors on a
histologic basis (407). In a study using 0.06% EGCG in tap water in TRAMP, EGCG was shown
to inhibit the formation of tumors at the early time-point of 12 weeks, but not at 28 weeks (408).
Mentor-Marcel et al studied the chemopreventive effect of genistein in TRAMP. They
demonstrated a reduction in poorly differentiated prostate cancers in mice consuming 250mg or
500 mg genestein per day, improved survival and decrease in prostate levels of pro-metastatic
osteopontin transcript (404, 409). Other flavonoids tested in this model include 0.1%-1%
silibinin (410) and 50pug/day of apigenin (385). In the former, there was a significant increase in
the number of PINs in the silibinin group. In the apigenin study, the treatment group had lower
prostate weights, no metastasis and improved survival.

In summary, the TRAMP model is currently the best available murine model of prostate
cancer. This model has been employed in chemoprevention studies of various phytochemicals
and has been consistent in terms of tumor formation, and incidence of lymph node and distant
metastases. There is a need for further investigation of the chemopreventive effect of flavonoids

in this model.
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1.5. Organization of Thesis

The studies presented in this thesis were designed to investigate the role of novel flavonoids
in prostate cancer chemoprevention. The mechanism of action of flavonoids was examined using
prostate cancer cell lines in vitro, while their in vivo chemopreventive effect and mechanisms
were examined in an autochthonous transgenic model of prostate cancer. The organization of the

thesis is outlined in Fig. 1.6.

Experiments were designed to investigate the following specific aims:

1. Identify novel flavonoids with potent effects on the inhibition of prostate cancer cell
proliferation and determine the modalities of cell death induced by flavonoids

2. Determine the molecular effects of flavonoids on cell cycle regulation focusing on the
modulation of cell cycle gene expression by flavonoids

3. Examine the effects of select flavonoids as prostate cancer chemopreventive agents in an in

vivo transgenic model of prostate cancer (TRAMP).

Previous investigators have demonstrated the anti-proliferative effect of soy and green tea
flavonoids in prostate cancer cell lines. Fewer studies have highlighted the role of non-soy and
green tea flavonoids in prostate cancer. Since over 9000 flavonoids exist in nature, we postulated
that novel flavonoids in this diverse group could have more potent anti-cancer effects than the
more widely studied soy and green tea flavonoids. We tested this by screening a large number of
flavonoids representative of the major flavonoid subgroups in PC3 and LNCaP prostate cancer

cell lines. In order to determine the prostate cancer specificity of these flavonoids, we also
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employed a benign prostate epithelial (BPH-1), prostate stromal (PrSC) and breast cancer (MCF-
7) cell lines. Clonogenic assays were performed to determine the effect of select flavonoids on
colony formation in PC3 cells (Chapter 2).

The mechanism of action of the most potent flavonoids identified in the screening
experiments was explored in several ways. Firstly the modality of cytotoxicity of the flavonoids
was examined to determine the relative importance of cell cycle arrest, apoptosis/necrosis, and
accelerated senescence in flavonoid action. Cells were examined by flow cytometry of
bromodeoxyuridine labeled cells to determine the cell cycle arrest pattern of flavonoid treated
cells. Anti-phospho Histone 3 antibody (mitosis marker) was used to enable differentiation of G2
and mitotic phase cells on flow cytometry since both contain 4N DNA content. Nuclear
morphology was assessed by microscopic analysis of Hoechst 33342 stained cells to examine for
features of apoptosis. Accelerated senescence was determined by senescence associated beta
galactosidase activity assay (Chapter 2)

The effect of flavonoids on key cell cycle regulators was determined at the mRNA and
protein level. Oligonucleotide microarray was performed to test the effect of two of the most
potent flavonoids from the screening experiments, 2,2’-dihydrocychalcone (DHC) and fisetin, on
cell cycle gene expression. Oligonucleotide array also enabled us to examine gene expression
effects of flavonoids on other proliferative and survival pathways. Quantitative real time PCR
and Western blotting were used to further validate the alterations in gene expression and to
investigate alterations of key cell cycle regulators modulated by DHC and fisetin that had not
been identified on microarray (Chapter 3).

Having demonstrated the effects of flavonoids in vitro, we sought to perform translational
studies to test their effect in an in vivo chemoprevention model. We employed the widely used

transgenic adenocarcinoma of the mouse prostate (TRAMP) model for these studies. The
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chemopreventive effect of 4 flavonoids was determined by administering TRAMP mice diets
supplemented with flavonoids alone or in combination for 32 weeks from weaning. Alterations in
genitourinary weight and histological grade were determined. Survival, body weight, dietary
consumption, histological analysis of major body organs, and complete blood count were used to
assess toxicity of diets. We examined alteration in cell cycle proteins (PCNA and p27) by
Immunohistochemistry. Finally, since previous studies had not examined the bioavailability of
flavonoid in prostate tissue, we employed liquid chromatography-mass spectrometry (LC-MS) to

quantify the level of flavonoids in TRAMP prostate, serum, and other tissues (Chapter 4).
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Flavone Chalcone

Fig 1.1. Flavonoid structure. The basic flavonoid carbon skeleton is shown. Flavonoids consist
of 2 aromatic rings, the ‘A’ and ‘B’ rings, linked by a 3-carbon bridge. The connecting carbon
bridge combines with an oxygen to form a heterocyclic central or C-ring for most flavonoids with
the exception of chalcones in which the carbon bridge between the A and B rings is linear. The
standard numbering scheme for flavonoids is shown. The numbering scheme for chalcones
differs from 3-ring flavonoids in that the A ring, rather than the B ring carbons are labeled as

prime.
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Fig 1.2. Flavonoids classification. Flavonoids are broadly classified based on the position of

the B ring moiety into flavonoids, isoflavonoids or neoflavonoids.
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Fig 1.3. Subclasses of flavonoids. Flavonoids can be subclassified according to the structural
variations of the C-ring. Flavones, flavenols and flavanones possess a carbonyl (C=0) group
at position 4 on the C-ring. Flavenols are very similar to flavones differing only by the
addition of a hydroxyl at the 3- position on the central ring. Flavanones and flavan-3-ols lack
a carbon-carbon double bond in the middle ring, while flavones and flavonols have one C-C
double bond; and anthocyanidins possess two C-C double bonds. Anthocyanidins are unique

in that the oxygen atom of the chromane ring has a positive charge.
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Fig 1.4. The Cell Cycle. The mammalian cell cycle is divided into synthesis (S) and mitosis
(M) phases separated by two gap phases (G1 and G2). Progression through the cell cycle is
regulated by cyclin dependent kinase/ cyclin complexes as shown above. In the G1 phase,
cyclin D/cdk4/6 phosphorylate retinoblastoma protein (Rb) resulting in dissociation of E2F
transcription factor from Rb. Transcription of E2F downstream targets results in progression
from G1 to S phase. Cyclins A and E primarily regulate transition through S phase. The
critical mediators of entry into mitosis from G2 are cyclin B and cdk1. p21 and p27 are pan-

cyclin dependent kinase inhibitors that exert inhibitory control over the cell cycle.
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Fig 1.5. DNA damage response pathway. The DNA damage sensors ATM and ATR
mediate the DNA damage checkpoint response following damage incurred by insults such as
ionizing radiation (ATM) and ultraviolet radiation (ATR). Activation of ATM leads to
phosphorylation of chk2 which subsequently leads to phosphorylation of tumor suppressor
p53, transcription of p21 and G1 arrest. Activation of ATR results in phosphorylation of chk1
and phosphorylation of cdc25 resulting in its inactivation. This results in G2 arrest since
cdc25 is necessary for removal of inhibitory phosphate group on cdk1 a pre-requisite to
mitotic entry. Considerable overlap exists between the ATM and ATR pathways; however,

this has not been shown for clarity.
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Discovery of novel anti-
proliferative flavonoids

Determine mechanism
of action in vitro
(DHC and Fisetin)

Examine chemo-
preventive effect in
vivo

In vitro proliferation assay

35 flavonoids

Malignant and benign prostate
cell lines, and non-prostate cell
line

Clonogenic Assay

Cell cycle arrest> flow cytometry
Apoptosis > Hoechst staining,
morphology

Gene expression alterations >
oligoarray, quantitative real time
PCR

Cell cycle protein alterations -
immunoblot

Dietary administration flavonoids
TRAMP mice

Effect of flavonoid diets on prostate
cancer incidence and grade,
genitourinary weight and survival
Proliferation index (PCNA) and cell
cycle inhibitor (p27)

Serum and tissue levels of
flavonoids-> mass spectrometry

Fig. 1.6. Flowchart outlining overall design of experiments undertaken in thesis.




CHAPTER 2

The Induction of Cell Cycle Arrest and Apoptosis by Novel Anti-Proliferative

Flavonoids in Prostate Cancer Cell Lines

This chapter incorporates a paper by Haddad AQ, Venkateswaran V, Viswanathan L, Teahan SJ,
Fleshner NE, Klotz LH. entitled “Novel antiproliferative flavonoids induce cell cycle arrest in
human prostate cancer cell lines” published in Prostate Cancer and Prostatic Diseases.

Prostate Cancer Prostatic Dis. 2006;9(1):68-76.
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2.1 ABSTRACT

Epidemiologic studies have demonstrated an inverse association between flavonoid intake
and prostate cancer (PCa) risk. The East Asian diet is very high in flavonoids and
correspondingly, men in China and Japan have the lowest incidence of prostate cancer
worldwide. There are thousands of different naturally occurring and synthetic flavonoids.
However, only a few have been studied in PCa. Our aim was to identify novel flavonoids with
anti-proliferative effect in prostate cancer cell lines, as well as determine their effects on cell
cycle. We have screened a representative subgroup of 26 flavonoids for anti-proliferative effect
on the human PCa (LNCaP and PC3), breast cancer (MCF-7), and normal prostate stromal cell
lines (PrSC). Using a fluorescence based cell proliferation assay (Cyquant), we have identified 5
flavonoids, including the novel compounds 2,2'-dihydroxychalcone and fisetin, with anti-
proliferative and cell cycle arresting properties in human PCa in vitro. Most of the flavonoids
tested exerted anti-proliferative effect at lower doses in the PCa cell lines compared to the non-
PCa cells. Flow cytometry was used as a means to determine the effects on cell cycle. PC3 cells
were arrested in G2 phase by flavonoids. LNCaP cells demonstrated different cell cycle profiles,.
Further studies are warranted to determine the molecular mechanism of action of DHC and fisetin

in prostate cancer, and to establish their effectiveness in vivo.

2.2 INTRODUCTION
Diets rich in flavonoids have been associated with reduced incidence and mortality of
prostate cancer (PCa). The lowest incidence of prostate cancer worldwide is seen in populations

consuming the largest amount of flavonoids(411). In East Asian countries (China and Japan),
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diets are up to 100 times more abundant in flavonoids than in the West, due in part to the
consumption of soy and green tea(412, 413). Correspondingly, the incidence of PCa in China and
Japan is 60-80 fold lower than in North America(414). Studies on Japanese migrants to the
United States have shown that migrants born in Japan and living in the United States have a
higher incidence of PCa compared to men living in Japan(16, 415). The incidence rates for
Japanese Americans born in the United States increases further, approaching that of American
white men. Although these studies are not definitive, they emphasize the importance of
environmental, lifestyle and dietary factors on PCa incidence. A number of case-control studies
have correlated increased flavonoid intake with a reduced incidence of a number of malignancies
including prostate cancer(173, 175, 411, 416, 417).

Flavonoids comprise over 4000 structurally related polyphenols (150), which are
ubiquitous in plants, and ingested to varying degrees in the diet. The estimated average daily
intake of flavonoids is up to 1 gram (164). This by far exceeds the intake of other antioxidants
such as vitamin E, and highlights the potential importance of flavonoids in the diet. Flavonoids
have been shown to possess a wide range of biological activity , including antioxidant (greater
than vitamin C) (418), anti-inflammatory, anti-thrombogenic, and anti-angiogenic activity (419).
The anti-cancer properties of flavonoids have been demonstrated in a variety of cell types in vitro
and in vivo (420). Despite the large number of flavonoids, studies have focused only on a select
few. The flavonoids most intensely studied in PCa to date are the soy isoflavones (genestein/
daidzein) (421, 422), the green tea catechins (EGCG-epigallocatechin-3-gallate) (423, 424) and
the milk thistle flavonones (silibinin/ silymarin) (425, 426). Little is known of the biological
effect of most other flavonoids (427, 428).

In an attempt to identify novel flavonoids with growth arresting properties in PCa cells,

we have screened a number of compounds from each of the major flavonoid sub-groups (Table
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2.1). We have examined their anti-proliferative effect on the prostate cancer cell lines PC3
(androgen independent) and LNCaP (androgen dependent), MCF-7 breast cancer cell line and a
non-malignant prostate stromal cell line (PrSC). We have identified a number of novel flavonoids
with anti-proliferative and cell cycle effects in human PCa cells in vitro. The compound
identified with the greatest anti-proliferative effect was the synthetic flavonoid 2,2’-

dihydroxychalcone (DHC).

2.3 MATERIALS AND METHODS

Chemicals and Antibodies

The flavonoids which have been included in this study are presented in Table 2.1.
Quercetin, pinostrobin, kaempferol, pelargonidin, galangin, formononetin, prunetin, 5-
methoxyflavone, acacetin, morin, 6-aminoflavone, 7,8-benzoflavone, epigallocatechin and
epicatechin gallate were purchased from Sigma Aldrich (St. Louis, MO). All other flavonoids
were procured from Indofine Chemical Co. (Hillsborough, NJ). Green tea catechin-
epigallocatechin (EGC) was dissolved in water. All other flavonoids were dissolved in
dimethylsulfoxide (DMSO) to a stock concentration of 100mM. Working standards were made
up in serum containing media. The final concentration of DMSO in culture did not exceed 0.2%.
Flavonoids that were poorly soluble in DMSO were not studied further. These included the
flavonoids prunetin, acacetin, formononetin, 7,8 benzoflavone, diosmin, and karanjin.

B-Actin mouse monoclonal was purchased from Sigma Laboratories (St.Louis, MO).

Anti-PARP (#9546) was purchased from Cell Signaling (Danvers, MA).
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Tissue Culture

The human prostate cancer cell lines, LNCaP (mutated androgen receptor, P53 wild-type),
PC3 (androgen receptor null, p53 null), and the estrogen receptor positive breast cancer cell line
MCF-7 were obtained from the American Type Tissue Collection (ATCC), Rockville, MD. The
non-malignant prostate stromal cell line, PrSC, was obtained from Cambrex, NJ. LNCaP cells
were cultured in RPMI 1640 medium (Gibco, New York) supplemented with 10% foetal bovine
serum (FBS) and 100IU/ml penicillin and 100pug/ml streptomycin. PC3 cells were cultured in
DMEM/F12 medium with 10% FBS and antibiotics. MCF-7 cells were cultured in IMEM media
supplemented with 5% FBS, antibiotics, and insulin. PrSC medium consisted of stromal cell
basal media, and the manufacturer’s growth factor supplements (Cambrex, NJ). All cells were

cultured at 37°C with 5% CO..

Cell Proliferation Assay

Proliferation was assessed using the CyQuant cell proliferation assay (Molecular Probes,
OR). In this assay, the proprietary CyQuant dye binds to DNA, and the fluorescence emitted by
the dye is linearly proportional to the number of cells in the well. Cells were plated in 96 well
black fluorescence micro-titre plates, at a density of 4000 cells/well. 24 hours after plating,
triplicate wells were treated with the appropriate flavonoid at a concentration of 10-150 uM.
Control wells were treated with vehicle alone (DMSO 0.2%). After 72 hours of treatment at 37°C,
the media was discarded, and the plates frozen at -80°C until use. On the day of the analysis, the
plates with the adherent cells were thawed and incubated with the CyQuant dye for 5 minutes in
the dark. Fluorescence was measured on a FL600 fluorescence micro-plate reader (Bio-Tek, VT)

with filters set at 480nm excitation and 520nm emission. The ICs for each flavonoid was
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determined in the 4 cell lines tested (Tables 2 & 3). Each experiment was performed

independently at least 3 times.

Clonogenic Assays

The effect of flavonoids on colony-forming ability was performed by clonogenic assay.
250 PC3 cells were plated in 6 well plates with 3ml of standard media. The experiment was
performed in triplicate wells. Cells were allowed to attach overnight. Media was then replaced
with flavonoid containing media. Flavonoid treatment was removed after 24 hours. Cells were
gently washed in PBS and fresh media added. Cells were allowed to grow for 2 weeks without
subsequent media changes. After 2 weeks of incubation, media was removed, cells washed gently
in PBS and fixed in 4% paraformaldehyde for 15 minutes. Cells were washed again and stained
with 0.05% Crystal violet solution. Colonies consisting of greater than 50 cells were counted in

each treatment well.

Senescence Beta Associated Galactosidase Assay

Histochemical detection of beta-galactosidase activity at pH 6 was performed as a means to
determine the proportion of cells undergoing cellular senescence. At pH 6, beta-galactosidase
activity can only be detected in senescent cells. After treatment with DMSO or flavonoid for 72
hours, cells were washed in PBS and fixed in 4% paraformaldehyde for 15 minutes. Cells were
then washed again, and incubated with the staining solution in the Senescence Beta Galactosidase
staining kit overnight at 37 °C (Cell Signalling, Danvers, MA). Cells were then viewed under
light microscope for development of blue color. The percentage of cells with positive staining

was counted in a field of 200 cells. As a positive control, the assay was performed using staining
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solution with pH adjusted to 4. Under these acidic conditions, activity of beta-galactosidase can

be detected in all cells.

Hoechst staining

Percent apoptosis in flavonoid treated cells was determined by examining morphological
alterations typical of apoptosis including cellular shrinkage, chromatin condensation, and nuclear
fragmentation. Nuclear morphology was assessed by fluorescence microscope analysis of cells
stained with Hoechst 33342. PC3 and LNCaP cells were plated in 6 well dishes. After 24 of
adherence, cells were treated with either DMSO or flavonoid for 72 hours. After 72 hours
floating cells were collected and adherent cells collected by trypsinization, washed in PBS and
fixed in 4% paraformaldehyde for 15 minutes. Cells were then washed and incubated at room
temperature with 1.2ug/ml of Hoechst 33342 for 20 minutes. Cells were then resuspended in 20ul
PBS and spread onto glass slides for visualization by fluorescence microscopy using the DAPI

filter set.

Flow Cytometry and Cell Cycle Analysis

Cell cycle arrest pattern and S phase enumeration were determined by flow cytometry on
cells labelled with anti-BrdU FITC and propidium iodide. Asynchronously growing cells (5x10°
cells/ plate) were plated in 10cm dishes and treated for 72 hours with the flavonoid at the I1Csg
concentration as determined earlier. Control plates were treated with vehicle alone (DMSO
0.2%). The cells were pulse labelled with bromodeoxyuridine (BrdU) for 2 hours prior to
harvesting. As a negative control, a no-BrdU control was also included. Cells were trypsinized,
fixed in ice cold 70% ethanol and stored at -20°C until further analysis. Cells were then washed in

buffer (PBS and 0.5% Tween20) and treated with 2N HCI for 20 minutes to expose labelled
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DNA. Cells were incubated for one hour on ice with anti-BrdU conjugated fluorescein
isothiocyanate (Becton Dickenson, San Jose, California). Cells were washed, centrifuged, and re-
suspended in 10ug/ml propidium iodide, and allowed to incubate for 30 minutes on ice. Samples
were filtered through a nylon mesh and cell cycle analysis performed on the FACSCalibur flow

cytometer using the Cell Quest Pro software package (Becton Dickenson, California).

Viability Assay

Viability assays were performed in unfixed cells treated with DMSO control or flavonoid
for 72 hours. Treated cells were trypsinized to detach and cells collected. The cell pellet was
stained with 1mg/ml propidium iodide for 30 minutes and cells examined by flow cytometry as
above. Cells incorporating propidium iodide were deemed to be non-viable.
Immunoblotting

LNCaP and PC3 cells were treated with 0.1% DMSO, 15-50uM DHC or 25-50uM fisetin
for 48hours. Whole cell lysates were prepared in ice-cold NP40 lysis buffer (0.1% NP40, 50mM
Tris pH 7.5, 150mM NaCl, and the Roche Complete Mini protease inhibitor cocktail). Lysates
were sonicated and clarified by centrifugation. Proteins were quantified by Bradford analysis and
40 pg protein/lane resolved by electrophoresis on 10-12% SDS-PAGE. Resolved proteins were
transferred onto PVDF membrane (Millipore, Billerica, MA) by semi-dry transfer in buffer (Tris
50mM, Glycine 40mM, 0.01% SDS, and 4% methanol) at 25volts for 30 minutes using the
Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Biorad, USA). Membranes were probed
with primary antibody followed by HRP conjugated secondary antibody and detection by ECL
chemi-illuminescence. All primary antibodies were used at concentrations of 1:200, except 53-

Actin 1:10,000. Secondary antibodies were used at dilutions of 1:40,000.
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Statistical Analysis

Cell proliferation was determined by Cyquant fluorescence and expressed as a percentage
of untreated control. The percentage value for each treatment was obtained from 3 replicate
experiments. The mean of the 3 experiments was plotted on a concentration-response curve. A
best fit regression curve was determined by polynomial third order equation, and performed
individually for each flavonoid (GraphPad Prism version 4.03 for Windows, GraphPad Software,
San Diego, California USA). We next determined (from the regression curves) the concentration
of flavonoid at which there was a 50% reduction in cell number compared to the control (ICsy).

The unpaired t-test (two-tailed) was performed to determine statistical significance of S-
phase alterations in flavonoid treated and control cells (GraphPad Prism version 4.03 for

Windows).

2.4. RESULTS

Flavonoids exert an anti-proliferative effect on human prostate cancer cells in vitro.

The anti-proliferative effects of flavonoids were assessed in LNCaP and PC3 cells in
vitro. A subset of flavonoids with anti-proliferative effect were also tested in the MCF-7 breast
cancer cell line, and the non-malignant prostate stromal cell line PrSC. Proliferation studies were
initially performed by the more commonly used MTT assay. As many flavonoids are coloured
when in solution, the MTT assay was unsuitable as this interfered with the colorimetric nature of
this assay. In addition, flavonoids are known to reduce the tetrazolium in the MTT solution, even
in the absence of cells (429). The CyQUANT assay overcame these limitations and was used for

the high throughput screening of flavonoids in all further experiments.
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Concentration-response curves were generated for each flavonoid. We determined the
concentration at which flavonoids caused 50% growth inhibition compared to control (ICs)
(Table 2.2). The five flavonoids with the greatest anti-proliferative effect in LNCaP were 2,2'-
dihyroxychalcone, baicalein, isoliquiritigenin (ISLQ), luteolin and quercetin. In PC3, the most
potent compounds were DHC, luteolin, fisetin, quercetin and ISLQ. DHC caused growth
inhibition at low doses in all four cell lines tested, the lowest ICs observed in PC3 and LNCaP
(10.26 & 10.8 uM respectively), and the highest in MCF7 (23 uM) (Table 2.2). Fisetin had an
ICsp of 22.65 uM in LNCaP and 32.5 uM in PC3. 50% reduction in cell number at the maximum
concentration was not achieved in MCF-7 and PrSC. Similarly, ISLQ had greater anti-
proliferative effect in PCa compared to non- PCa cell lines (Table 2.2). Luteolin demonstrated
anti-proliferative activity in LNCaP (ICsy 18.22uM), PC3 (ICsy 28.84 uM) and MCF-7 cells (ICsg
29.13 uM) and to lesser degree on PrSC (ICsy 68.37 uM). Quercetin had 1Csy of 33.41 uM and
19.44 uM in PC3 and LNCaP, with 50% reduction in cell numbers not reached in the prostatic
stromal or breast cancer cell lines.

Other flavonoids shown to inhibit proliferation included 5-methoxyflavone, baicalin,
baicalein, chrysin and kaempferol as detailed in Table 2.2. A greater effect on proliferation of
LNCaP than PC3 cells were observed with 5-methoxyflavone, (ICsp 25.22 and 97.31 uM
respectively). Baicalein had a lower I1Csg than the glycosylated baicalin when tested in LNCaP,
while baicalin seemed to be more potent in PC3. Kaempferol and chrysin had an ICsy above 40
uM in LNCaP and PC3 cells, a concentration unlikely to be achieved physiologically. Galangin
inhibited proliferation in LNCaP only at very high concentrations, and the remainder of the
flavonoids (6-aminoflavone, EGC, geraldol, gossypin, morin, myricetin, pinostrobin, and

pelargonidin) did not inhibit proliferation at the doses tested.
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The cytotoxic effect of DHC and fisetin were examined in clonogenic assay. PC3 cells
were treated with flavonoids for 24 hours, media removed and fresh media added. Cells were
allowed to proliferate for 2 weeks. The reduction in colonies by both DHC and fisetin occurred at

lower doses compared to the ICsy determined in the Cyquant assay (Fig. 2.1).

Flavonoids cause alteration in cell cycle regulation in human prostate cancer cells in vitro.

Having identified the flavonoids that possessed greatest effect on proliferation, we next
examined the effect of these compounds on the alterations in cell cycle profiles in LNCaP and
PC3 cells. Cells were treated with flavonoids for 72 hours in vitro, and flow cytometry performed
with dual labelling of cells with PI and anti-BrdU (Fig. 2.2 & 2.3). All five flavonoids (DHC,
fisetin, ISLQ, luteolin, and quercetin) caused cell cycle arrest in PC3 and LNCaP cells.
Interestingly, all of these flavonoids caused a similar pattern of cell cycle arrest, (G2/M) in PC3
cells (Fig 2.2), while LNCaP cells were arrested in both G1/S and G2/M (Fig.2.3). All of the
flavonoids tested caused a reduction in the proportion of cells in the synthesizing (S-phase) of the
cell cycle in both cell lines (Table 2.3). Time course studies performed demonstrated that the
effect of flavonoid treatment on the cell cycle was observed as early as 24 hours of treatment
(data not shown).

There was a 3 fold increase in cells in the G2/M phase in PC3 cells with flavonoid
treatment compared to control cultures. Fisetin caused the greatest accumulation of cells in
G2/M, with 66.5% (£ 12.6) of cells in G2/M compared to 13.0% (+ 2.8) in the control. A
corresponding reduction of S and G1 phase cells was seen in PC3 cells. In terms of S-phase
reduction in PC3 cells, the greatest effect was seen with quercetin, fisetin and luteolin (81.7%,

68.3% and 61.2% reduction respectively). DHC, the flavonoid with the greatest anti-proliferative
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effect, caused a 53.4% reduction in S-phase, and a 3-fold rise in G2/M phase cells in PC3
(Fig.2.2). ISLQ caused a smaller reduction in S- phase cell numbers (42.9%) (Table 2.3).

A different pattern of cell cycle arrest was observed in LNCaP (Fig 2.3). Although
LNCaP cells treated with flavonoid demonstrated an increase in G2/M phase cell numbers,
indicative of a G2/M arrest, the percentage of cells in G1 phase did not decrease. This suggests
that cells were being partially arrested in G1 phase. Compared to PC3, the increase in the
proportion of G2/M cells was smaller in LNCaP, with most flavonoids causing around a 2-fold
increase in G2/M phase distribution. However, as in PC3, all flavonoids caused a reduction in
percentage of cells in S-phase in LNCaP cells. Fisetin, at a concentration of 25 pM caused the
greatest reduction of cells in S-phase in LNCaP cells (76.6% reduction) with a concomitant rise
in the proportion of cells in G2 phase (19.4% + 4.9 compared to 8.7% + 0.63 in control) and a
non-significant increase in G1 phase (71.2% =+ 6.2 in fisetin vs 69% + 4.3 in control) (Table 2.3).
LNCaP cells treated with, ISLQ, quercetin, luteolin and DHC also caused reductions in the
percentage of cells in the S-phase compared to vehicle only control (71.1%, 63.2%, 57.3% and
47.2% respectively). In general, the proportion of cells in S-phase in flavonoid treated groups was
significantly lower than the DMSO control, with few exceptions (Table 2.3).

Lack of induction of senescence phenotype by DHC and fisetin

In order to determine whether flavonoids induce cellular senescence in prostate cancer cells, we
examined for act for beta-galactosidase activity at pH 6. At this pH, beta-galactosidase activity
can only be detected in cells undergoing senescence. At the more acidic pH 4, beta galactosidase
activity can be detected in all cells, and this was our positive control (Fig 2.4.A). There was no
detectable beta-galactosidase activity in PC3 and LNCaP cells treated for 72 hours with DHC or
fisetin (Fig 2.4.B). Thus, flavonoids did not induce cellular senescence.

DHC and fisetin induce apoptosis in prostate cancer cell lines
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Determination of apoptosis by assessment of morphological changes remains the gold standard
for determination of apoptosis. We examined morphology by Hoechst 33352 staining (nuclear
dye) and fluorescence microscopy. Cells with typical features of apoptosis, including cellular
shrinkage, chromatin condensation and nuclear fragmentation were counted, and the percentage
apoptosis (apoptotic index) was determined from a field of 200 cells (Fig 2.5.A and 2.5.B).

Cleavage of PARP, a target of caspases, occurs in the final stages of apoptosis, and
detection of cleaved PARP constitutes further eveidence for the occurrence of apoptosis. We
determined PARP cleavage by Western blotting in cells treated with DHC and fisetin for 48
hours. PARP cleavage was observed in both DHC and fisetin treated prostate cancer cells (Fig
2.6).
Loss of viability in PC3 cells treated with DHC and fisetin

We performed cell viability analysis in PC3 cells treated with varying doses of DHC and
fisetin by staining unfixed cells with propidium iodide (PI) and analysing on flow cytometry. PI
only stains those cells with compromised cell membranes as is typically seen in cells that undergo
necrosis or in the late stages of apoptosis. Cells incorporating PI were therefore deemed non-
viable. DHC and fisetin caused a dose-dependent increase in the proportion of cells incorporating

PI (Fig 2.7).

2.5. DISCUSSION

In this study, we have screened a diverse group of flavonoids for their anti-proliferative
effect on prostate cancer, breast cancer and normal prostate stromal cells in vitro. Most of the
flavonoids screened are novel compounds as they that have not been previously evaluated. The

flavonoids screened are representative of the major subgroups of flavonoids including flavones,
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flavonols, flavonones, flavan-3-ols, anthocyanidins and chalcones. Both glycosylated flavonoids
and flavonoid aglycones were tested. We have identified a number of flavonoids which cause
growth arrest at low concentrations in PCa, and appear to be less effective on non-prostate cancer
cell lines (MCF-7 and PrSC). We have also demonstrated that these flavonoids caused cell cycle
arrest (G1/S and G2/M), with a reduction in the number of cells in the S-phase (81% reduction)
(Figs 1&2).

As evident from Table 2.2, the flavonoid with the lowest ICso concentration was DHC.
This is a synthetic flavonoid belonging to the chalcone subgroup of flavonoids that are precursors
in the flavone synthesis pathway in plants (430). The growth inhibitory effect of DHC was
observed as early as 24 hours following treatment (data not shown). Whereas most of the
flavonoids tested were minimally cytotoxic to the PrSC and MCF7 cell lines, DHC was unique in
that it was effective at low concentrations on PrSC and MCF7 cells (ICsy 17.47uM and 22.99uM
respectively). The apparent resistance of MCF-7 and PrSC cells to flavonoids may be a true
effect, however, this is difficult to ascertain since all cell lines have been cultured in cell specific
media, and differences in growth media differences may account for some of the observations.

Other flavonoids identified with anti-proliferative effects were fisetin, ISLQ, luteolin,
quercetin, baicalein and 5-methoxyflavone (Table 2.2). Fisetin, isolated from the bark of Rhus
cotinus (431), was anti-proliferative in both PC3 and LNCaP cells. Fisetin was less cytotoxic in
MCF-7 and PrSC cells (ICsp >80uM). ISLQ is a chalcone found in liquorice root and is a
constituent of a some herbal remedies (432). Luteolin is a flavone widely distributed in nature,
and found in sources such as parsley, artichoke, and celery (163). Quercetin is the most prevalent
flavonoid in the Western diet (433), and is ubiquitous in plants. It is the most widely studied
flavonoid and has been shown to exert anti-proliferative effect on a number of cell lines (434-

436). ISLQ, luteolin and quercetin appeared to have greater effect on proliferation in LNCaP than
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in PC3 cells. In addition, two other flavonoids, 5S-methoxyflavone (synthetic) and baicalein
(component of PCSPES herbal remedy) had low ICsy in LNCaP but not PC3 (Table 2.2). A
number of differences between PC3 and LNCaP cells may account for this difference in
sensitivity. PC3 is a more aggressive cell line, and is null for p53 and androgen receptor (AR).
LNCaP, a much less aggressive cell line possesses a wild type p5S3 and a mutated AR. ISLQ,
luteolin and quercetin have a less anti-proliferative effect on MCF-7 and PrSC cells. Luteolin has
a low ICsg in the MCF-7 breast cancer cell line, a property which merits further investigation
(Table 2.2).

Despite the close similarities in the structure of the flavonoids, we observed a marked
difference in their anti-proliferative activities (Table 2.1). For example, quercetin and gossypin
differ by a single hydroxyl substitution at the C-8 position. While quercetin caused growth arrest
in LNCaP and PC3 cells, gossypin had no such action despite high concentrations.
Microscopically, at the highest doses tested (100-150 uM) some of the flavonoids such as EGC
caused minimal cell toxicity leading to a high rate of cell survival. Treatment at high
concentration with the more toxic flavonoids such as DHC, resulted in morphological changes
(viz., rounding and cell detachment). However, even with doses as high as 500uM of DHC, a
small number of cells (500-600) remained adherent as detected by the CyQuant assay (data not
shown).

Several flavonoids such as myricetin, pelargonidin and epigallocatechin (EGC) previously
identified in epidemiological studies (as being linked to reduced incidence of PCa) (424, 437-
442) did not display anti-proliferative activity in our experiments. These studies however, were
based on retrospective dietary assessments and numerous problems arise while attempting to
examine the effect of flavonoids by this methodology. The in vivo anti-cancer properties of

flavonoids cannot be accurately determined from epidemiologic studies partly due to the
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confounding effects of the hundreds of other flavonoids present in the diet. Flavonoids examined
in previous in vitro studies include EGC (ICso 88uM in DU 145 prostate cancer cell line), and
ISLQ (ICsp 13uM in DU145). In our study, both of these compounds did not inhibit cell growth
(50% growth inhibition) in LNCaP or PC3 cells, at concentration up to 150puM.

In previous studies flavonoids have been shown to cause alterations in cell cycle
regulation in a number of cell lines. We performed FACS analysis to confirm the alterations in
cell cycle regulatory properties of the key flavonoids identified in this study (Fig. 2.2, 2.3).
Results indicate that DHC, fisetin, ISLQ, luteolin and quercetin all caused a G2/M arrest in both
LNCaP and PC3 cells. The percentage of cells in G2 increased with corresponding decrease in
the percentage of cells in the S phase cells for all flavonoids in both LNCaP and PC3cells. In PC3
cells the percentage of cells in the G1 phase decreased, while in LNCaP, the proportion of cells in
G1 remained unchanged compared to the control. The p53 status may partly explain the different
cell cycle arrest pattern observed between cell lines. As mentioned earlier, PC3 cells are p53 null,
and as a result may be defective in G1 checkpoint control, explaining the lack of a G1 arrest in
this cell line. This hypothesis remains to be proven. Previous studies have shown that quercetin
and ISLQ cause cell cycle arrest in PCa cell lines(353, 363, 443). However, there have been no
reports to date on the cell cycle regulatory effects of DHC, fisetin and luteolin.

The two flavonoids DHC and fisetin, were selected for further studies examining the
mechanism of cytotoxicity induced by flavonoids. We demonstrated that both compounds had
profound effects of colony formation in clonogenic assay (Fig 2.1), and caused a dose-dependent
decrease in viability of prostate cancer cells as determined by propidium iodide incorporation
(Fig. 2.7). The pathway of senescence was not induced by DHC or fisetin as determined by the
lack of expression of senescence associated beta-galactosidase (Fig 2.4.A and 2.4.B). Apoptosis

was observed in prostate cancer cells as evidenced by typical changes in cellular and nuclear
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morphology (Fig. 2.5.A and 2.5.B) and PARP cleavage (Fig 2.6). Maximal apoptosis occurred at
higher flavonoid doses compared to the doses required to induce cell cycle arrest. Thus, at the
ICs¢ values determined in this study, flavonoids exert cell cycle arrest without senescence
induction, and at higher doses induce programmed cell death.

The precise mechanism by which the flavonoids identified in this study exert their action
remains to be determined. Flavonoids have also been shown to alter a number of key proteins
implicated in growth and differentiation. These include induction of cyclin dependent kinase
(cdk) inhibitors p21°PYWAT and p27%P! (359, 363), inhibition of phosphorylation of
retinoblastoma (Rb) protein (444), decrease in levels of cyclins B, D and E and cdk 2,4 and 6
(356, 377, 445), induction of apoptosis (364, 446), inhibition of topoisomerase II, and alterations
to the MAPkinase pathway (447). Genestein, a soy isoflavone, enhances the anti-proliferative
effects of vitamin D by up-regulating vitamin D receptor and p21 “P"VAF! protein levels (448).
This synergistic effect with vitamin D may contribute to the reduced incidence of prostate cancer
associated with diets that are rich in both vitamin D and flavonoids, such as the traditional Asian
diet. In the present study, anti-proliferative effects were seen in both AR dependent and
independent human prostate cancer cell lines, suggesting that the androgen receptor is not a
critical component for mediating the growth arresting properties of flavonoids.

Preliminary animal studies investigating the in vivo effects of flavonoids have been
promising, with a number of flavonoids having demonstrated anti-PCa activity(404),(407). For
example, TRAMP mice (transgenic adenocarcinoma of the mouse prostate) fed genestein showed
a reduction in the incidence prostate carcinomas(404). Gupta et al. have shown that TRAMP
mice placed on a green tea catechin rich extract had reduced liver metastases(407). Other
investigators have confirmed the effect of selected flavonoids in PCa employing xenograft

models(426, 449, 450). In these experiments, there have been no reports of flavonoid induced
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systemic toxicity (a desirable property of an anti-cancer agent). Since we have shown DHC,
fisetin, luteolin and quercetin to have greater in vitro activity than genestein and catechins, we
feel it would be necessary to examine the effect of these compounds in vivo. DHC and fisetin
have demonstrated no toxicity at the concentrations used in this experiment (12-14uM) when
tested on isolated rat hepatocytes(451, 452), and minimal toxicity would be expected in vivo.
Flavonoids account for many of the beneficial effects observed with diets rich in fruits
and vegetables. We have identified several anti-proliferative flavonoids that cause cell cycle
arrest in prostate cancer in vitro. Further studies are underway to explore the molecular
mechanisms of the novel flavonoids identified in this study, and to determine their properties in

vivo.



Table 2.1. Chemical Composition of the Flavonoids Tested.
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Flavonoid Side Chain Position
Subgroup Flavonoids
2’ 3 ¢ 5 2 3 4 5 6 7 8
Flavones Acacetin OMe OH OH
6-Aminoflavone NH,f
Baicalein OH OH OH
Baicalin OH OH O-gluf
7,8-Benzoflavone benz§ benz§
Chrysin OH OH
Diosmin OH OMe OH O-glu
Karanjin OMe furan]
Luteolin OH OH OH OH
5-Methoxyflavone OMe
Primuletin OH
Flavonols Fisetin OH OH OH OH
Galangin OH OH OH
Geraldol OMe OH OH OH
Gossypin OH OH OH OH OH OH
Kaempferol OH OH OH OH
Morin OH OH OH OH OH
Myricetin OH OH OH OH OH OH
Quercetin OH OH OH OH OH
Isoflavonoids Formononetin OMe OH
Prunetin OH OH OMe
Chalcones DHC OH OH
Isoliquiritigenin OH OH OH
Flavonones Pinostrobin OH OMe
Catechins Epigallocatechin OH OH OH OH OH OH
Anthocyanidins | Pelargonidine OH OH OH OH

*Methoxyl group, T amino group, { glucoronide, § benzene ring, || furanone.
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Table 2.2. Anti-proliferative effect of flavonoids. ICs, (in uM) for flavonoids in human prostate

cancer (PC3 and LNCaP), breast cancer (MCF-7) and prostate stromal cells (PrSC).

Full name Common name or | LNCaP | PC3 MCF7 | PrSC | BPH-1
abbreviation

2,2'-dihydroxychalcone DHC 10.8 10.26 | 22.99 17.47 | 37.313

2'4.4' 6'-tetramethoxychalcone 16.064 41.68 >50

5,6,7-trihydroxyflavone Baicalein 16.78 64.23 | >80 >8()

4,2' 4'-trihydroxychalcone Isoliquiritigenin 17.88 3443 | 67.17 45.88 | >50

5,7,3',4'-tetrahydroxyflavone Luteolin 18.22 28.84 | 29.13 68.37 | >50

3,5,7,3',4'-Pentahydroxyflavone dihydrate Quercetin 19.44 3341 | >80 >80 >50

3,7,3',4'-tetrahydroxyflavone Fisetin 22.65 32.5 >80 >80 >50

5,3'-dimethoxyflavone 24.75 >50 >50

5-methoxyflavone 25.22 97.31 | >80 >80

5,7,3',4'-tetrahydroxyflavanone Eriodictol 43.276 >50 >50

3,5,7,4'-tetrahydroxyflavone Kaempferol 52.24 41.98

Baicalein 7-O-glucuronide Baicalin 52.85 51.58 | >80 >80

5,7-dihydroxyflavone Chrysin 56.81 >100 >50

3,5,7-trihydroxyflavone Galangin 94.92 >100

7,8-benzoflavone 98.04 >100

6-aminoflavone >100 >100

Epigallocatechin Epigallocatechin >100 >100

3,7,4'-Trihydroxy-3'-methoxyflavone Geraldol >100 >100

3,3'4',5,7,8-hexahydroxyflavone 8- Gossypin >100 >100

glucoside

3,5,7,2' 4'-pentahydroxyflavone Morin >100 >100

3,5,7,3',4',5'-hexahydroxyflavone Myricetin >100 >100

3,5,7,4'-Tetrahydroxyflavylium chloride Pelargonidin >100 >100

5-hydroxy-7-methoxyflavanone Pinostrobin >100 >100

2'-hydroxy-2,4,4',5,6'-pentameyhoxy- >50

chalcone

5,7,3'-trihydroxy-4'-methoxyflavanone Hesperetin >50

3'5,7-trihydroxy-4'-methoxyflavone 7- Diosmin >50

rutinoside

5-hydroxyflavone >50)

6,2' 4'-trimethoxyflavanone >50

3-methoxy-furano-(2',3":4',3) flavone Karanjin >50

3-hydroxy-7,3',4',5-tetramethoxy-flavone >50

2'-hydroxy-2,4,4',5,6'-pentamethoxy- Nsolub

chalcone

3-hydroxy-7,3'.4',5-tetramethoxy-flavone NSolub

4',5-dihydroxy-7-methoxyisoflavone Prunetin Nsolub

5,7-Dihydroxy-4'-methoxyflavone Acacetin Nsolub

7-Hydroxy-4'-methoxyisoflavone Formononetin Nsolub
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Table 2.3. S-phase reduction. The percentage of cells in S-phase (+ standard deviation) —mean
of 3 experiments in control and flavonoid treated cells at 72 hours. The percentage reduction in
flavonoid treated compared to vehicle treated control cells was calculated and unpaired t-test
performed to compare each treatment with the control.

* p<0.05, T p<0.1

Flavonoid LNCaP % reduction PC3 % reduction
Vehicle treated control | 22.08 +£4.93* 21.81 £5.50
DHC 5.16£3.08 * 47.18 10.16 = 6.98+ 53.44
Fisetin 943+ 1.18* 76.63 6.93 +3.85* 68.25
Isoliquiritigenin 6.39+0.27 * 71.07 12.45 £ 6.49 42.93
Luteolin 11.66 = 1.31 + 57.31 8.475 4+ 1.72% 61.15
Quercetin 8.13£2.04 * 63.19 40+2.61* 81.66
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Fig 2.1 Clonogenic Assay. PC3 cells seeded in 6 well plates were treated with flavonoids for 24

hours. Cells were then allowed to grow in flavonoid free media for 2 weeks. A dose-dependent

reduction in colonies formed in fisetin and DHC treated cells is evident.
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Fig 2.2. Flow cytometric analysis — LNCaP. Cells were treated for 72 hours with flavonoid or vehicle
alone. (4) Representative FACS plots are shown for the flavonoids identified. For each flavonoid 2
graphs are shown. The top panel represents BrdU (y-axis) vs PI (x-axis), while the bottom panel shows the
PI histogram. (B) Quantification of cell cycle phases determined for each sample is shown in the bar chart.
The mean value of 3 experiments is shown.

(no-BrdU) control without incorporation of BrdU; (C) vehicle only (0.2% DMSO) control incorporating
Brdu; (DHC) 2,2’-dihydroxychalcone; (Fi) fisetin; (Q) quercetin; (ISLQ) isoliquiritigenin; and (LUT)
luteolin. *p<0.05 (compared to corresponding cell cycle phase of DMSO control).
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Fig 2.3. Cell cycle analysis — PC3. (4) Representative FACS plots for flavonoid treated cells- BrDU vs
PI (top panel) and PI histogram (bottom panel). (B) Quantification of cell cycle parameters as mean of 3
experiments. (no-BrdU) control without incorporation of BrdU; (C) vehicle only (0.2% DMSQO) control

incorporating Brdu; (DHC) 2,2’-dihydroxychalcone; (Fi) fisetin; (Q) quercetin; (ISLQ) isoliquiritigenin;

and (LUT) luteolin. *p<0.05 (compared to corresponding cell cycle phase of DMSO control).
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Fig 2.4. Lack of senescence induction by flavonoids. A) Micrograph of beta-galacosidase
staining in LNCaP cells. Positive control staining (left) is compared to a representative
micrograph demonstrating lack of beta-galactosidase activity in flavonoid treated cells (right). B)
Quantification of number of cells (LNCaP) staining positively for beta-galactosidase activity in a

field of 200 cells. D=DHC, F=Fisetin.
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Fig 2.5. Apoptosis induction by flavonoids. A) Representative micrographs demonstrating
nuclear morphology by Hoechst staining of control (left) and flavonoid treated cells (right). The
apoptotic morphology induced by flavonoids is demonstrated with nuclear condensation and
fragmentation evident. B) The percent apoptosis was determined for flavonoid treated PC3 and
LNCaP cells by counting the number of cells with typical apoptotic morphology in a field of 200
cells. Dose dependent increase in proportion of apoptotic cells is shown. *p<0.05, **p<0.001.

D=DHC, F-Fisetin.
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Fig 2.6. Induction of PARP cleavage by DHC and fisetin. Western blot demonstrating
increased PARP cleavage by DHC and fisetin in LNCaP and PC3 cell lines.
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Fig 2.7. Viability assay. Unfixed PC3 cells treated with flavonoids at the concentrations indicated for
72hours were stained with propidium iodide and examined by flow cytometry. The increase in the
proportion of nonviable cells treated with flavonoid treatment is evident. Percentage of viable cells is

shown A) DHC, B) Fisetin.



CHAPTER 3

TRANSCRIPTIONAL INHIBITION OF KEY CELL CYCLE GENES
BY THE FLAVONOIDS 2,2’-DIHYDROXYCHALCONE AND
FISETIN IN PROSTATE CANCER CELL LINES

The contents of this chapter have been submitted as a manuscript to the journal ‘Carcinogenesis’.
I performed the microarray studies reported in this chapter at the Jack Bell Prostate Cancer
Institute at Vancouver General Hospital, BC in collaboration with Dr. Colleen Nelson who kindly

provided training and materials.
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3.1. ABSTRACT

Flavonoids are a large group of dietary polyphenols implicated in prostate cancer
prevention. They have been shown to inhibit the cell cycle by inhibition of cyclin dependent
kinase (cdks) activity and/or reduction of total levels of key cyclins and cdks. The effect of
flavonoids on cell cycle gene transcription is less clear. In prior studies, we identified two novel
flavonoids, 2,2’-dihydroxychalone (DHC) and fisetin, with anti-proliferative and cell cycle
inhibitory effects in prostate cancer cell lines. In this study, we hypothesize that the effect of
these flavonoids on cell cycle is secondary to inhibition of cell cycle gene transcription. We
employed oligo-array and quantitative real-time PCR (qPCR) to examine the gene expression
effects of both compounds in LNCaP and PC3 human prostate cancer cell lines. A group of 75
genes with key roles in cell cycle regulation were inhibited by both molecules. The major sub-
categories within the group of inhibited cell cycle genes were G2/mitosis (28 genes) and DNA
synthesis/ chromosome organization (20 genes). As expected from the microarray results, flow
cytometry demonstrated the induction of S and G2 arrest by flavonoids. Alterations in other
important cell cycle genes were studied by qPCR and immunoblot. We demonstrated reductions

ipl
1wafl/c1p and

of G1 cyclin dependent kinases (cdk2), and up-regulation of cdk inhibitors (p2
p27“P"). DHC and fisetin also induced the expression of 50 stress response genes many of which

are known to modulate cell cycle. The results of this study highlight the importance of gene

expression alterations in the mechanism of action of flavonoids.

3.2. INTRODUCTION

Prostate cancer is the most common malignancy in men in North America, and the second

leading cause of cancer death (453). Current definitive treatment modalities for prostate cancer
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suffer from intolerably high incidence of side effects, and unacceptable cancer recurrence rates
(5, 9). Attention has therefore turned to prevention strategies to limit the public health burden of
this highly prevalent disease. The rationale for chemoprevention is supported by the prolonged
natural progression of prostate cancer (over 20 years) that presents an ideal window for the action
of preventive agents (21). Various chemoprevention agents have come to light, and some have
proven their efficacy in randomized clinical trials (24). Dietary constituents have increasingly
emerged as putative chemopreventive agents and are believed to account for the dramatic
differences in mortality in prostate cancer worldwide. Prostate cancer mortality in China, for
example is 16-fold lower than North America. The components of the Asian diet responsible for
the observed chemopreventive effects are the subject of intense investigation (106).

Flavonoids, a diverse group of polyphenols found in all fruits, vegetables and plants, have
been postulated to account for the beneficial effects of the Asian diet (454). They are consumed
in particularly high amounts due to the intake of green tea and soy products. An increasing body
of evidence has demonstrated the anti-cancer effects of flavonoids in pre-clinical animal models
of carcinogenesis, and recent reports from clinical trials have been promising (404, 407, 455).
Over 5000 flavonoids exist in nature. All are based on the basic C6-C3-C6 polyphenolic
structure. The diversity is accounted for by the variation in functional side groups. The large
number and biological activity of flavonoids has triggered a search for novel compounds within
this group with anti-neoplastic effects. In previous screening experiments we identified several
flavonoids including 2,2’-dihydroxychalcone (DHC) and fisetin (3,7,3',4'-tetrahydroxyflavone)
with anti-proliferative and cell cycle inhibitory effects in prostate cancer cell lines (456). DHC, a
synthetic compound based on the chalcone precursor to flavonoids, demonstrated the greatest

potency in all cell lines tested. Fisetin, a ubiquitous flavonol from diverse natural sources such as
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strawberries and apples (457), was of interest owing to its apparent prostate selective effect. The
structures of DHC and fisetin are shown in Fig. 3.1A.

The molecular effects of DHC are poorly understood, however, its detoxification and anti-
inflammatory effects have been demonstrated (458, 459). Owing to the different numbering
schemes that exist for labeling the chalcone carbon skeleton, certain instances in the literature
referring to 2,2°-dihydroxychalcone actually describe a different compound (2°,6-
dihydroxychalcone) according to our numbering scheme (460). Fisetin on the other hand has
been extensively studied and has been shown to possess a remarkably diverse range of biological
effects including anti-inflammatory, anti-angiogenic, anti-bacterial, and neuro-protective
properties (461-464). Fisetin has been shown to induce apoptosis in colon and hepatocellular cell
lines in a caspase 3 dependent manner (446, 465). Fisetin was also among several flavonoids
shown to inhibit the activity of Sa-reductase, the enzyme that converts testosterone into the more
potent Sa-dihydrotestosterone known to promote prostate carcinogenesis (466). These varied
properties highlight the potential of flavonoids such as fisetin to target various pathways of
importance in the carcinogenesis process.

The cell cycle pathway is frequently interrupted by flavonoids. In addition to direct
binding and inhibition of cyclin dependent kinases (cdks), flavonoids such as fisetin have been
shown to cause a decrease in total levels of cyclins and cdks (467, 468). Fisetin has also been
shown to inhibit topoisomerase II, a key enzyme in DNA replication and cell cycle (469). Similar
down-regulation of cell cycle regulatory proteins has been observed by other flavonoids,
including apigenin, silymarin, the soy flavonoid genestein (362, 363, 445).

Despite several studies demonstrating a reduction in the total levels of cyclins and cdks,
the effect of flavonoids on transcriptional modulation of cell cycle gene expression is poorly

understood. We hypothesize that reduction in cyclins and cdks by flavonoids is secondary to
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transcriptional inhibition. Using oligonucleotide microarray, we studied alterations in gene
expression associated with DHC and fisetin treatment in human prostate cancer cells. These
findings were validated by quantitative real-time PCR (qPCR). Alterations in cell cycle
parameters were delineated by flow cytometric analysis. Immunblotting was performed to further
elucidate mechanisms of cell cycle arrest by flavonoids. We detail the broad ranging effects of
DHC and fisetin on cell cycle gene transcription, which could be a mechanism of action

contributing to the preventive properties of flavonoids in human prostate cancer.

3.3. MATERIALS AND METHODS

Flavonoids and reagents

Fisetin (3,7,3’,4’-tetrahydroxyflavone) and 2,2’-dihydroxychalcone were purchased from
Indofine Chemical Co. (Hillsborough, NJ, USA). Flavonoids were dissolved in dimethyl
sulfoxide (DMSO) to a stock concentration of 100 mM. Working standards were made up in
serum containing media to a final concentration of 15uM DHC and 25uM fisetin. The final
concentration of DMSO in culture did not exceed 0.1%. RPMI 1640 and DMEM/F12 media and
penicillin/streptomycin were from Gibco (Invitrogen Corporation, Carlsbad, CA). Fetal bovine
serum (FBS), Tris, SDS, NaCL, bovine serum albumin, and 5-bromo-2’-deoxyuridine (BrdU)
were obtained from Sigma (St. Louis, MO). Nonidet-P40 was obtained from Bioshop
(Burlington, ON). Complete Mini, EDTA-Free protease inhibitor cocktail was from Roche
Molecular Biochemicals (Mississauga, ON). RNeasy minikit was purchased from Qiagen Inc
(Valencia,CA) and universal human RNA from Stratagene (La Jolla, CA). Superscript II reverse
transcriptase and random primers were obtained from Invitrogen. Primers for quantitative real

time PCR were the pre-designed TagMan® Gene Expression Assays from Applied Biosystems
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(Foster City, CA). TagMan Universal PCR Master Mix was also obtained from Applied
Biosystems.
Antibodies

3-Actin mouse monoclonal was purchased from Sigma Laboratories. Anti-cdk2 (H-298);
anti-p21 (C-19); anti-p27 (C-19); and anti-cyclin A (H-432) rabbit polyclonal antibodies were all
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-cdc2 (Ab-1) was procured from
Calbiochem (San Diego,CA). Anti-rabbit/mouse/goat IgG HRP conjugates were all from
Promega (Madison, WI). Anti-BrdU-fluorescein isothiocyanate (FITC) conjugate for flow
cytometric analysis was acquired from Becton Dickenson (San Jose, CA) and anti-phospho-
histone H3 (ser10) from Cell Signaling (Danvers, MA). Fluorescein conjugated donkey anti-
rabbit IgG for flow cytometry was purchased from Jackson immunoresearch (West Grove, PA).
Cell lines and culture conditions

The androgen sensitive LNCaP and androgen independent PC3 cell lines were obtained
from the American Type Tissue Collection (ATCC), Rockville, MD. LNCaP cells were cultured
in RPMI 1640 medium supplemented with 10% FBS and 100IU/ml penicillin and 100pg/ml
streptomycin. PC3 cells were cultured in DMEM/F12 medium with 10% FBS and antibiotics as
for LNCaP.
Microarray sample preparation and hybridization

To determine global gene expression alterations associated with flavonoid treatment,
oligonucleotide-array analysis was performed. PC3 and LNCaP cells were treated with 15uM
DHC, 25uM fisetin or 0.1%DMSO (vehicle only control) for 6, 12 and 24 hours (Fig 3.1B). Two
independent replicate experiments were performed. Total RNA was isolated for each sample

using the RNeasy minikit as per the manufacturers instructions. The quality of the RNA was
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measured using the Agilent 2100 bioanalyzer and RNA 6000 Nano kit (Agilent Technologies,
Palo Alto, CA). RNA quantity was assessed with the NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE). 10 ug RNA was reverse transcribed using Superscript II reverse
transcriptase and random primers and the resultant cDNA was used in the oligoarray and
quantitative real time PCR (qPCR) experiments. Human Operon v.2 (21K) glass microarrays
were produced (based on human 70mers from Operon, Huntsville, AL) by the Microarray
Facility of the Prostate Centre at Vancouver General Hospital (Vancouver, Canada). cDNA
samples were labeled with either Cy3 or Cy5 (see below)(Genisphere, Hatfield, PA) and
cohybridized to the microarrays. Following overnight hybridization and washing, arrays were
imaged using a GenePix 4000B scanner (Molecular Devices, Sunnyvale, CA). Signal quality and
quantity were assessed using Imagene 8.0 (BioDiscovery, El Segundo, CA). Further analysis was
performed using GeneSpring 7.3.1 (Agilent Techologies, Palo Atlo, CA).
Microarray experiment design and data analysis

The experimental design for the microarray experiments was based on the previously
described ‘reference design’ which allows for normalization of all slides based on a common
reference RNA sample (470). We used universal human RNA (UHRR) from Stratagene (La Jolla,
CA) as the reference sample. Reference cDNA was labeled with Cy5 and test cDNA (DMSO,
DHC or fisetin) labeled with Cy3. Expression values for all genes on the microarray were
determined as a ratio of cy3/cy5. Using this design, a single DMSO control sample can be
compared to multiple flavonoid treated samples.

Genes with expression <0.01 or >1000 were eliminated. Per spot and per chip intensity-
dependent (LOWESS) normalization was performed to adjust for dye bias. Flavonoid treated
samples were compared to the corresponding DMSO control (Fig 3.1B). We identified genes that

were greater than 2-fold altered and were statistically significantly different (p<<0.01) in flavonoid
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treated samples compared to DMSO control. The gene list obtained was then classified according
to biological function as determined by annotation in the gene ontology database (471). Fisher’s
exact t-test was used to identify over-represented gene classes based on the statistical likelihood
that they are more highly enriched in our genelist compared to the genome as a whole. Clustering
analysis of genes within functional groups was performed to discover genes with similar
expression profiles and to allow a visual comparison of gene expression across multiple
treatments. Clustering was performed using k-means analysis in Cluster and Treeview software
packages (472). All cluster analysis is represented as a fold-change (expression in flavonoid
sample/ expression in DMSO sample) rather than on absolute expression values. All fold-change
values were log transformed (base 2) prior to clustering.

Quantitative Real Time PCR (qPCR)

The expression of 12 genes was determined by qPCR to validate the microarray results.
Commercial TagMan® Gene Expression Assays (Applied Biosystems, Foster City, CA)
containing pre-designed probes were used in the qPCR reactions, with beta actin as an internal
control. For each PCR reaction, a master mix was prepared containing Tagman probes for the
gene of interest in 1x TagMan Universal PCR Master Mix, and 0.5 pl of cDNA template. The
qPCR was reaction was run on the ABI7000 detection system (Applied Biosystems, Foster City,
CA) at 40 cycles with denaturing and annealing/extension temperatures of 95°C (15 s) and 60°C
(1 min), followed by one cycle at 72°C for 5 min. Amplification curves were analyzed using the
relative standard curve method as outlined in the manufacturer’s instructions.

Flow Cytometry

Cell cycle parameters were analyzed by flow cytometry to correlate gene expression

changes with functional cell cycle alterations. BrdU labeling was performed as previously

described (456) in asynchronously growing PC3 and LNCaP cells treated for 6, 12 and 24 hours
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with 0.1% DMSO, 15uM DHC, or 25uM fisetin. Anti-phospho histone H3 (ser 10) labeling was
performed in LNCaP cells treated with 0.1% DMSO, 5-25uM DHC and 5-50uM fisetin for 48
hours. Cells were fixed in 70% ethanol as above and permeabilized with 0.25% ice cold Triton
X100 in PBS for 15 minutes. Cells were then washed in 1% BSA in PBS and incubated with
1:100 dilution of anti-H3P antibody for 2 hours. After further washes in 1% BSA/PBS, cells were
incubated in 1:50 dilution of FITC-anti-rabbit IgG. Cells were stained with propidium iodide for
30 minutes prior to analysis on flow cytometer. Flow cytometry was performed on the
FACSCalibur flow cytometer using the Cell Quest Pro (Becton Dickenson, California) and
Flowjo (Treestar Inc, OR) software packages.
Immunoblotting

PC3 cells were treated with 0.1% DMSO, 15uM DHC or 25uM fisetin for 6-48hours.
Whole cell lysates were prepared in ice-cold NP40 lysis buffer (0.1% NP40, S0mM Tris pH 7.5,
150mM NaCl, and the Roche Complete Mini protease inhibitor cocktail). Lysates were sonicated
and clarified by centrifugation. Proteins were quantified by Bradford analysis and 40 ug
protein/lane resolved by electrophoresis on 10-12% SDS-PAGE. Resolved proteins were
transferred onto PVDF membrane (Millipore, Billerica, MA) by semi-dry transfer in buffer (Tris
50mM, Glycine 40mM, 0.01% SDS, and 4% methanol) at 25volts for 30 minutes using the
Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Biorad, USA). Membranes were probed
with primary antibody followed by HRP conjugated secondary antibody and detection by ECL
chemi-illuminescence. All primary antibodies were used at concentrations of 1:200, except B-

Actin 1:10,000. Secondary antibodies were used at dilutions of 1:40,000.
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3.4. RESULTS

The aim of this study was to examine alterations in cell cycle gene expression by DHC
and fisetin in prostate cancer cells. The study design is outlined in Fig 3.1.B. The concentration
of DHC and fisetin used in the experiments corresponds to the ICsy values ascertained by
proliferation studies (456). The time points were chosen in order to enable us to determine the
maximum number of gene expression changes caused by DHC and fisetin within the first 24
hours of incubation. We have focused on gene expression trends and common patterns over time
and treatments. All microarray results are presented as fold change values (expression in
flavonoid sample/ expression in DMSO control).

Fisetin and DHC alter expression of genes in several cancer related pathways

We employed oligo-based microarray to determine gene expression alterations in 21,000
genes by flavonoids. Only those genes that had greater than 2-fold alteration and statistically
significantly different (p<0.01) compared to corresponding DMSO control were selected. This
resulted in1051 genes that were identified using these criteria. Overall, there were slightly fewer
genes up-regulated compared to those that were down-regulated (46% vs. 54%)).

The number of genes identified in each treatment group (e.g. PC3 cells treated with fisetin
for 6,12,24 hours) was compared (Fig. 3.2). There was little overlap in the genes identified
between DHC and fisetin treated groups or between PC3 and LNCaP groups. This suggests that
DHC and fisetin elicit different gene expression effects in these cell lines, and that the response is
different between cell lines. This is true, however, if we only consider genes that passed our
statistical criteria of >2 fold change and p<0.01 difference from control. When alterations less
than 2-fold altered are examined, as is seen in the clustergrams (figs 3.3 and 3.6), a more

consistent gene expression pattern between flavonoids and cell lines is observed.
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Genes were categorized according to their functional classification as determined by the
Gene Ontology (GO) database (471). Out of 1051 significantly altered genes, 700 genes had a
defined biological function recorded in the GO database. We performed functional enrichment
analysis to determine whether any particular functional class of genes was over-represented in the
final gene list of 700 genes. There was a highly significant over-representation of cell cycle genes
and genes in the related pathways of chromosome segregation and DNA metabolism (Table 3.1).
Other enriched categories included signaling pathways involved in cell growth and survival such

as RNA processing, translation, kinase regulation, apoptosis and stress response.

Fisetin and DHC down-regulate the expression of key cell cycle genes

Flavonoid treatment resulted in significant gene expression alteration of 82 genes
classified as cell cycle related (Fig 3.3.). Cluster analysis enabled us to examine genes based on
expression patterns across multiple treatments and time-points. Cell cycle genes clustered into
two main expression groups: those that were predominantly up-regulated in all treatments and at
various time-points (27 genes) and a larger group (55 genes) that were down-regulated at all
treatments and different time-points (Fig.3.3). Genes with functions in G2 and mitosis (M) phases
of the cell cycle comprised 62% of the repressed cell cycle genes. These included regulators of
the mitotic spindle/microtubule (AURKA, AURKB, PLK1, DLG7, KIF2C, KIF22, STMN,
CENP-E, CENP-F, CHC1, EML4, NUSAP, RANBPY), centrosome (NUBP1, CENPJ, NEK1,
NEK?2) and kinetochore (KNTC2) (Table 3.2). While mRNA inhibition was noted for these genes
as early as 6 hours of treatment, immunoblot of cyclin A, cdc2 and plkl1 (all of which were down-
regulated by DHC and fisetin on microarray) showed inhibition of protein levels at 24 hours or

later (Figs 3.3, 3.4 and 3.5).
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Closely associated with the cell cycle category are the categories of chromosome
organization (36 genes) and DNA metabolism (51 genes). Many genes in these two categories
were already classified as cell cycle genes. In order to limit redundancy, we combined these two
categories and eliminated genes that we had already identified as cell cycle, resulting in 36
unique genes in the combined category (Fig.3.3). Among this group there were 20 genes that
were inhibited in all treatment conditions, in a manner similar to the cell cycle category (Fig.3.3).
This group included genes involved in DNA replication (PFS2, RFC3, RPA2, TYMS, TOPO2A,
TOPO2B) as well as chromatin regulation and metabolism (NASP, SMARCAS, CHFR, CSPG®6,

SMC4L1, HCAPG, HIST1H4C, HMGA?2).

Multiple cell cycle checkpoints were activated by DHC and fisetin

We examined the effect of the transcriptional alterations described above on cell cycle
parameters by flow cytometry (Table 3.3). Asynchronously growing LNCaP and PC3 cells were
treated with 15 pM DHC, 25uM fisetin or 0.1% DMSO control, labeled with anti-BrdU antibody
and propidium iodide, and examined for alterations in distribution of cells in the cell cycle. While
differences in treatment response were observed between the two prostate cancer cell lines, the
effect of DHC or fisetin was essentially the same. This corresponds to the similar effects of both
DHC and fisetin noted on microarray. PC3 cells demonstrated a marked G2/M checkpoint arrest
and an absence of G1 arrest with flavonoid treatment. In LNCaP cells however, flavonoids
induced both G1 and G2 phase arrest (Table 3.3). There was a reduction in the number of cells in
S-phase in both cell lines with a proportion of cells in both cell lines arrested in S-phase
following flavonoid treatment. These cells contained between 2N and 4N DNA, which is typical
of S-phase cells, yet they were negative for BrdU incorporation, suggesting that active synthesis

of DNA was halted, and cells were arrested in this phase (Table 3.3).
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To further elucidate the nature of the G2/M arrest induced by flavonoids in both cell lines,
we employed labeling with a mitosis marker (anti-H3P ser 10) to distinguish between G2 and M
cell populations, both of which have 4N DNA content and are indistinguishable on standard cell
cycle flow protocols. Results reveal that there was a dose-dependent reduction in H3P labeling in
DHC and fisetin treated cells (Table 3.4). Thus, the G2/M arrest induced by flavonoids is
predominantly due to cells arrested in G2 phase prior to mitosis.

Flavonoids suppress G1 phase regulators.

Although flavonoids induced a G1 arrest in LNCaP cells, alterations of G1 regulatory
genes were not evidenced on microarray. We therefore explored alterations in key G1 checkpoint
regulators by qPCR and Western blot analysis by flavonoids in PC3 cells (Fig 3.4 and 3.5). The
G1 regulatory kinase cdk2 was inhibited on immunoblot by flavonoids (Fig 3.5). The cip/kip

Kipl
" were however

family of cyclin dependent kinase inhibitors including p21™*"""*"" and p27
induced by flavonoid treatment as shown by qPCR and/or immunoblot (Fig 3.4 and 3.5).
Therefore, in addition to their pronounced G2/M effects, DHC and fisetin also exert negative
effects on the G1 phase of the cell cycle.

Genes belonging to the stress response pathway were induced by flavonoids.

Several other cancer-related pathways were altered on microarray including a large group
of genes involved in stress response (76 genes, p=4.5x107) (Fig 3.6). Many genes in this pathway
directly influence cell cycle regulation. The majority (72%) of genes in the stress response
pathway were up-regulated by DHC and fisetin. We observed enhanced expression of several
endoplasmic reticulum stress genes, hypoxic stress response genes, and stress-induced genes in

the MAPK pathway. Six heat shock proteins were also altered viz., heat shock 70kDa protein

(HSP70) 1A, 1B and 8, Hsp90kDa protein 1, Hsp105kDa and Hsp40kDa (Fig.3.6.).
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Correlative studies using quantitative real time PCR (qPCR)

Results obtained from microarray were verified by qPCR (Fig 3.4.). Using the same
cDNA as for the microarray experiment, we performed qPCR for 12 genes, comparing gene
expression levels in all flavonoid treated samples. Data are represented as fold-change values
(flavonoid expression/DMSO expression) (Fig. 3.4). The overall Pearson correlation between

microarray and qPCR expression levels was 0.879

3.5. DISCUSSION

The purpose of this study was to investigate the effect of two flavonoids on cell cycle
gene transcription. We report the inhibition of gene expression in 55 cell cycle genes and 20
chromosome organization and DNA metabolism genes by both compounds. These alterations
occurred at multiple time points and in both androgen receptor dependent and sensitive prostate
cancer cells (Fig 3.3). The cell cycle group consisted of genes with diverse functions throughout
the cell cycle, particularly mitosis, G2/M checkpoint and DNA/chromatin metabolism (S-phase).

Mitosis genes constituted the largest sub-group amongst the 75 inhibited cell cycle/
chromosome organization genes in this study (Table 3.2). The inhibited mitosis genes consisted
of critical regulators of various aspects of the mitotic machinery including the mitotic spindle,
centrosome and kinetochore (KNTC2). Recent studies by Carter et al (473) have shown that
many of the suppressed mitosis genes identified in our study are abnormally expressed in cancer,
and several are amongst the most frequently associated genes with chromosomal instability.
Targeted inhibitors for cancer chemotherapeutics are currently being investigated for several of
the mitotic kinases in this group including aurora kinase (AURK), polo-like kinase (PLK) and
NIMA-related kinase (NEK) (474). Despite the broad ranging inhibition of mitosis genes by

DHC and fisetin, it is interesting to note that cells were not arrested in mitosis (Table 3.4). This
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can be explained by the fact that the activation of G2 checkpoint by DHC and fisetin is limiting
the number of cells entering the mitotic phase (Table 3.3).

Accurate DNA replication during S-phase is a critical step in the cell cycle, and targeting
DNA synthesis is a common mechanism of anti-cancer drugs. We report that DHC and fisetin
inhibit the transcription of several S phase genes classified under the categories of ‘DNA
metabolism’ or ‘chromosome organization’ (Fig 3.3). This group included genes involved in
DNA replication and genes with functions in chromatin regulation and metabolism. Abnormal
expression of these genes is also frequently associated with malignancy. For example, over-
expression of topoisomerase [la (TOPO2A) and thymidylate synthase (TYMS) is associated with
poor outcome in prostate cancer (475, 476). These genes are also the targets of common
chemotherapeutic drug targets such as etoposide (topoisomerase II) and 5-fluorouracil
(thymidylate synthase).

Cyclins and cyclin dependent kinases (cdks) regulate the transition through all the major
phases (G1, S, G2) of the cell cycle, and are often abnormally expressed in cancer. This has led to
concerted efforts to develop novel target cyclin and cdk inhibitors (477). Flavonoids have been
shown to inhibit various cyclins and cdks in cancer cells, both by direct competition with the
ATP binding site of cdks and by inhibition of total cyclin/cdk levels (362, 363, 445, 467).
However, the effect of flavonoids on transcription of cyclins and cdks is less clear. We have
shown, by oligo-array and qPCR, that DHC and fisetin transcriptionally inhibited three key
cyclins, cyclin A2 (CCNAZ2), cyclin Bl and B2 (CCNB1 and 2) and two cdks, CDC2 and CDKS5
(Fig 3.3 and 3.4). The A-type and B-type cyclins are the major determinants of progression
through S-phase and G2 respectively (477). Cylin A interacts with cdk2 (also inhibited by
DHC/fisetin as shown on immunoblot) to promote progression from S to G2 with cyclin B-cdc2

complex is essential for mitotic entry. DHC and fisetin therefore inhibited the expression of the
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main cyclin and cdk regulators of S and G2 phases of the cell cycle. As expected, this was
associated with S and G2 phase arrest in both PC3 and LNCaP cell lines (Table 3.3). CDKS5,
while classified as a cdk, does not have a role in cell cycle regulation. Rather it has been shown
to be involved in cytoskeletal dynamics and its activity is associated with increased metastasis in
prostate cancer (478).

Other genes with functions at G2 that were inhibited by DHC and fisetin include
CDC25A, MYTI1 and 14-3-3 (YWHAQ) (Fig 3.3 and 3.4). Cdc25A is over-expressed in several
malignancies and is a key phosphatase that serves to activate cdc2 at the G2 checkpoint (479).
Inhibition of cdc25A by flavonoids therefore serves to enhance the overall cell cycle inhibitory
effect of these compounds. 14-3-3 proteins and myt both regulate cdc2 resulting in the inhibition
of cdc? activity (480, 481). Therefore down-regulation of 14-3-3 (YWHAQ) and MYT1 would
serve to increase cdc2 activity and abrogate G2 arrest, a potentially undesirable effect.

In addition to the S and G2 arrest, DHC and fisetin induced G1 arrest in androgen
sensitive cells (LNCaP), but not the androgen independent PC3 cell line (Table 3.3). The lack of
G1 arrest in PC3 cells likely is a result of the p53 null status of this cell line that could render the
G1 checkpoint inactive. RB1, a major tumor suppressor of G1 to S progression was paradoxically
down-regulated by flavonoid (Fig 3.3). However, G1 arrest occurred regardless, possibly owing
to the effect of flavonoids on other mediators of G1, such as inhibition of the G1 kinase cdk2 as

fl/cipl Kipl
1Vert and p275P! | pan-

shown on immunoblot (Fig 3.5). We also demonstrated induction of p2
cdk inhibitors of the cip/kip family, by immunoblot and/or qPCR (Fig 3.4 and 3.5). Low
expression of cip/kip proteins correlates with high tumor grade in several cancers (482).

Induction of p21¥*™P! and p27"P' by flavonoids therefore could contribute to the cell cycle

arrest and overall anti-tumor properties of these flavonoids.
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While the cell cycle gene expression effects of DHC and fisetin predominated, alterations
in other cancer related pathways were also demonstrated (Table 3.1). Over 70 stress response
genes were altered by flavonoids, of which 76% were upregulated (Fig.3.6). Within this category,
several MAP kinase genes were up-regulated. JUNB and JUND have been shown to have anti-
proliferative or tumor suppressor effects (483), while JNK is an activator of mitochondrial
induced apoptosis (484). Expression of endoplasmic reticulum (ER) stress response genes was
also enhanced by flavonoids (e.g ATF4, ATF3, DDIT3/CHOP, asparagine synthase and
selenoprotein S). The ER stress response is closely linked to the apoptotic pathway via mediators
such as DDIT3/CHOP, and has been shown to synergize with DNA damaging agents such as
cisplatin (485). In addition to cell cycle gene alteration, activation of stress response genes
therefore constitutes another mechanism of DHC and fisetin in prostate cancer. Pathway analysis
examining the interaction of stress response genes identified in this study with the cell cycle
genes altered in this study reveal a close interaction between several members of both groups
(Fig. 3.7).

Previous microarray studies on the effect of soy and green tea flavonoids did not
demonstrate the broad ranging cell cycle effects shown for DHC and fisetin (486, 487).
However, flavopiridol, currently in clinical trials as a cyclin-dependent kinase inhibitor,
demonstrated down regulation of a number of cell cycle genes that were also inhibited in this
study, including cdc2, cyclin B2 and aurora kinase B (488). This supports the concept of common
mechanisms of action of diverse flavonoids. Although the precise mechanism accounting for the
transcriptional inhibition by DHC and fisetin is unknown, the effect of the compounds on a
common up-stream regulator in the cell cycle pathway is a possibility, especially since several

inhibited genes contain a common promoter element (489).
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In summary, we have demonstrated the transcriptional inhibition by DHC and fisetin of
75 genes with critical roles throughout the cell cycle. Many of the genes identified are over-
expressed in various malignancies and are the targets of current or experimental therapeutic
agents. The underlying mechanism for the transcriptional inhibition of cell cycle genes by DHC
and fisetin has not yet been determined and warrants further investigation. Cell cycle checkpoint
activation has been described as a barrier to carcinogenesis in the early stages of cancer.
Induction of cell cycle arrest by a mechanism of transcriptional inhibition may therefore account
for the chemo-preventive effect of flavonoids demonstrated in epidemiological studies of prostate

cancer.
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Table 3.1- Enriched functional categories

Enrichment of gene ontology (GO) categories was determined by Fisher’s exact test comparing
abundance in genome to abundance in our final genelist (see text for details). Functional
categories are listed in order of p-value. Smaller p-values imply over-representation of functional

group in the list of altered genes in the study.

Gene

Gene ontology class count p-value
Cell cycle (M phase) 82 1.3E-10
chromosome organization 36 2.E-05
RNA processing 42 1.3E-04
DNA metabolism 51 8.8E-4
translation 36 1.5E-03
Kinase/ phosphatase 62 1.6E-03
transport 66 2.1E-03
exocytosis 10 5.4E-03
mitochondrial organization 5 6.8E-03
transcription 84 8.2E-03
apoptosis 42 8.7E-03
secretion 20 1.7E-02
stress response 76 4.5E-02




Table 3.2- Down-regulated G2/M genes.
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Genes with known function in G2 or mitosis phase of the cell cycle that were inhibited by both

DHC and fisetin are listed. These constituted the most enriched functional category in the study.

Average fold change in all experimental conditions is shown.

Fold
change

Gene Full Name Function
KNTC2 | kinetochore associated 2 M -2.27
CENPE centromere protein E M -2.01
DLG7 discs large homolog 7 M -1.79
TTK TTK protein kinase M -1.75
NEK2 NIMA (never in mitosis gene a)-related kinase 2 M -1.72
ANLN anillin, actin binding protein M -1.72
PLK1 polo-like kinase M -1.71
CENPF centromere protein F (350/400kD) M -1.70
AURKB | aurora kinase B M -1.64
KIF22 kinesin family member 22 M -1.63
KIF4A kinesin family member 4 M -1.60
HCAP-G | chromosome condensation protein G M -1.58
CDC23 cell division cycle protein 23 M -1.57
STK6 serine/threonine protein kinase 6 M -1.54
NUSAP1 | nucleolar and spindle associated protein 1 M -1.52
KIF2C kinesin family member 2C M -1.40
CHC1 regulator of chromosome condensation 1 M -1.31
STMN1 stathmin 1 M -1.21
NEK1 hypothetical protein M -1.17
CHFR checkpoint with forkhead and ring finger domains M -1.11
RANBP9 | RAN binding protein 9 M -1.11
CDC2 cell division cycle 2 protein isoform 1 G2/M -1.09
CCNBI cyclin Bl G2/M -2.22
CCNB2 | cyclin B2 G2/M -2.02
CCNA2 |cyclin A G2/M -1.81
PKMYT]! | protein kinase Mytl isoform 1 G2/M -1.74
UBE2C | ubiquitin-conjugating enzyme E2C isoform 1 G2/M -1.68
YWHAQ | 14-3-3 theta Gl, S, G2/M -1.22
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Table 3.3. Cell cycle distribution of PC3 and LNCaP cells treated with 0.1% DMSO (control),
15uM DHC or 25 puM fisetin for 6,12, and 24 hours. Cells were pulse labeled with BrdU prior to
harvesting. Fixed cells were stained with propidium iodide (DNA content) and anti-BrdU-FITC
conjugate antibody (s-phase) and analyzed by flow cytometry. DHC and fisetin both had similar
effects on cell cycle, inducing S,G2/M arrest in PC3 and G1,S,G2/M arrest in LNCaP. S+ (S-
phase cells incorporating BrdU), S- (S-phase cells not incorporating BrdU thus arrested in S-

phase).
LNCaP PC3
Treatment | Time G1 G2 S+ S- G1 G2 S+ S-
0.1% 6h 65.4 6.75 26.7 0.54 493 6.83 32.1 0.38
DMSO 12h 63 7.15 28.5 0.43 52.3 15.1 31.5 0.43
24h 70.3 6.59 22.6 0.23 44.6 13.5 40.6 0.19
15pM 6h 73.8 13.5 8.25 2.32 31.1 41 22.8 1.76
DHC 12h 72.1 20.7 3.35 2.21 33.8 44.1 18.2 0.79
24h 74.6 19 0.47 4.69 36.4 49.5 1.21 9.06
25 uM 6h 72.3 9.18 16.3 0.82 37 394 14.7 4.25
fisetin 12h 75.4 12.3 8.81 1.3 37.1 42.2 9.75 5.99
24h 71.4 19.5 3.16 2.06 31 449 11.8 5.78
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Table 3.4- Reduction in mitosis (M) phase population by DHC and fisetin
LNCaP cells treated with 0.1% DMSO control, 5-25uM DHC or 5-50uM fisetin for 48 hours
were labeled with mitosis marker (phospho-histone 3 ser 10) and examined by flow cytometry. A

dose-dependent reduction in percent of cells in M-phase was demonstrated in flavonoid treated

samples.
Treatment % H3P positive cells
0.1% DMSO 2.28
5 uM DHC 1.22
15 uM DHC 0.79
25 uM DHC 0.09
5 uM fisetin 1.79
15 uM fisetin 1.44
25 uM fisetin 1.13
50 uM fisetin 0.16
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Fig 3.1. A) Structure of flavonoids used in the experiments. B) Microarray Study design.

The basic design of the microarray experiment follows the previously described ‘reference
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design’. In this technique, control and test samples are hybridized onto separate microarray slides

allowing one control slide to be compared to multiple test slides. The figure shows an outline of

the individual hybridizations and the lines represent comparisons made between control and test

samples. The experiment was performed as shown in both PC3 and LNCaP prostate cancer cell

lines.
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PC3 DHC
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Flsetln LNCaP

Fig 3.2. Venn diagrams representing numbers of significant genes identified in each
treatment condition. For the purposes of this chart, 6,12, and 24 hour time points have been
combined. The minimal overlap suggests that there are considerable differences in the gene

expression alterations of DHC and fisetin, and in the response of PC3 and LNCaP cell lines.
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Fig 3.3. Cluster analysis of cell cycle and chromosome organization/ DNA metabolism
genes identified in the study. LNCaP and PC3 cells were treated at 6-24 hours with 0.1%
DMSO control, 15 uM DHC or 25uM fisetin, and gene expression alterations were examined by
oligo-array. Gene expression levels in flavonoid treated samples (relative to control) were
determined. K-means clustering was performed as discussed in ‘materials and methods’.
Individual genes are shown in rows and treatment conditions in columns. Up-regulated genes are
shown as red while down-regulated genes are green. A large group of suppressed genes in cell
cycle and chromosome organization categories, and a smaller group of genes that were up-
regulated is demonstrated. Both DHC and fisetin appeared to have broadly similar effects on cell

cycle gene expression. DHC= 2,2’-dihydroxychalcone, LN= LNCaP.
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Fig 3.4. Quantitative real time PCR (qPCR) validation of microarray and immunoblotting by

x-axis represent different treatment conditions as follows: 1) LNCaP,DHC,6h; 2)
LNCaP,DHC,12h; 3)LNCaP,DHC,24h; 4)PC3,DHC,6h; 5)PC3,DHC,12h; 6)PC3,DHC,24h; 7)
LNCaP, fisetin, 6h; 8) LNCaP, fisetin,12h; 9) LNCaP,fisetin,24h; 10)PC3,fisetin,6h;
11)PC3, fisetin,12h; 12)PC3,
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O gRT-PCR
m Microarray

gPCR for 12 genes in the study corresponding to the treatment conditions shown in Fig 3.1A. The
graph depicts fold change values for the genes as determined by microarray (solid square) and

qRTPCR (open circle). Overall correlation of the two methods was 0.879. The labels 1-12 on the
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Fig 3.5. Inmunoblot demonstrating alterations in cell cycle proteins by flavonoids. Cells

were treated with DMSO, DHC or fisetin for 6-48 hours and immunoblotted for alterations in key

cell cycle proteins. Down-regulation of G2/M proteins (cyclin A, cdc2, plkl) was demonstrated,

although this down-regulation occurred at later time points to the inhibition of corresponding

mRNA levels noted on microarray. G1 proteins cdk2 was not noted on microarray, however,

immunoblot suggests that DHC and fisetin inhibit levels of this kinases. The cyclin dependent

kinase inhibitors p21wafl/cipl and p27kipl were both up-regulated by flavonoids.
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Fig. 3.6. mRNA fold-change alteration of stress response genes in DHC and fisetin treated

cells.

Fold change values (treatment/control) for each gene were clustered using the K-means algorithm
and represented as a clustergram. Up-regulated genes are shown as red while down-regulated
genes are green. Columns on the clustergram are the various experimental conditions, while rows

are individual genes. Induction of a large number of stress response genes is observed.
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Fig 3.7. Pathway analysis demonstrating the interaction of cell cycle (green shading) and
stress response (blue shading) genes altered by flavonoids. This demonstrates the interaction

of stress response genes with the cell cycle pathway.



CHAPTER 4

PROSTATE CANCER CHEMOPREVENTION BY ORAL INGESTION OF
FLAVONOID SUPPLEMENTED DIETS IN TRAMP MICE

The contents of this chapter will be submitted for publication in the journal ‘Nutrition and
Cancer’. The quantification of flavonoid levels in the serum and tissue of mice was performed by
Dr. Emma Guns at Vancouver General Hospital, Vancouver, BC. Histological assessment of
TRAMP prostate tissue was performed in collaboration with Dr. Linda Sugar, pathologist,
Sunnybrook Health Sciences Centre, Toronto, ON.
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4.1. ABSTRACT

Flavonoids are a class of naturally occurring polyphenols. Epidemiological studies have
demonstrated that they are associated with reduced risk of prostate cancer. This has led to interest
in the use of flavonoids as chemopreventive agents in prostate cancer. Despite a large body of in
vitro data, there have been limited reports on the in vivo efficacy of flavonoids in prostate cancer
prevention. In this study, we employ an autochthonous transgenic murine model of prostate
cancer (TRAMP) to investigate the chemopreventive effect of 4 previously identified flavonoids:
2,2’-dihydroxychalcone (DHC), fisetin, quercetin and luteolin. TRAMP mice were randomized to
a flavonoid-free diet (AIN76A) or AIN76A supplemented with 1% w/w DHC, 1% w/w fisetin, or
a combination flavonoid diet (0.25% DHC, 0.25% fisetin, 0.25% quercetin, 0.25% luteolin).
Animals were provided ad libitum access to diets from 4 to 36 weeks of age. Our findings
demonstrate that TRAMP mice on DHC or combination flavonoid diets had smaller
genitourinary tumor weight than control animals (58.1% reduction, p=0.008; and 38.1%
reduction, p=0.064 respectively). There was a (non-significant) reduction in prostate cancer
incidence, determined histologically, in DHC and combination flavonoid groups, mainly due to a
decrease in the number of low grade tumors. This was associated with a corresponding increase
in the number of mice with prostate intraepithelial neoplasia (PIN), a precursor lesion for prostate
cancer. Immunohistochemistry demonstrated a non-significant reduction in the expression of
proliferation marker PCNA in DHC (38.7% reduction, p=0.083) and combination flavonoid
(42.9% reduction, p=0.087) groups. Bioavailability of the flavonoids was demonstrated by liquid
chromatography-mass spectrometry, which demonstrated the accumulation of high levels of
unchanged flavonoid in the prostates of TRAMP mice. Flavonoid supplementation was, however,
associated with gastrointestinal toxicity, particularly in the DHC and combination flavonoid

groups. The observations support a protective effect of DHC and combination flavonoid diets on
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prostate cancer progression. However, the observed toxicity of the flavonoids at the
concentrations used means that future studies are needed to confirm their efficacy and safety at

lower doses.
4.2. INTRODUCTION

Treatment of prostate cancer poses a significant challenge despite advances in surgical
and non-surgical approaches to the management of the disease. Current treatment modalities in
patients with localized disease include radical prostatectomy and/or radiation therapy (4). Both
treatment options suffer from high rates of complications (erectile dysfunction and incontinence
post-surgery, erectile dysfunction and proctitis post irradiation) and high cancer recurrence rates
(5, 9). With the aging population, the public health burden of prostate cancer will increase. The
burden is compounded by the widespread use of prostate specific antigen (PSA) as a screening
tool, which has resulted in the diagnosis of large numbers of cancers many of which are not
destined to progress to clinically aggressive disease.

The failure of currently available treatment methods has led to the emergence of
prevention strategies to limit the progression of prostate cancer in its early stages. Prostate cancer
is an ideal target for prevention owing to the long period between the initial appearance of
histologically diagnosed (latent) cancers and clinically apparent disease. Autopsy studies have
demonstrated that 29% of males in their thirties harbor latent foci of prostate cancer (20). Since
most prostate cancer deaths occur much later in life, the natural course of the disease spans some
20 years in typical cases. The goal of chemoprevention (prevention by chemical agents) is to
reduce the initiation of cancer foci or to slow the progression of these latent cancers once they

occur.
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Flavonoids are a group of over 9000 naturally occurring compounds that share a common
C6-C3-C6 carbon skeleton (490). They occur throughout the plant kingdom and constitute a
significant part of dietary anti-oxidant intake. Interest in flavonoids as chemoprevention agents in
prostate cancer has intensified. Although the data is conflicting, several epidemiologic studies
have associated the consumption of certain flavonoids with a reduced risk of prostate cancer
(175,411, 413,417, 491, 492). Flavonoids posses a remarkable array of biological properties
including, but not limited to, anti-oxidant, anti-inflammatory, anti-microbial, cardio-protective
and anti-cancer effects (490). Despite the large number of different flavonoids, only a few
flavonoids (in particular the green tea and soy flavonoids) comprise the bulk of flavonoid
research in humans. In previous cell culture studies in prostate cancer cells, we identified 4
flavonoids (2,2’-dihydroxychalcone (DHC), fisetin, quercetin and luteolin) with greater anti-
proliferative potency than the more widely studied green tea and soy flavonoids (456). These
compounds had greater effect in prostate cancer cell (LNCaP and PC3) than in the benign
prostate epithelial cell line BPH-1 or the breast cancer cell line MCF-7. They were all shown to
arrest the cell cycle in S and G2 phase in PC3 and G1, S and G2 phase in LNCaP cells. The most
potent flavonoid identified in this screen was DHC, a synthetic compound from the chalcone
family of flavonoids. The molecular effects of DHC are poorly understood, however, its
detoxification and anti-inflammatory effects have been demonstrated (458, 459).

Quercetin, luteolin and fisetin are naturally occurring flavonoids belonging to the flavonol
subgroup. In contrast to DHC, the molecular properties of quercetin, fisetin and luteolin have
been extensively investigated in the literature. All three possess antioxidant and anti-
inflammatory properties(493-497). Fisetin, luteolin and quercetin cause inhibition of cancer cell
proliferation in vitro and induction of cell cycle arrest and apoptosis (465, 498). They share

common molecular properties such as reduction in levels of cyclin dependent kinases (cdk),
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upregulation of cdk inhibitors of the cip/kip family, activation of the caspase 3 cascade, inhibition
of topoisomerase II (499), attenuation of the NF-kappaB signaling pathway (461), and inhibition
of PI3-kinase (500). Fisetin has been shown to interact directly with cyclin dependent kinases
resulting in suppression of kinase activity (467). They have also been shown to inhibit androgen
receptor mediated signaling by inhibiting AR expression or inhibiting 5-alpha-reductase, the key
enzyme that converts testosterone to its active metabolite (326, 501). These mechanisms
highlight the potential of these flavonoids to target multiple pathways of critical importance in
cancer.

Until recently, in vivo studies of the chemopreventive effect of flavonoids in prostate
cancer were limited to investigations of the effect of flavonoids on models of carcinogen induced
malignancy or xenograft models of human prostate cancer cells transplanted into
immunocompromised hosts. Several flavonoids, including silymarin (502), soy isoflavones (503),
genestein (504) have been reported to inhibit prostate cancer in carcinogen initiated cancer
models. Other flavonoids have been shown to inhibit growth of prostate cancer xenografts,
including luteolin, which inhibited LNCaP and PC3 xenografts, and quercetin, which inhibited
CWR22 prostate xenograft growth (393, 505, 506). Although the xenograft model is suitable in
demonstrating inhibition of tumor progression, it does not adequately address the
chemoprevention situation where the aim is to inhibit tumor initiation and/or promotion. To our
knowledge, the anti-cancer effects of fisetin and DHC have not been previously studied in animal
models.

The development of transgenic autochthanous models of prostate cancer has recently
afforded the opportunity to more adequately assess the chemopreventive effect of flavonoids.
Amongst the most widely used models is the Transgenic adenocarcinoma of the mouse prostate

(TRAMP) model (399). This transgenic autochthonous model for prostate cancer employs the -
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426/+28 fragment of the rat probasin (PB) gene fused to the SV40 T antigen (Tag). Expression of
the PB-Tag transgene is restricted to the prostate epithelial cells of the prostate. Development of
prostate cancer in this model is also dependent on the background strain of the mice expressing
the transgene. In the C56/Bl6 background, TRAMP mice develop hyperplastic lesions in the
prostate by 12 weeks of age, progressing to severe hyperplasia, prostate intraepithelial neoplasia
(PIN), and adenocarcinoma in all mice by 24-30 weeks. Metastasis to lymph nodes and lungs is a
common feature of this model (399).

The TRAMP model has successfully been employed to study the chemopreventive effect
of several flavonoids. Green tea administered in the drinking water from 8 weeks of age has been
shown to reduce prostate tumor size (65-80% reduction) in this model (407, 507). The pure
compound epigallocatechin gallate (EGCG), a green tea catechin, however, failed to inhibit
prostate tumorigenesis at 28 weeks when administered at a concentration of 0.06% (408).Other
flavonoids examined in this model include silibinin (410), apigenin (385)and genestein (409).

In this study we examine the effects of the flavonoids DHC, fisetin, quercetin and luteloin
in prostate cancer prevention in TRAMP mice. We hypothesized that these flavonoids
administered individually or in combination would attenuate the progression of prostate lesions in

TRAMP mice.

4.3. MATERIALS AND METHODS

Transgenic animals
Animal care and treatments were conducted in accordance with established guidelines at
our institution and guidelines of the Canadian Council on Animal Care. Female TRAMP mice

maintained on a pure C57BL/6 background and wild type male C57BL/6 mice were purchased
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from The Jackson Laboratory (Bar Harbor, ME). Wild type males were bred with TRAMP
females to generate heterozygous TRAMP males. TRAMP males were not used in breeding
owing to cancer involvement of the prostate. Tail DNA obtained at 3-4 weeks was screened for
probasin-SV40 T antigen (PB-Tag) by PCR.
Study design and flavonoid administration

DHC, fisetin, quercetin and luteolin were obtained from Indofine Chemical Company
(Hillsborough, NJ). Flavonoid diets were manufactured by mixing the required amount of
flavonoid with AIN-76A base diet (flavonoid-free) and formation of pellets. TRAMP males were
divided into 4 groups consuming the following diets: 1) AIN-76A diet, 2) 1% w/w fisetin diet, 3)
1% w/w DHC diet, and 4) Flavonoid combination diet (0.25% w/w fisetin + 0.25% w/w DHC +
0.25% w/w quercetin + 0.25% w/w luteolin). Diets were obtained from Harlan Teklad Custom
Diets (Madison, WI). The flavonoid doses were comparable to those used previously for other
flavonoids in the TRAMP model (410). Animals were given ad libitum access to drinking water
and experimental diets. Dietary treatment with flavonoids commenced at 4 weeks of age until
sacrifice at 36 weeks of age. Diet consumption was determined weekly and animal body weight
was recorded every other week. Animal health was monitored daily.
Serum and tissue collection

At the study endpoint (36 weeks), the animals were anesthetized by isofluorane and blood
sample obtained by direct heart puncture prior to euthanization. Serum was separated from the
blood by centrifugation, alequoted and stored at —80°C. In some animals whole blood was
collected in EDTA bottles for complete blood count (CBC) determination. Animals were
examined for gross organ abnormalities at necropsy. The lower urogenital tract including bladder,
seminal vesicles, and prostate was removed en bloc and weighed. The bladder was emptied of

urine prior to weighing. The dorsolateral and ventral lobes of the prostate were harvested and one
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portion of each fixed in 10% (v/v) buffered formalin and another portion snap frozen in liquid
nitrogen and stored at —80°C (for later determination of tissue flavonoid levels). Tissue was also
collected from liver, spleen, kidney, heart, lung and colon and portions formalin fixed and snap
frozen.
Histologic grading of tumors

Formalin fixed tissues were embedded in paraffin and five micrometer sections were
obtained and mounted on slides. H&E staining was routinely performed on all sections, and
histopathological evaluation performed by one pathologist (LS). Prostate histology was classified
as benign, PIN, well differentiated adenocarcinoma or poorly differentiated. Since prostate cancer
can be multifocal, we re-sectioned those prostates that were histologically benign or had PIN in
order to minimize the risk of missing a focus of prostate cancer.
Immunohistochemistry

Expression of p275%"

and proliferating cell nuclear antigen (PCNA) proteins were
determined immunohistochemically. Paraffin sections were deparaffinized with xylene,
rehydrated and boiled for 10 min in citrate buffer (pH 7.0) to expose antigenic sites. Sections
were blocked with 0.3% hydrogen peroxide in methanol followed by normal serum and then
incubated overnight at 4°C with the primary antibody followed by biotin-labeled anti-rabbit IgG
secondary antibody. Slides were then incubated with peroxidase labeled streptavidin (Vector
Laboratories) and visualized using diaminobenzidine tetrahydrochloride (Vector Laboratories) as

the peroxidase substrate. Primary antibodies used were anti-p27""!

rabbit polyclonal antibody
(1:100; Santa Cruz Biotechnology) and PCNA rabbit polyclonal antibody (1:50; Santa Cruz
Biotechnology). Sections were counterstained with hematoxylin, dehydrated, and mounted.

Intensity of staining was scored 0-3 by a single pathologist (0, no staining; 1, <25% staining

intensity; 2, 25%-75% staining intensity; 3, >75% staining intensity).
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Tissue extraction for LCMS

Flavonoid serum and tissue levels were analyzed in a blinded fashion by liquid
chromatography-mass spectrometry (LCMS). 100-150mg or the entire organ for smaller tissue
samples was used. 380ul of 18 MQ water and 20l of internal standard was added prior to
homogenization. The internal standard (IS) solution contained 4pg/ml Finasteride (Merck Frosst)
and was prepared in 50% methanol (Fisher Optima). This mixture was homogenized on ice with
a PowerGen 125 homogenizer (Fisher). 400ul of homogenate was transferred to a 2ml eppendorf
tube and 1400ul of acetonitrile added. The sample is then vortexed for ~15 seconds and placed
into a rotating mixer at room temperature for an additional 15 minutes. The extract mixture was
centrifuged for Smin at 14000g and 1500pul of clear supernatant transferred to a fresh 2ml
eppendorf that was dried in a centrifugal evaporator (Centrivap Concentrator, Labconco) at 30°C.
The dried residue was reconstituted with 100ul methanol (Fisher Optima), vortexed 30sec,
sonicated 10min (VWR model 150T bath) and centrifuged for Smin at 14000g to pellet any
undissolved residues.
Serum extraction for LCMS

100ul of serum was transferred to an eppendorf tube and diluted with 90ul water. 10ul of
IS was added and the sample vortexed. 700ul of acetonitrile was then added and the sample was
again vortexed for ~15 seconds and placed into a rotating mixer at room temperature for an
additional 15 minutes. The extract mixture was centrifuged for Smin at 14000g and 750ul of
clear supernatant transferred to a fresh eppendorf that was dried in the centrifugal evaporator at

30°C.
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LC-MS Analysis

The system used for analysis consisted of an integrated Alliance 2695 solvent delivery
system coupled with a 996 photodiode array detector (PDA) and a Quattro Micro triple
quadrupole mass spectrometer (MS) (Waters Corp., Milford, MA) controlled with MassLynx
(V4.0 SP4) software. Chromatography was carried out with a Sunfire C18 column (3.5 um, 150
mm x 2.1 mm; Waters, Milford, Massachussets) held at 40°C using a water - acetonitrile (ACN)
gradient run at 0.3ml/min with 0.1% formic acid present throughout the separation. The
following - time(min), %CAN - pairs define the gradient - 0, 10 - 0.2, 10 - 1, 25 - 7.5, 50 - 10,
85-10.2, 100 - 12.5, 100 - 13, 10 - 20, 10. The column eluate passed sequentially through the
PDA to the MS. The PDA was programmed to collect 210-600nm wavelength data. All MS data
was collected by segmented multiple reaction monitoring (MRM) in ES+ mode with the
following instrument parameters: capillary, 3kV; source, 120°C; desolvation gas, N2, 350°C,
500L/hr; ion energies, 0.5 & 3V; multiplier, 650V and resolution set less than unity to increase
sensitivity. Chromatographic and infusion data from standards was used to identify reactions to
monitor and optimal cone voltage and collision energy (CE) for each. Those used for the

quantitative analysis are listed in the table below.

_ ' Wavelength
Analyte RT (min)Reaction  |Cone V |CE (V)
(nm)

Luteolin 8.7 287>153 45 30 345
Quercetin 8.8 303>153 45 35 375
Fisetin 7.6 287>137 40 30 360
2,2’-DHC 13.6 241>121 |15 15 365
Finasteride [12.5 373>317 |50 20 ---
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The channels in the table were collected with 0.2-0.3sec dwell times and were divided
into 4 segments. No interference was observed between analytes using the parameters in the
table or with additional secondary MRM’s also collected (0.1sec dwell, 287>135, 303>153,
287>185 and 241>199 respectively for the flavonoids in the table). 10nm bandwidth OD traces
were extracted from the PDA data at the noted wavelengths as well, which could be used for
comparison with MS results in some samples with high analyte levels and no spectral
interference. 2-3mg/ml stock solutions of luteolin, quercetin, fisetin & DHC were made up in
methanol from which a pooled standard stock containing all 4 flavonoids was prepared. A 5mg
tablet of Proscar (Merck) was extracted with 10ml methanol and clarified by centrifugation to
prepare the IS stock solution. This IS was chosen for its LC retention relative to the flavonoid
analytes. No interference from co-extracted excipients was evident in this preparation.
Calibration was performed using a series of samples containing 400ng/ml IS and 0, 5, 20, 50,
100, 200, 400 and 1000ng/ml mixed standard in methanol. Matrix effects were assessed by
diluting a 10x solution of standard 10 fold with blank liver extract (1:3 liver:water) and blank
serum extracts. Extraction efficiency was assessed by spiking blank liver homogenates or blank
serum and comparing with standards and the above post spiked extracts. QC samples were
similarly prepared using blank liver homogenates or serum and run every ~10 injects, as were
calibration samples to assess ongoing assay and instrument performance. QuanLynx (Ver 4.0

SP4, Waters) was used to process chromatographic traces.

Statistical Analysis
Comparison of differences in cancer incidence of treatment groups compared to control
was performed using Fisher’s Exact test (Graphpad Prism). Statiscal significance of differences

in wet tumor weight, CBC parameters and serum/tissue flavonoid levels between groups was
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determined by Student’s t-test. Survival curves were generated by the Kaplan-Meier method and

comparison of curves performed by the log-rank test.

44 RESULTS

Effect of flavonoid consumption in prostate of TRAMP mice

To investigate the effect of DHC, quercetin, fisetin and luteolin on growth of prostate
cancer in the TRAMP model, mice were divided into groups fed AIN76A flavonoid-free control
or one of three flavonoid supplemented diets: 1% DHC, 1% fisetin or 1% combination (0.25%
DHC, 0.25% fisetin, 0.25% quercetin, 0.25% luteolin). Diets were consumed ad libitum from 4-
36 weeks of age. At autopsy, gross prostate morphology was examined, genitourinary weight
determined and all prostates collected for histological examination.

Gross macroscopic features (Fig 4.1) of the prostates from animals in this study correlated
with the histological findings (Fig 4.2). In particular, tumors that were shown to be high grade
(undifferentiated) on microscopic examination were associated with a well circumscribed,
spherical shaped tumor originating from the dorsolateral lobes on gross examination (Fig 4.1.A).
Low grade tumors (adenocarcinoma) on the other hand were associated with a poorly
demarcated, and less pronounced enlargement of the dorsolateral lobes of the prostate (Fig
4.1.B). The one exception was an animal in the combination flavonoid group with a high grade
tumor microscopically that did not have the gross morphology generally associated with this
tumor grade. Histology of the ventral prostate was either of the same or lower grade than tumors
of the dorsolateral prostate, but never of higher grade. Therefore, in this study, we only report the

histology of the dorsolateral prostate as this reflects the site of most aggressive tumors.
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Average wet weight of the genitourinary (GU) tract (prostate, bladder, seminal vesicles)
in the control arm was 4.7g (SD, 3.1g). There was a statistically significant reduction in GU wet
weight in the DHC group (58.1% reduction, p=0.0082), and a non-significant reduction in the
combination flavonoid group (38.1% reduction, p=0.0645) (Fig 4.3.A). No difference was noted
in GU weight between the fisetin and control groups. Comparing high grade tumors in different
groups, we demonstrated a reduction in tumor weight by approximately 50% in both DHC (p=
0.04) and combination flavonoid groups (p= 0.038), highlighting the effect of flavonoids even on
this aggressive phenotype (Fig 4.3.B). A reduction in the weight of low grade cancers was
observed only in prostates of mice in the DHC group (65.4% reduction, p=0.006).

Tumor formation was noted in 16 of 17 animals in the control group (Table 4.1). The one
animal that did not develop cancer in this group had prostate intraepithelial neoplasia (PIN), a
presumed precursor lesion to prostate cancer. The majority of tumors in the control group were
low grade (61.1% compared to 33.3% high grade). There was a non-significant trend of reduction
in the incidence of prostate cancer in the combination (25.8% reduction, p=0.077), DHC (18.6%
reduction, p=0.151) and fisetin (9.2% reduction, p=0.40) groups (Table 4.1). This reduction of
tumor incidence was due to a decrease in low grade cancers, with 37% and 51% fewer low grade
cancers noted in DHC and combination flavonoid groups respectively (Table 4.1). There was an
associated increase in the number of mice diagnosed with PIN in these groups, with 17% and
24% more mice with PIN in the DHC and combination flavonoid groups respectively compared
to control. The number of high grade tumors increased slightly in DHC and combination
flavonoid groups. Mice on the 1% fisetin diet demonstrated a reduction in high grade cancers
despite having no effect on the number of low grade cancers (Table 4.1).

Few TRAMP mice developed liver metastases (1 out of 17 in the control group). Lymph

node metastases were more commonly observed than liver metastases (5 out of 17 in the control
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group). A non-significant increase in rates of liver metastasis was noted in the fisetin and
combination flavonoid groups. No liver metastasis was observed for mice in the DHC group.
Small, non-significant reductions in lymph node metastasis rates were noted in all the flavonoid
treatment groups compared to control. The size of the prostate tumor did not correlate with the
incidence of metastasis, with small tumors associated with lymph node or liver metastases in
some animals.

Reduction in expression of proliferative marker (PCNA) in the prostate of TRAMP mice
administered flavonoids.

Immunohistochemical staining for proliferation marker, PCNA, was performed (Fig
4.4A). Non-significant reductions in PCNA expression were noted in prostate tissue of TRAMP
mice in the DHC (38.7% reduction, p=0.083) and combination flavonoid (42.9% reduction,
p=0.087) groups. No reduction in PCNA expression was observed in the fisetin group. While
25% of mice in the control arm had maximal PCNA intensity score of 3, none of the animals in
the DHC or combination flavonoid groups, and only 10% of animals in the fisetin group
demonstrated this level of expression.

Expression of prognostic tissue marker p27kip1 in the prostate of TRAMP mice
supplemented with flavonoids.

Immunohistochemical analysis of prostate tissue was performed to examine expression of
the cell cycle inhibitory protein p27 (Fig 4.4.B). Non-significant alterations in the expression of
p27 were noted in the DHC (33.3% increase, p=0.3) and fisetin (48.7% increase, p=0.102)
groups. A non-significant reduction in p27 expression was noted in the combination flavonoid

group compared to control (25% reduction, p=0.63).
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Flavonoids accumulate at high concentrations in prostates of TRAMP mice

LC-MS analysis was employed to quantify serum and tissue levels of flavonoids in the
control and flavonoid supplemented animals (Fig 4.5 and 4.6). Flavonoids were essentially
undetectable in the serum and tissue of TRAMP mice on the control diet. In mice consuming
flavonoid supplemented diets, high levels of flavonoid accumulated in the tissues analyzed. The
highest levels of flavonoids were observed in the prostate samples, followed by kidney, liver and
finally serum. DHC in particular accumulated to very high levels in the prostates of some mice,
with a maximum concentration of 34410 ng per gram of tissue noted in one animal on thel%
DHC diet. Fisetin did not accumulate to such a high degree, with the highest level of fisetin
reached being 11030 ng per gram of tissue. However, in the combination flavonoid group, where
the diet contained equal amounts of fisetin and DHC (0.25% w/w), higher concentrations of
fisetin than DHC were observed in the prostate, although this was not statistically significant
(mean 2866.8 ng/g vs 650.7 ng/g, p=0.32). Relatively low levels of quercetin were observed in
prostates of animals on combination flavonoid diet (containing 0.25% quercetin), with mean
quercetin levels in prostate tissue in the combination flavonoid group 367.2 ng/g. Luteolin (mean
1112.3 ng/g) accumulated to a higher degree than both quercetin and DHC in the combination
flavonoid group (Fig. 4.5).

There was a dose dependent effect with mice consuming 1% DHC having significantly
higher DHC prostate levels than mice on combination flavonoid diet consuming 0.25% DHC
(means 9736.7 ng/g vs 650.7 ng/g respectively). Similar dose dependent accumulation was noted
for fisetin (means 4088.2 ng/g vs. 2866.8 ng/g in 1% fisetin and combination flavonoid groups
respectively). There was no apparent correlation between the levels of flavonoids in the prostate

or serum of individual TRAMP mice and the histological prostate tumor grade (data not shown).
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Body weight and dietary consumption differences between groups

Animal weights were measured biweekly (Fig 4.7). Differences in body weight became
apparent as early as 3 weeks after commencement of the diets. TRAMP mice on the 1% DHC
diet consistently had the lowest body weights than mice in any other group. Mice in the
combination flavonoid group also had lower body weight compared to control, although the
decrease was not as pronounced as in the DHC group. Mice consuming 1% fisetin gained more
body weight than control animals with differences becoming apparent around 12 weeks after test
diets were initiated. At 24 weeks of age, mice in the DHC group weighed 7.16g less than control
mice (p=0.015), while mice consuming combination flavonoids weight 4.05g less than control
(p=0.076). Animals in the fisetin group weighed 5.85g more than control mice at 24 weeks
(p=0.041).

Differences in dietary consumption were also noted between groups. TRAMP mice
administered the DHC diet had slightly lower dietary consumption than control (1.1g vs 1.27g
diet per animal per day respectively, p=0.66). In contrast, mice on fisetin consumed more diet

than mice on control (1.66g, p=0.24), as did mice in the DHC group (2.11g, p=0.015).

Hematological parameters of TRAMP mice administered flavonoid supplemented diets

To examine for potential hematological toxicity, whole blood was collected at time of
necropsy (36 weeks) from several animals in each group and complete blood count (CBC)
measurements performed (Table 4.2). Mice in the DHC group had slightly higher red blood cell
count compared to control (9.76 vs 8.72 respectively, p=0.054) and lower mean corpuscular
volume (44.65 vs 46.9 respectively, p=0.003). All other parameters were otherwise normal in the
DHC group. No abnormalities in CBC were noted in the fisetin and combination flavonoid

groups.
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Effect of Flavonoid supplementation on Survival in TRAMP Mice

Kaplan Meier analysis was performed to compare survival of TRAMP mice on flavonoid
enriched and control diets (Fig 4.8). Log-rank test did not demonstrate a survival advantage with
any of the flavonoid diets. At 36 weeks of age (study endpoint), 55.56% of mice in the control
group were still alive compared to 62.5% in DHC, 68.75% in Fisetin and 69.23% in the
combination flavonoid group. However, this alteration in survival at 36 weeks was non-
statistically significant (p>0.05).

Causes of premature death in the study included deaths from both prostate cancer and
non-prostate cancer related causes. In order to examine the effect of the diets on mortality
specifically from prostate cancer, we performed survival analysis excluding those mice that died
of non-prostate cancer related causes (data not shown). No significant differences in survival
were noted between groups in this sub-analysis (log-rank test).

Causes of non-prostate cancer deaths are shown in table 4.3. There were no non-prostate
cancer related deaths in the control group. In contrast, there were 3 non-prostate cancer related
deaths in the DHC group, 2 in fisetin and 3 in the combination flavonoid group. The non-prostate
cancer deaths in the DHC group included two animals that presented with poor feeding,
dehydration, weight loss, and lack of grooming. Autopsy performed on these animals revealed a
distended small and large bowel, impacted with fecal matter, without any obvious cause of
intestinal obstruction. Histological examination of the large bowel revealed a thin intestinal
mucosal layer with mild acute inflammatory infiltrate and undigested matter in the lumen.
Histology of major organs including liver, kidney, brain, heart, lung, stomach and spleen were
normal. Therefore, the precise cause of death in these mice was unclear, but the findings of

autopsy are suggestive of an intestinal pathology. The third premature death in the DHC group
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was of undetermined cause as the mouse was found dead in its cage with no obvious signs of
illness prior to death.

The premature deaths in the fisetin group included one animal that presented with loss of
balance and severely abnormal gait suggestive of a neurological abnormality. Autopsy findings in
this mouse did not reveal any gross abnormalities and CBC and histological examination of
major organs including brain were normal. The second death in the fisetin group occurred in a
mouse with general signs of illness including poor feeding, withdrawn behavior, and weight loss.
The cause of death in this animal was unknown with no abnormality revealed at autopsy, and
histology of major organs was normal. The premature deaths in the combination flavonoid group
included one mouse that had to be sacrificed (age 28 weeks) due to a large kidney tumor that was
subsequently shown to be of adenocarcinoma origin. The prostate in this mouse was
histologically benign. The other 2 deaths in the combination group occurred in mice that
presented in the same manner as the DHC mice described above with signs of intestinal

distension and inflammation.

4.5. DISCUSSION

Despite the substantial literature on the properties of flavonoids in prostate cancer in
vitro, relatively few studies have examined the effect of flavonoids in animal models of prostate
cancer. In particular, the chemopreventive properties of flavonoids have not been fully addressed,
partly due to the lack of suitable prostate cancer animal models for testing putative
chemopreventive agents. The TRAMP model has emerged as a valuable tool to study prostate
cancer chemopreventive agents. TRAMP mice spontaneously develop gradually worsening

malignancy of the prostate epithelium closely represents the human progression of the disease.
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In this study, the TRAMP model was employed to examine the effects of 3 previously
untested flavonoid diets on prostate cancer chemoprevention. The flavonoids were selected on the
basis of previous in vitro proliferation assays conducted to screen a diverse group of flavonoids.
The flavonoids were used alone (1% w/w DHC and 1% w/w fisetin) or in combination (0.25%
DHC, 0.25% fisetin, 0.25% quercetin, 0.25% luteolin). Our findings are consistent with a
chemopreventive effect of the 1% DHC and combination flavonoid diet, but not the 1% fisetin
diet in prostate cancer of TRAMP mice. This was evidenced by a reduction in prostate tumor size
in DHC and combination flavonoid groups (Fig 4.4A and B), and a reduction (albeit non-
significant) in the number of mice with histologically defined prostate cancer in these treatment
groups (Table 4.1). A desirable property of a chemopreventive agent in addition to reducing the
initiation of cancers (primary prevention) is to reduce the progression of these cancers (secondary
prevention). The findings of our study are suggestive of a secondary prevention effect of
flavonoids in TRAMP mice. There was a slowing of tumor progression in the DHC and
combination flavonoid groups as shown by a) the reduction in low grade cancers and increase in
pre-malignant PIN lesions in DHC and combination groups, and b) the smaller size of tumors of
similar histological classification in the DHC and fisetin groups compared to control. Consistent
with these findings, we demonstrated a reduction in proliferation marker PCNA in DHC and
combination flavonoid groups (p=0.083 and 0.087 respectively) but not in the fisetin group. The
absence of an effect on high grade tumors with any of the diets (Table 4.1) suggests that this
tumor phenotype is highly aggressive and unlikely to be affected by the administration of
flavonoids.

The cell cycle is an important target of flavonoids and multiple mechanisms have been
described in vitro for the cell cycle inhibitory properties of flavonoids. Previous studies have

highlighted an important role for the cyclin dependent kinase inhibitor p27 in the prognosis of
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prostate cancer (508). Flavonoids have been shown to up-regulate p27 in vitro (362, 445).
Although we did not demonstrate a significant alteration in p27 in this study, there was a trend
towards up-regulation of this protein in DHC and fisetin groups but not in the combination
flavonoid groups.

A major uncertainty surrounding the use of flavonoids in the prevention or treatment of
disease in humans is the degree of bioavailability of flavonoids in target tissues. Flavonoids are
generally thought to be poorly absorbed, and undergo significant metabolization in the liver
resulting in potential inactivation of the compound (509). In this study we addressed this issue by
collecting serum and multiple tissue specimens for analysis of flavonoid content by LC-MS.
Remarkably, our findings suggest that not only were the administered flavonoids detected in
serum and tissue, but also that the prostate gland accumulated doses of flavonoid more than liver
or kidney, and several fold more than levels observed in serum. In particular, DHC accumulated
to very high levels in prostate reaching a concentration of over 100uM in one animal. The study
animals consumed the flavonoid supplemented diets for a prolonged period of time (32 weeks)
which may have led to accumulation of the compound in tissues. High variability of the LC-MS
measurements can be accounted by the fact that serum samples were acquired from mice at
different times from their last feed. When extrapolating these findings to humans, the fact that
absorption and metabolism of flavonoids is likely species dependent must be taken into
consideration.

A significant level of toxicity of the flavonoid diets was noted in this study (Table 4.3).
Several mice (17.6%) in the 1% DHC group developed signs of small and large bowel acute
inflammation and atrophy leading to intestinal distention and lack of function. A similar side
effect was noted in the combination flavonoid group. Since the combination group also contains

DHC at 0.25% w/w, toxicity in this group may have been attributed to the DHC component of
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this diet, although the effect of other components such as quercetin and fisetin (both 0.25% w/w)
cannot be excluded. Chemotherapeutic agents often adversely affect the highly mitotic epithelial
lining of the intestine, and a similar mechanism may account for the toxicity of flavonoids in this
study. CBC performed on one of the animals in the combination diet group experiencing this side
effect demonstrated a leukocytopenia (WBC 2.0), which indicates a potential toxic effect of this
diet on the bone marrow. However, a low WBC count was noted in other animals in the study
that survived to the study endpoint without signs of toxicity (Table 4.2). These findings highlight
the need to exercise caution in the administration of flavonoids to humans and the need for
further assessment of the safety profile of these compounds. This also raises concerns of the
safety of flavonoids available as prescription-free ‘natural supplements’ although no reports of
major adverse effects of these supplements have been reported. These supplements are usually
consumed at the dose of 1 gram per day, which is a 100 times lower dose than used in this study.
The safety of flavonoids has been the subject of significant controversy for many years
with early studies demonstrating a genotoxic effect of flavonoids in vitro (243). These studies
employed very high doses of flavonoids (>100uM), concentrations that are unlikely to be
achieved physiologically with normal dietary intake of flavonoids. However, in this study we
have shown the dramatic accumulation of high levels of flavonoids in body tissues with chronic
intake of high levels of flavonoids. The 1% w/w flavonoid concentration employed in this study
would not be contemplated in humans and was employed here because our study was designed as
a proof of principle. Previous studies employing 1% flavonoid diets did not demonstrate toxicity
(410). The fact that tumor inhibition in our study was often associated with a low-moderate
(<30uM) level of flavonoid in the prostate (data not shown) suggests that a lower dose may be

equally efficacious without the toxic side effects.
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In conclusion, we have demonstrated the inhibition of prostate cancer progression by 1%
DHC and a combination flavonoid diet. Although these diets were toxic to some animals, their
observed prostate cancer chemopreventive effects warrant future studies examining the
chemopreventive effect of these flavonoids at lower doses. The tumor inhibitory effects of
flavonoids demonstrated in this study support a growing body of data on several flavonoids and
prostate cancer prevention in TRAMP mice. Finally, the TRAMP model is an aggressive model
of prostate cancer. The chemopreventive effect demonstrated for flavonoids in this study may be

more pronounced in humans where the natural history of prostate cancer is much more indolent.



TABLE 4.1: Histologic grade of TRAMP prostate tumors

Number of animals

PIN (%) Low Grade High Grade Total
(Y0) (%)
Control 1(5.6) 11 (61.1) 6 (33.3) 18
DHC 3(23.1) 5(38.5) 5(38.5) 13
Fisetin 2 (14.3) 8(57.1) 4 (28.6) 14
Combination 3 (30) 3 (30) 4 (40) 10




TABLE 4.2: Hematological parameters in TRAMP mice administered flavonoids

WBC RBC HB HCT MCV PLT
Control 5.04 131.43 0.42 46.9 1061.29
(2.4) 8.72 (0.55) | (12.55) (0.04) (1.14) (241.87)
DHC 7.79 134.5 0.43 44.65 949.9
(4.33) 9.76 (1.39) | (18.17) (0.06) (1.53) (257.66)
Fisetin 3.75 127.63 0.41 47.9 860.5
(2.3) 8.59 (1.16) | (15.47) (0.04) (2.93) (333.23)
Combination | 6.07 0.39 46.13 964.33
(3.3) 8.58 (2.7) 124 (36.5) | (0.11) (2.51) (285)

Mean values (Standard deviation).




Table 4.3: Causes of Non-prostate cancer mortality in TRAMP mice on flavonoid
supplemented diets

ID # | Diet Clinical signs Cause of death

poor feeding, dehydration, weight loss, | Intestinal toxicity
140 | DHC distended small and large bowel

poor feeding, dehydration, weight loss, | Intestinal toxicity
142 | DHC distended small and large bowel

poor feeding, dehydration, weight loss, | Intestinal toxicity
146 | DHC distended small and large bowel
149 | DHC None Unknown
160 | Fisetin | poor feeding, dehydration, weight loss, | Unknown
224 | Fisetin | Loss balance Unknown

poor feeding, dehydration, weight loss, | Intestinal toxicity
217 | mixed | distended small and large bowel

poor feeding, dehydration, weight loss, | Intestinal toxicity
220 | mixed | distended small and large bowel

Adenocarcinoma unknown

244 | mixed | Kidney tumor origin

144
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Figure 4.1. Gross morphological appearance of tumors arising in the dorsolateral prostates
of TRAMP mice on control diet at 36 weeks of age. Two type of tumor developed: A) a large,
well encapsulated, spherical shaped adenocarcinoma and B) a less well circumscribed, locally

invasive adenocarcinoma.
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Figure 4.2. Histological appearance of TRAMP dorsolateral prostate tissue (H&E stain).

Prostate tumors in TRAMP mice in the study demonstrated 3 main histological types: prostatic
intraepithelial neoplasia (PIN), well differentiated adenocarcinoma and undifferentiated. A
benign specimen from a CD57-BL mouse lacking the SV40-T antigen is shown for comparison.

None of the TRAMP mice in the study had benign tumors at 36 weeks of age.
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Fig 4.3. Genitourinary weight (prostate, seminal vesicles, empty bladder) in TRAMP
mice in each dietary group. A) All tumors, B) Undifferentiated/ high grade tumors only. *
C vs DHC p<0.05.
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Fig 4.4. Inmunohistochemical analysis of cell cycle markers A) PCNA and B) p27 in
dorsolateral prostate tumors of TRAMP mice in each treatment group. A non-statistically
significant down-regulation of PCNA expression is noted in DHC and mixed flavonoid groups.

Non-significant increases in p27 expression are noted in DHC and fisetin groups.
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Figure 4.5. Liquid chromatography-mass spectrometry analysis of flavonoid levels in
dorsolateral prostate tissue and serum collected from TRAMP mice at 36 weeks of age.
The highest accumulation of flavonoids in all tissues tested was observed in prostate.

Tissue levels expressed as nanograms per gram of tissue.



3000+

2000-
ng/g

1000+

Kidney levels

550+
500+
450+
4004
350+
e 5
200+
150+
100+
50+

Cor;trol

DHC

Fisetin

Liver levels

Control

DHC

Fisetin

Mixed

Mixed

150

I DHC level
CFisetin level
4 Luteolin level
I Quercetin level

Figure 4.6. Liquid chromatography- mass spectrometry analysis of flavonoid levels in liver and

kidney tissue of animals collected at 36 weeks of age. Kidney accumulated flavonoids at higher

levels than liver for all flavonoids tested. Tissue levels expressed as nanograms per gram of

tissue.
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Fig 4.7. Average body weight of TRAMP mice in each dietary group. A significant reduction
in the body weight of mice in the DHC group vs control is observed (*p<0.01).
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Figure 4.8. Overall survival of TRAMP mice in study. No statistically significant
difference in survival was noted in any of the flavonoid treatment groups compared to

control.
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5.1 Summary of experimental work

Flavonoids are a class of phytochemicals with remarkable chemical and biological
properties. Since ancient times humans have exploited the therapeutic properties of medicinal
plants, many of which have been found to have flavonoids as their primary active constituent.
Research on the health benefits of flavonoids over the last century has elucidated the effects of
flavonoids as antioxidant, anti-inflammatory, anti-microbial, cardioprotective, neuroprotective
and anti-cancer compounds.

Their proposed chemopreventive properties in prostate cancer have been the focus of
considerable interest stemming from epidemiological observations of their protective effect in
prostate cancer. Population studies have correlated the low incidence of prostate cancer in regions
of the world such as China and Japan with high flavonoid consumption in these populations
(mainly due to the intake of soy and green tea). The outcomes of numerous case-control and
cohort studies further support the association of flavonoid intake and reduced prostate cancer
risk.

Current dilemmas and deficiencies in the medical and surgical treatment of prostate
cancer have necessitated the utilization of prevention strategies to handle the public health burden
of this common malignancy. The slow progression of prostate cancer over many decades
provides a considerable window of opportunity for the action of chemoprevention drugs. A recent
randomized controlled trial has underscored the suitability of this approach in prostate cancer,
although the agent used in this ground-breaking study (finasteride) is limited by a number of side
effects, and the cause of the observed increase in high grade cancers in the study is an issue that
remains controversial (24). Thus the door is open for the use of novel agents in the

chemoprevention of prostate cancer. Flavonoids hold considerable promise in this regard,
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supported by both epidemiologic and experimental evidence of their putative anti-cancer
properties.

Over 9000 flavonoids have been identified in plants and many more variants on the basic
flavonoid structure can be chemically manufactured. Despite the tremendous abundance of
unique flavonoids, research into the health benefits of flavonoids has focused on a remarkably
select group of flavonoids. As a proportion of the huge number of structurally diverse
flavonoids, the molecules that have been studied is trivial. This diversity presents great
possibilities for the identification of novel compounds with unique biological properties. There is
an enticing opportunity to discover flavonoids with greater potency than those currently under

investigation.

The research undertaken in this thesis was designed to:

1. Identify novel flavonoids with potent effects in the inhibition of prostate cancer cell
proliferation and determine the modalities of cell death induced by flavonoids

2. Determine the molecular effects of flavonoids on cell cycle regulation focusing on regulation
of cell cycle gene expression by flavonoids

3. Examine the effects of select flavonoids as prostate cancer chemopreventive agents in an in

vivo transgenic model of prostate cancer (TRAMP).

Chapter 3 detailed the cellular proliferation dose-response of a group of 35 flavonoids,
whose members encompass all major flavonoid groups. Proliferation assays were conducted in
prostate cancer and non-prostate cancer cell lines. We included flavonoids that had been

examined by others in prostate cancer as controls. Dramatic differences in cytotoxicity between
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flavonoids were noted despite only minor structural alterations. Although the screen was not
large enough to establish a comprehensive structure-activity relationship, a few structural features
were apparent that clearly influenced the ability of the flavonoids to alter proliferation. Several
compounds were identified that inhibited prostate cancer cell proliferation with IC5¢<20uM, a
physiologically achievable dose. Many of these compounds exerted their effect selectively in
prostate cancer cells, and did not demonstrate growth arrest in non-prostate cancer cell lines.

Two novel flavonoids identified were selected for further mechanistic studies: 2,2’-
dihydroxychalcone (DHC) and fisetin. DHC was the most potent flavonoid identified in the
proliferative screen, while fisetin, although less potent than DHC, was of interest owing to its
apparent selective effect on prostate cancer cell lines. Both compounds at their ICsy dose were
effective at inhibiting clonogenicity of prostate cancer cells in culture. Determination of the
mechanisms of action of DHC and fisetin was achieved by a variety of methods including
assessment of morphological alterations, cell cycle alterations by flow cytometry and
immunoblot, and alterations in transcription of cell cycle genes by microarray and quantitative
real-time PCR (qRT-PCR).

Analysis of the morphology of flavonoid treated prostate cancer cells (LNCaP and PC3)
suggested a dose and time-response effect. At doses around the 1Csy concentration, flavonoid
treated cells underwent morphological changes such as chromatin condensation, cellular
shrinkage and detachment suggestive of apoptosis. The long term nature of the growth arrest
induced by flavonoids was demonstrated on clonogenic assay. Expression of SA-BGAL
(senescence associated beta galactosidase) was performed to elucidate the activation of
accelerated senescence pathways. Growth arrest was associated with various alterations of cell
cycle parameters based on FACS analysis. Flavonoids caused a significant reduction in active

DNA synthesis (S-phase reduction), and arrest in G1, S and G2 phase in LNCaP, and S and
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G2/M in PC3. Alteration in cell cycle phenotype was noted as early as 6 hours after flavonoid
treatment. By labeling cells with anti-phospho-histone 3 (anti-H3P) we were able to distinguish
between cells in G2 and mitosis, both of which have 4N DNA content. The G2/M arrest induced
by flavonoids was primarily due to cells arrested in G2 and not mitosis. Interestingly, all the
flavonoids tested appeared to share a common mechanism of action in terms of cell cycle
phenotype, as evidenced by very similar alterations of cell cycle profile on flow cytometry.
Chapter 4 built on these findings by determining the molecular aspects underlying the cell
cycle effects of DHC and fisetin. Oligonucleotide array was employed to examine the alterations
in global gene expression at 6-24 hours of treatment in PC3 and LNCaP cells. We noted a
dramatic inhibition of cell cycle gene transcription by both DHC and fisetin. These flavonoids
inhibited the expression of over 50 cell cycle genes at 6-24 hours of treatment. The similarity of
effect of DHC and fisetin corroborates the similarity of effect of these compounds on cell cycle
phenotype demonstrated earlier. Most of the genes that were inhibited have functions in G2 or
mitosis phases of the cell cycle. The broad ranging inhibition of cell cycle genes was not part of a
generalized inhibition of gene transcription because 50% of genes on the microarray were up-
regulated. qRT-PCR was used as a gold standard to confirm the accuracy of the microarray
findings. The correlation of qRT-PCR and microarray was 0.8. Western blotting demonstrated
inhibition of cell cycle protein levels for some (e.g. cdc2, cyclin A), but not all inhibited cell
cycle genes identified in the microarray study. This may be a result of different half-life of the
proteins examined. Other pathways of importance in proliferation and survival were altered by
flavonoids. A large group of stress-response genes were up-regulated by flavonoids, as were
several MAP-kinase genes. Complex alterations in metabolism gene transcription were also
identified. Chapter 4 therefore successfully identified the role of transcriptional regulation of

several cellular pathways in the action of flavonoids. In particular, these studies demonstrated
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that the inhibition of cell cycle gene transcription is a major mechanism of action of flavonoids in
prostate cancer in vitro.

In chapter 5, we studied the effect of flavonoids as chemopreventive agents in an animal
model of prostate cancer. We examined the effects of 3 flavonoid diets: 1% DHC, 1% fisetin, and
1% combination flavonoids (containing 0.25% each of DHC, fisetin, quercetin and luteloin) and
flavonoid free control. The flavonoids were selected from our initial in vitro screening
experiments. The experimental model used was the TRansgenic Adenocarcinoma of the Murine
Prostate- (TRAMP). This autocanthous model of prostate cancer developed by Greenberg et al
employs the SV40 large T antigen fused to the rat probasin promoter (for prostate specific
expression) in mice of C57B1/6 background. The model has been used extensively to study the
effects of various chemopreventive agents. Mice were administered the diets from weaning, and
at 36 weeks of age mice were sacrificed and autopsy and tissue collection performed.

We noted very differing responses of the three flavonoid-enriched diets in prostate tumor
progression in our study. DHC, which was the most potent flavonoid identified in vitro,
demonstrated non-significant reductions in incidence of TRAMP prostate tumors. The effect of
this diet may however have been attenuated as a result of toxicity of this flavonoid at the 1% w/w
dose as evidenced by loss of weight and increased mortality in these animals. There was a
significant reduction in genitourinary weight, and weight of high grade tumors in this group.
Similarly, the combination flavonoid diet demonstrated significant reduction of prostate tumor
size and a non-significant reduction in tumor incidence histologically. Dietary supplementation
with 1% fisetin was ineffectual but did not demonstrate signs of systemic toxicity. We did not
identify significant alterations of cell cycle markers PCNA and cyclin A. Critically, we

demonstrated the presence of flavonoid in target tissue. High performance liquid chromatography
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and mass spectrometry analysis confirmed high levels of unaltered flavonoid in TRAMP prostate
tissue.

In summary, in this research project we have identified novel flavonoids that at
physiologically achievable concentrations induce cell cycle and prolonged growth arrest and
apoptosis in prostate cancer cells in vitro. This is associated with gene expression alterations in
several key proliferative pathways, in particular, the inhibition of a large number of cell cycle
genes with functions in G2 and mitosis phases of the cell cycle. These alterations are also
reflected at the protein level. In the in vivo studies, we showed that dietary consumption of
flavonoids by TRAMP mice resulted in high levels of flavonoid in target tissue (prostate).
Finally, consumption of a diet enriched with a combination of flavonoids from age 4 weeks was

successful in inhibiting prostate cancer progression in TRAMP mice.

5.2 Implications of Experimental Findings

5.2.1 Implications of in vitro and in vivo findings to prostate cancer chemoprevention in

humans

A shortcoming of the studies presented in this thesis is the use of in vitro models that may
not necessarily replicate the effect of flavonoids in humans, and that may not be ideal models for
the study of the effects of flavonoids as chemopreventive agents. The rationale for employing a
cell culture model was the necessity for a convenient method to screen a large number of
compounds in several cell types. While such an analysis could theoretically be performed in an
animal model, the large numbers of animals needed would be restrictive. We therefore deemed
that it would be reasonable to initially perform basic mechanistic studies on prostate cancer cells

grown in culture. Since prostate cancer is a disease that develops at a young age but is not
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clinically apparent until later in life, it could be argued that chemopreventive agents for prostate
cancer are required to inhibit the growth of established malignancy. This further justifies the use
of malignant cell lines in our studies.

Testing flavonoids in vitro does have several limitations. Firstly, flavonoids are
extensively metabolized in humans. Ingestion of a flavonoid will result in multiple modifications
and the compound eventually reaching the target tissue may be dramatically different from the
compound ingested. Thus, even though a flavonoid may have considerable biological effect in
vitro, the same compound may have no effect in vivo owing to the extensive modification of the
compound in vivo. In the same light, an ingested flavonoid may also gain activity by undergoing
metabolization, although this is not expected to be common since most modifications are
performed by detoxifying enzymes with the aim of reducing the effect of flavonoids which are
seen by the body as a toxic substances. Secondly, since the anti-/pro-oxidant effects of flavonoids
are believed to account for the effects of flavonoids in vivo, it is important to note that the redox
environment in cell culture is dramatically different from that seen in vivo.

The disparity between the effect of flavonoids in vitro and in the human situation is
highlighted to a certain extent by findings in our studies. The case in point is the flavonoid
myricetin which was shown to lack significant anti-proliferative effect against LNCaP and PC3
cells in vitro. In contrast, this flavonoid is one of a few flavonoids that have been associated with
reduced prostate cancer risk in epidemiologic studies. Hertog et al demonstrated the association
of myricetin with reduced prostate cancer risk in a Scandinavian population. In their study,
flavonoid consumption was estimated by food frequency questionnaire and not by serum or tissue
analysis. Without direct measurements in target tissue of interest, the direct effect of myricetin
cannot be confirmed. Since flavonoids are extensively metabolized, a metabolite of myricetin

may have accounted for the chemoprevention effect. Also, since Hertog et al only analyzed a
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limited number of flavonoids, myricetin may simply be a marker for a more active flavonoid in
the diet. These factors may have all contributed to the different effects of myricetin noted in

different models.

5.2.2 Structure-activity relationships of flavonoids

A key question with respect to flavonoids is the relationship between structure and
activity. Are the different flavonoids likely to act by different pathways/mechanisms, or by a
common pathway? If the latter, the search for different flavonoids with activity is less likely to be
fruitful, since ingesting one widely available flavonoid like quercetin, would be as effective as
ingesting another. In fact, the answer is rather complex, with evidence suggesting that flavonoids
have both similar and differing actions depending on structure. Flavonoids of a broadly similar
structure act through similar pathways. On the other hand, flavonoids with major differences in
functional side-groups have widely varying mechanisms of action. For example, most flavonols
that possess only hydroxyl functional groups modulate cell cycle in a fashion that is broadly
similar and dependent more on the cell line than the flavonoid tested. Although the type of cell
cycle response in this instance is similar between flavonoids, the potency of each flavonoid in
eliciting the response is as varied as their structures. However, we noted considerable differences
in morphology in cells treated with closely related flavonoids that otherwise had similar cell
cycle effects (e.g. quercetin and fisetin). This suggests that differences in as yet unidentified
pathways may exist between these closely related compounds. These flavonoids may differ in
pathways that have not yet been examined. Much like pharmacological agents, slight differences
in flavonoid structure may translate into important biological differences in vivo.

By screening a large number of flavonoids for anti-proliferative effect in vitro, we were

able to discern certain structural features of flavonoids that influence their degree of activity in
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prostate cancer cells. Structural features that were of importance included the presence of C2-C3
double bond in the C-ring, which was necessary for cytotoxic effect in our model. Compounds
that lack this double bond, such as the flavanones (e.g. naringenin), had only weak cytotoxic
effect if any against prostate cancer cells. This is consistent with previous reports of the lack of
activity of flavanones as enzyme inhibitors or anti-inflammatory agents.

Another interesting finding was the lack of activity of glycosylated flavonoids. This has
been noted by others, and glycosylated flavonoids, broadly speaking appear to lack biological
activity until they are deglycosylated. The significance of this finding lies in the fact that almost
all flavonoids in nature are glycosylated. This builds on previous reports demonstrating the effect
of glycosylation on reducing the biological activity of flavonoids. Glycosylation in plants is
proposed as a protective mechanism that allows high levels of flavonoids to accumulate without
causing toxicity in plant organs. This further highlights the effect of this modification in altering
the activity of flavonoids. The fact that virtually all flavonoids in nature are glycosylated does not
conflict with the biological activity of flavonoids in humans since it has been demonstrated that
the sugar moiety of flavonoid glycosides is usually removed in the digestive tract prior to
absorption. The type of glycosylation is important, as it has been shown that flavonoid-
rutinosides as opposed to glucosides are poorly deglycosylated in the human gastrointestinal
tract, and may therefore have considerable influence on bioavailability. Thus, most flavonoids are
absorbed as aglycones, which according to our findings, is the active form of flavonoids in
mammalian cells.

Interestingly, 3 of the 4 most potent flavonoids identified in the proliferation screen were
chalcones. These compounds are precursors to other flavonoids and lack the central ‘C’-ring.
Thus the presence of a ‘C’ ring does not appear to be crucial to the anti-proliferative effect of

flavonoids, and indeed may reduce the activity of the compound. The only chalcone that did not
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have significant anti-proliferative effect was the highly methoxylated and hydroxylated
compound 2'-hydroxy-2,4,4',5,6'-pentamethoxy-chalcone. In contrast, another highly
methoxylated chalcone, 2',4,4',6'-tetramethoxychalcone, was actually the second most potent
against the LNCaP cell line. This illustrates how very slight modifications in flavonoid structure
can have remarkable effects on biological effect of the compound. Methoxylation also affected
solubility in DMSO, such that many methoxylated flavonoids were untestable due to poor
solubility.

Hydroxylated flavones and flavonols, which are ubiquitous in nature, such as quercetin,
luteolin and fisetin, tended to have moderate anti-proliferative effects (ICso 20-40uM). However,
greater than 5 hydroxyl groups appeared to lower their anti-proliferative effects. As mentioned
earlier, the most widely studied flavonoids include the soy isoflavones (genestein), the green tea
catechins, milk thistle flavonoid (silibinin), and red wine anthocyanidins. Previous studies have
examined the effect of genestein and silibinin in LNCaP and PC3. The ICs in these studies
(72hrs treatment) were 40uM (genestein in LNCaP), 43uM (genestein in PC3), >60uM (silibinin
in LNCaP) and >30uM (silibinin in PC3). In our study, we identified 9 flavonoids with IC50<30
all of which therefore demonstrate greater cytotoxicity in vitro than genestein and silibinin. In our
study, we also examined the effect of the green tea flavonoid epigallocatechin (EGC). This
compound has weak cytotoxic effect- ICsy not reached at up to 100uM of EGC. Thus, while
green tea flavonoids have received great attention for their presumed chemopreventive effects,
the in vitro effects of EGC did not indicate a direct cytotoxic mechanism. Another flavonoid with
poor in vitro activity was pelargonidin. This dark purple anthocyanin is a component of berries
and red wine. Despite the presumed chemopreventive effect of wine anthocyanidins, the in vitro

effect of pelargonidin was lacking. A possible explanation is the different form of anthocyanidins
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occurring in nature. Anthocyanidins are usually found as polymers known as pro-anthocyanidins

that release anthocyanidin on hydrolysis. We did not test any pro-anthocyanidins in our study.

5.2.3 Cell cycle checkpoint activation by flavonoids as a cancer preventive mechanism

The role of flavonoids in the activation of cell cycle checkpoints is clearly outlined in our
studies. Both DHC and fisetin had similar effects on cell cycle gene transcription and cell cycle
arrest/checkpoint activation. Evidence presented for other flavonoids including quercetin and
luteolin indicate a similar pattern of cell cycle arrest, pointing towards a shared mechanism of
action of flavonoids on cell cycle modulation.

The mammalian cell cycle consists of a series of checkpoints, which are essentially
signaling pathways that are activated in response to genetic stress such as DNA damage.
Activation of these pathways results in various post-translational alterations of cyclins and cyclin
dependent kinases leading to arrest of cell cycle progression. Multiple checkpoints can be
activated by a single stimulus. DNA damage, for example, can result in the activation of G1,
intra-S, and G2/M checkpoints.

In Chapter 4, we described the transcriptional inhibition of over 50 cell cycle genes by
flavonoids. The inhibited genes have functions primarily in G2 and mitosis phases of the cell
cycle. Low levels of key cyclins and cyclin dependent kinases will likely result in slowing or
arrest of cell cycle progression. While this mechanism is different from the activation of cell
cycle checkpoints by DNA damage, which results in post-translational alterations of cyclins and
cdks, the ultimate effect of both is slowing or arrest of cell cycle progression. Although
transcriptional inhibition may partially account for the cell cycle arrest induced by flavonoids,

other mechanisms cannot be excluded.
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Flavonoids, and other planar aromatic compounds are known to intercalate DNA (i.e. bind
into the space between 2 adjacent DNA base pairs). DNA intercalation results in unwinding of
the DNA helix and can have clastogenic (DNA break inducing) effects (510). Flavonoids are also
known to act as poisons of DNA topoisomerase I, a key enzyme in DNA replication. DNA
topoisomerase II regulates DNA topology and unwinding during replication by inducing transient
DNA breaks. DNA topoisomerase II poisons result in high numbers of cleaved DNA complexes
and permanent DNA strand breaks. These mechanisms of DNA strand break induction by
flavonoids can result in classical cell cycle checkpoint activation. Thus, while we propose
transcriptional inhibition of cell cycle genes as a mechanism for cell cycle arrest, DNA damage
checkpoint activation by flavonoids may also be a factor.

Cell cycle checkpoints exist to maintain the fidelity of DNA replication and ensure error-
free transmission of DNA from mother to daughter cells. Checkpoint activation delays cell cycle
progression to provide time for DNA repair mechanisms to take effect. In normal cells cell cycle
checkpoints are not normally activated. However, in pre-neoplastic lesions the activation of DNA
damage checkpoints is more pronounced (368). This is associated not only with DNA damage,
but also with various oncogenic stimuli such as abnormal expression of cyclin E and
retinoblastoma (Rb) protein (368). The activation of DNA damage checkpoints was therefore
proposed as a barrier to progression of preneoplastic lesions and genetic instability. In our
studies, we did not specifically examine the DNA damage checkpoint, however, we did
demonstrate cell cycle arrest at multiple phases of the cell cycle secondary to the molecular
alterations in transcription of cell cycle genes. We propose that activation of cell cycle
checkpoints by flavonoids may act as a barrier to progression of early prostate cancer lesions.
The cell cycle arrest induced by flavonoids acts as a safety mechanism to allow for DNA repair

mechanisms to correct abnormalities in DNA such as double strand breaks that are commonly
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seen in the progression from normal to pre-malignant transformation. This mechanism may
account for the chemopreventive effect of flavonoids seen in populations consuming high levels

of flavonoids.

5.2.4 The role of p53 in the cell cycle effects of flavonoids

The tumor suppressor protein p53 is a key mediator of DNA damage response and
cellular stress response pathways. p53 is phosphorylated and stabilized by ATM/ATR and
CHK1/CHK2 kinases in response to DNA damage which leads to induction of p53 target p21, a
key cdk inhibitor protein. p21 accumulation results in inhibition of cyclin-cdk complexes
necessary for G1 to S transition which ultimately leads to G1 arrest. p53 can also induce intra-S
and G2 checkpoints, however unlike the G1 checkpoint, a functioning p53 is not a requirement
for these checkpoints. Several non-p53 related factors are involved in the intra-S and G2
checkpoint.

Although our studies did not specifically examine the role of p53 in flavonoid induced
cell cycle arrest, and p53 alteration was not noted on microarray, several lines of evidence from
our findings point to a possible role of p53 in the mechanism of action of flavonoids. Firstly,
differences in the cell cycle arrest pattern induced by flavonoids in LNCaP compared to PC3 cells
can be explained by differences in p53 status of these cell lines. Flavonoids failed to induce a G1
arrest in the pS3-nonfunctioning cell line, PC3, whereas a clear G1 arrest was noted in LNCaP
cells expressing wild-type p53. Since p53 is a critical mediator of G1 checkpoint activation, the
G1 arrest induced by flavonoids in LNCaP could conceivably be a p53-dependent effect. The
induction of S and G2/M arrest in PC3 cells expressing non-functioning p53, demonstrates that
induction of these checkpoints by flavonoids is pS3-independent. Secondly, we demonstrated up-

regulation of a number of genes known to be down-stream p53 transcriptional targets including
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p21, Gadd45A, and 14-3-3. However, flavonoids have been shown to induce some of these genes
in both a p53-dependent and independent manner. In summary, p53 activation by flavonoids is
probably important in G1 arrest but is not necessary for the S and G2/M arrest and other
cytotoxic effects of flavonoids. Precisely how flavonoids activate p53 is unknown, but it may
simply be a response to DNA damage induced by flavonoids.

Findings from our gene expression analysis highlighted the importance of other stress-
response genes in flavonoid action. Several genes involved in endoplasmic reticulum stress,
hypoxic stress and heat-shock were up-regulated by DHC and/or fisetin. The direct association
between these stress response genes and cell cycle arrest is far from clear since the cell cycle
effects of most stress response genes are poorly understood. However, previous studies stress
response genes such as GADD45 and GADD153 that have shown direct regulatory action on the

cell cycle point to the possible role of other stress-response genes in cell cycle regulation.

5.2.5 Terminal Growth Arrest and Chemoprevention by Flavonoids

Closely related to the processes of cell cycle arrest and checkpoint activation is the
phenomenon of terminal growth arrest. Both DHC and fisetin were shown to induce a prolonged
growth arrest lasting up to 2 weeks in PC3 cells growing in colony forming assay. Accelerated
cellular senescence is a related phenomenon and the distinction between prolonged cell cycle
arrest and senescence is rather vague with both processes sharing a number of common molecular
features. The defining features of senescence are: permanent cell cycle arrest, lack of response to
mitogenic stimuli, dramatic changes in chromatin structure and gene expression, enlarged and
flattened morphology with increased adherence, and expression of senescence associated beta

galactosidase (SA-Bgal). Expression of SA- gal was not induced by flavonoids in our study.
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Similar to apoptosis, terminal growth arrest is a cellular defense mechanisms that limit
further proliferation of stressed or damaged cells. While apoptosis has gained tremendous interest
as anti-cancer process, terminal growth arrest and cellular senescence are emerging as equally
critical mechanisms in the body’s defenses against tumorigenesis. Many chemotherapeutic drugs
have been shown to activate the senescence phenotype in cancer cells. In this study, cell cycle
arrest, prolonged growth arrest and apoptosis were shown to be the mechanisms of cytotoxicity
induced by flavonoids. Future studies will need to determine the effect of flavonoids on these
cytotoxic pathways in vivo. Terminal growth arrest by flavonoids early in the carcinogenic
process is likely to translate into effective and beneficial prostate cancer prevention effects.

Future human studies should be designed to examine this possibility.

5.2.6 Mitotic kinases as cancer targets- inhibition by flavonoids

Dysfunction of mitotic regulatory genes leads to chromosome instability and is one of the
most common abnormalities in cancer cells. Targeted drug inhibition of mitotic kinases is an
increasingly adopted strategy of cancer therapy. Modulation of mitotic regulatory genes by
flavonoids was noted in our studies. Mitotic regulatory genes constituted the largest sub-group of
cell cycle genes whose transcription was inhibited by DHC and fisetin. Despite the inhibition of
several key mitotic genes by both compounds, cell cycle analysis by anti-H3P labeling and flow
cytometry did not demonstrate mitotic arrest. Rather, cells were arrested in S and G2 phases (and
G1 in LNCaP). The effective inhibition of these cell cycle phases by flavonoids may have limited
the progression of cells into mitosis and may account for the absence of mitotic arrest. Future
studies can explore whether mitotic arrest is induced if cells are forced to exit pre-mitotic phases
of the cell cycle. The down-regulation of key mitotic genes is a further mechanism inhibiting

proliferation of flavonoid treated cells.



169

5.2.7 Prostate cancer specificity of flavonoids

The prostate cancer specificity of flavonoids demonstrated in our studies is a desirable
effect. The mechanism of the apparent predisposition of prostate cancer cells to flavonoid
induced cytotoxicity remains unexplained. Non-malignant cell lines in our study were generally
resistant to flavonoids. Although DHC did have cytotoxic effect in non-cancer cell lines, the ICs
was higher than that seen in prostate cancer cells. The prostate specificity of the flavonoids
tested cannot be definitely concluded, as this would require testing the flavonoids against a larger
array of cell lines. Furthermore, since the media used to grow the prostate and non-prostate cells
differed, effects of components in the media may have accounted for the apparent lack of effect
on non-prostate cells. However, the same medium was used to grow BPH-1 (benign) and LNCaP
(prostate cancer) thereby excluding medium effects in comparing those cell lines. A final factor
to consider is the doubling time of different cell lines. PC3 is a much more aggressive cell line
compared to LNCaP with doubling time of 18hrs vs 26hrs. Differences in doubling time could
account for differences in dose needed to achieve the same anti-proliferative effect.

Prostate specificity was also noted in the animal studies we performed, where the highest
levels of flavonoids in body tissues was noted in the prostate. We can only speculate that the
prostate may contain unique proteins or receptors that constitute binding sites for flavonoids. The
low levels of flavonoids in other tissues such as the liver and kidney may have accounted for the
lack of toxicity in these organs in the mice consuming the mixed flavonoid diet.

The proposal that flavonoids be administered over many years as a chemoprevention
program means that both normal and early malignant cells will be exposed to moderate levels of
flavonoids over a prolonged period. It is possible that the mechanisms of cell cycle arrest,

apoptosis, stress response, and transcriptional inhibition may be deleterious to normal
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proliferating cells. What is critical to determine is whether cells that have already accumulated
DNA damage and have initiated the carcinogenic process are in any way more susceptible to
flavonoid action. Several changes to the normal physiology such as increased membrane
permeability, pro-oxidant or genotoxic stress may make these transformed cells more likely than
normal cells to undergo cell cycle arrest in response to flavonoid administration. Although
flavonoids at low doses are non-toxic, safety of these compounds has not been determined for
consumption over a period longer than a few months. It will be important to establish doses of
flavonoid that induce growth arrest in pre-neoplastic cells while not interfering with the normal

cell cycle of non-malignant cells.

5.3. Conclusions and future directions

Attempting to decipher the mechanism of action of flavonoids in cancer and the utility of
flavonoids in human cancer chemoprevention is a challenging task. A multitude of chemical and
biological properties of flavonoids may together collaborate in the anti-cancer effects of these
compounds. The findings outlined in this thesis provide the basis for piecing together a
mechanism explaining the properties of flavonoids in prostate cancer cells.

We have demonstrated the ability of flavonoids to induce a prolonged cell cycle arrest and
apoptosis in PC3 and LNCaP cells. The transcriptional inhibition of a large number of cell cycle
genes by flavonoids has been demonstrated. The precise mechanism underlying this
transcriptional inhibition remains to be determined. Possible mechanisms include inhibition of a
common upstream transcription factor, generalized inhibition of the transcriptional machinery, or
inhibitory effects on common promoter cis-acting elements. Since most of the transcriptionally

inhibited genes in the study had functions in G2 and M phase, possible targets of flavonoids
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could include the NF-Y- CDE-CHR cis-promoter complex which is commonly shared between
G2/M genes. Future studies should be designed to explore these possibilities.

A prominent cellular stress response was induced by flavonoids in vitro, as evidenced by
the up-regulation of over 40 genes with key roles in various stress response pathways. Terminal
growth arrest is a form of protective response that prevents cells that are critically damaged from
ever replicating. Various stress stimuli including oncogene expression and DNA strand breaks
have been shown to induce terminal growth arrest and cellular senescence. Flavonoids can induce
cellular stress by several mechanisms including DNA intercalation resulting in DNA breaks, pro-
oxidant activity also leading to genotoxic stress and inhibition of key enzymes regulating DNA
synthesis such as DNA topoisomerase II. The large number of endoplasmic reticulum stress
genes induced by flavonoids also highlights the non-genotoxic stress mechanisms induced by
flavonoids. Flavonoids are also potent inhibitors of cellular kinases, and the key role of these
enzymes in cellular signaling and metabolism can also lead to dramatic disruptions of normal
cellular physiology. The multitude of cellular stress responses induced by flavonoids may
together contribute to the generation of signals that activate the fail-safe mechanism of terminal
growth arrest.

What directly links the cell stress response to cell cycle arrest is not known. The wide-
ranging inhibition of cell cycle gene expression in our studies could plausibly be a response to the
stress stimulus, although other mechanisms may also account for this transcriptional effect.
Whether flavonoid-induced cell cycle arrest is the direct result of down-regulation of cell cycle
gene transcription is presently unknown. Other mechanisms for the cell cycle arrest by flavonoids
could be activation of classical checkpoint pathways as would be seen in response to DNA
double strand breaks induced by flavonoids. Indeed flavonoids have been shown to activate DNA

damage response pathways by activation of key regulators of these signaling cascades such as
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ATM and Chk2. Tumor suppressor p53 is a key regulator of DNA damage response pathways.
The importance of this pathway is diminished however when we consider that cell cycle arrest
was caused by flavonoids even in p53 null cells in our study. A number of mechanisms may
converge in the growth arrest brought about by flavonoids, and the relative importance of one
pathway over another remains to be established.

The design of the majority of studies in the field have focused on the effects of flavonoids
in cell culture, where high doses of flavonoids are administered for prolonged periods of time in a
non-physiologic redox environment. This is far removed from the scenario in humans where
relatively low doses of flavonoids have been associated with reduced cancer risk in
epidemiologic studies. The cell cycle gene or protein expression profile has not been compared in
men from populations with varying flavonoid consumption levels. The low doses of flavonoids
consumed in the diet are presumably less likely to induce dramatic cellular stress responses. The
results of animal studies have demonstrated alteration in expression of cell cycle protein in tumor
cells of animals consuming flavonoid supplemented diets. This supports the notion that the cell
cycle may be an important target of flavonoids in vitro as well as in vivo. In the animal
experiments described in this thesis, we did not demonstrate significant alterations of cell cycle
proteins in prostate tissue despite high flavonoid levels detected in prostate samples of mice
consuming flavonoid enriched diets. Since there was significant tumor reduction in animals
consuming flavonoids, alterations in cell cycle markers may have been missed due to increased
apoptosis or cell death occurring before tissue staining.

In many ways, the cell cycle arrest induced by flavonoids is analogous to cell cycle arrest
and DNA damage checkpoint activated by radiation therapy treatment and chemotherapeutic
agents. These modalities induce genotoxicity such as double strand breaks that activate cell cycle

checkpoints leading to growth arrest and senescence. Flavonoids may induce similar pathways
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also by causing DNA damage, however, in this thesis we have described other mechanisms that
may be important in cell cycle arrest caused by flavonoids. The broad-ranging cell cycle
transcriptional inhibition by flavonoids has not been shown for other chemotherapeutic agents,
and represents a novel strategy that can supplement the current armamentarium of cancer drugs.
The overlapping mechanisms of flavonoids and other treatment agents supports the rationale for
employing these agents together with flavonoids to promote synergistic mechanisms.

Although the use of flavonoids as chemotherapeutics is an exciting future prospect for
flavonoids, even more intriguing is the potential application of flavonoids as chemopreventive
agents. In the animal chemoprevention study described in this thesis, relatively high doses of
flavonoids were associated with a reduction of prostate cancer progression. These high doses
were associated with gastrointestinal toxicity for the most efficacious diets. Future studies should
examine the effect of these flavonoids at lower doses. The lack of toxicity of flavonoids at low
doses is an attractive property that encourages their use over the long-term. The inhibition of
progression of pre-malignant lesions to cancer by activation cell cycle checkpoints, growth arrest
and apoptosis by flavonoids is worth exploring further in clinical studies. Human research is
required to determine whether doses of flavonoid achieved by supplementation can successfully
activate these protective cellular mechanisms, and to establish whether indeed this is a relevant
mechanism in the chemopreventive effect of flavonoids in prostate cancer.

Although the various cellular and molecular events described above are important,
flavonoids also modulate other physiologic parameters outside the cancer cell. The role of the
stroma and extracellular environment are key to understanding the full complexity of cancer.
Flavonoids possess numerous beneficial properties in this regard such as their proven anti-
inflammatory and anti-angiogenic effects. The hormonal effects of flavonoids constitute a

dilemma since at low doses flavonoids appear to activate steroid hormone receptors, a potentially
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detrimental effect of flavonoids. Dose determination will be key in future human studies since at
higher doses, the growth arresting properties of flavonoids will dominate. In conclusion,
flavonoids possess a multitude of properties, both on the cancer cell and the surrounding milieu,
that make them exciting prospects as both chemotherapeutic and chemopreventive agents in

prostate cancer.
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Figure 5.1. Proposed mechanism for the cytotoxic action of flavonoids in prostate cancer.

A differential proliferative response is noted for low dose and high dose flavonoids. At low

doses (<5uM), flavonoids are growth stimulatory in culture, mediated by their

‘phytoestrogenic’ effects on the estrogen receptor. At higher doses (>5 uM), flavonoids are

cytotoxic. Various mechanisms for this cytotoxic effect have been demonstrated in this thesis

including cell cycle arrest secondary to inhibition of gene expression and activation of a stress

response, and induction of apoptosis by flavonoids.



APPENDIX 1

ASSOCIATION OF DIET INDUCED HYPERINSULINEMIA WITH
ACCELERATED GROWTH OF PROSTATE CANCER (LNCAP)
XENOGRAFTS

This appendix consists of a paper by Vasundara Venkateswaran, Ahmed Q. Haddad, Neil E.
Fleshner, Rong Fan, Linda M. Sugar, Rob Nam, Laurence H. Klotz, and Michael Pollak entitled
“Association of diet-induced hyperinsulinemia with accelerated growth of prostate cancer
(LNCaP) xenografts” which was published in the Journal of the National Cancer Institute.

2007 Dec 5;99(23):1793-800. Epub 2007 Nov 27.
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A.1.1 ABSTRACT

Background: Prior research suggested that energy balance and fat intake influence prostate
cancer progression, but the influence of dietary carbohydrate on prostate cancer progression has
not been well characterized. We hypothesized that hyperinsulinemia resulting from high intake of
refined carbohydrates would lead to more rapid growth of tumors in the murine LNCaP xenograft
model of prostate cancer.

Methods: Athymic mice were injected subcutaneously with LNCaP human prostate cancer cells
and when tumors were palpable, were randomly assigned (n=20/group) to high carbohydrate-high
fat (HC-HF) or low carbohydrate-high fat (LC-HF) diets. Body weight and tumor volume was
measured weekly. After 9 weeks, serum levels of insulin and insulin-like growth factor 1 (IGF-1)
were measured by enzyme immunoassay. AKT activation and the levels of the insulin receptor in
tumor cells were determined by immunoblotting. The in vitro growth response of LNCaP cells to
serum from mice in the two treatment groups was measured based on tetrazolium compound
reduction. All statistical tests were two-sided.

Results: After 9 weeks on the experimental diets mice on the HC-HF diet were heavier (mean
body weight of mice on the HC-HF diet = 34 g versus 29.1 g on the LC-HF diet; difference = 4.9
g,95% CI=3.810 6.0 g; P <0.05), experienced increased tumor growth (mean tumor volume in
mice on HC-HF diet = 1695 mm’® versus 980 mm® on LC-HF diet; difference = 715 mm?> , 95%
CI = 608 to 822 mm’; P < .001), and experienced a statistically significant increase in serum
insulin and IGF-1 levels. Tumors from mice on the HC-HF diet had higher levels of activated
AKT and modestly higher insulin receptor levels than tumors from mice on the LC-HF diet.
Serum from mice on the HC-HF diet was more mitogenic for LNCaP cells in vitro than serum

from mice fed the LC-HF diet.
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Conclusion: A diet high in refined carbohydrates is associated with increased tumor growth and
with activation of signaling pathways distal to the insulin receptor present in a murine model of

prostate cancer.

A1.2 INTRODUCTION

Obesity is associated with increased cancer mortality (82), and its increasing prevalence
(511) may hinder progress in cancer control. Recent studies focusing on prostate cancer have
shown that obesity is associated with only a small increase in the risk of this disease but that it is
an important adverse prognostic factor (87, 512-517). The mechanisms that link obesity to
prostate cancer prognosis are incompletely characterized. It is possible that the association of
obesity with prostate cancer prognosis is mediated by adipokines (signaling molecules produced
by adipocytes) and that the amount of adipose tissue is therefore of key importance (518).
However, it has also been suggested that it is the hormonal profile associated with excess energy
intake over expenditure that mediates the effects of obesity on prostate cancer prognosis (194,
519-521), and that obesity is associated with prostate cancer prognosis because it is a surrogate
for excess energy intake.

Recent evidence from population studies indicates that hyperinsulinemia is also related to
adverse outcome in prostate cancer (63, 522-525). This relationship is plausible because insulin
and IGF-I receptors activate downstream signalling pathways that involve AKT, mTOR, and
other molecules that positively regulate protein translation and proliferation, and inhibit
apoptosis (526). Insulin levels, like obesity, increase with greater energy intake, particularly in
the form of rapidly absorbed carbohydrates (527). However, the influence of diet-induced

hyperinsulinism on experimental prostate cancer models has not been examined. In this report,
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we examine the relationship between dietary carbohydrate intake and insulin-mediated signaling
and prostate cancer progression using a xenograft murine model of human prostate cancer

progression.
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A.1.3.MATERIALS AND METHODS

Establishment of the LNCaP xenograft Model of prostate cancer

Mice were maintained in a sterile and pathogen-free facility, with cages, bedding and water
autoclaved before use. Animal care conformed to institutional guidelines including the Care and
Use of Experimental Animals guidelines of the Canadian Council on Animal Care. Human
prostate cancer cells (LNCaP) (American Type Culture Collection, Manassas, VA) were
maintained in RPMI (Roswell Park Memorial Institute) 1640 medium with 10% Fetal Bovine
Serum (FBS). Using a 27-guage needle, we injected 1 x 10° LNCaP cells in 0.2 ml Matrigel into
the flanks of 6-8 week old athymic male Swiss nu/nu mice (Taconic, NY), that had been
anaesthetized with methoxyfluorane. Two weeks after injection, all mice, all with palpable
tumors, were randomly assigned to one of the two diets, low carbohydrate-high fat (LC-HF) or
high carbohydrate-high fat (HC-HF) diets (n = 20/group).

Diet Formulation and Treatment

The HC-HF diet included 40% carbohydrate, 45% fat, and 15% casein. The LC-HF diet consisted
of 10% carbohydrate, 45% fat and 45% protein in the form of casein. (Table A.1.1). Protein
levels were adjusted in the diets to ensure an equivalent amount of calories (Table A.2.2), such
that mice were fed 4.76 and 4.58Kcal/g in the HC-HF and LC-HF diets respectively for a period
of 9 weeks. The high-carbohydrate diet was created by the addition of dextrin (30.5%) and
sucrose (17%). Diets were stable for 6 months (as determined by the manufacturer (Purina Mills
Test Diets, Richmond, IN, who reported that they were free of phytoestrogens), stored at 4°C,
and sterilized by irradiation prior to administration. Mice were allowed ad-libitum access to food

and water throughout the treatment period and were sacrificed at the end of the treatment or when
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a tumor reached maximum permissible tumor diameter (17 mm), in accordance with the
Canadian Council on Animal Care and Cancer Endpoint Guidelines.

Assessment of Body Weight and Tumor Volume

Body weight and tumor measurements were recorded weekly. Tumor size was assessed by
measuring the (longest and shortest) two tumor diameters with a caliper. Tumor volume was
calculated by the formula (short length® x long length / 2).

Preparation and Analysis of Blood and Tissue

At necropsy, blood was drawn from all mice by direct heart puncture, serum was separated, and
aliquots of serum were stored at -80°C. Tumors were excised, weighed, and processed for
histopathologic studies or immunoblotting as described below. Tissue for histopathology was
fixed in 10% v/v buffered formalin. Sections (5 um thick) were cut from the paraffin-embedded
tissue, mounted on slides, and stained with hematoxylin and eosin.

Immunohistochemical analysis of proliferative marker (Ki67) in tumor tissue
Immunostaining was performed on primary tumor sections using the Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA). Briefly, paraffin-embedded tissues were deparaffinized
with xylene and dehydrated using washes of decreasing ethanol concentration (100%, 95%, and

80%). Antigen retrieval was performed by boiling the sections in 10 mM citrate buffer for 10
minutes. Sections were then blocked with diluted normal goat serum (Blocking serum in
Vectastain Elite ABC kit) and incubated overnight with primary antibody, Ki-67 (rabbit
polyclonal antibody; 1:25 dilution; Abcam, Cambridge, MA). Endogenous peroxidase was
blocked and sections incubated with secondary antibody (biotin-labeled anti-rabbit IgG, Vector
Laboratories) according to the manufacturer’s instructions followed by incubation with
streptavidin—peroxidase and 3, 3’-diaminobenzidine. Sections were counterstained with

hematoxylin. The Ki-67 labeling index was determined by counting 1000 tumor cells at x 40X
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magnification in 10 microscopic fields. Brown, granular nuclear staining was considered positive
for Ki-67. Labeling indices were calculated as the percentages of tumor cells with positive
nuclear staining. Immunostaining was performed blindly and scored on prostate tumor tissue
sections from each mouse (n = 10/group; 2 sections from each tumor) by an independent
pathologist.

Plasma Insulin Measurements

Serum insulin was measured in duplicate n = 20/treatment group) using a rat insulin ELISA kit
(Crystal Chem Inc., IL) according the manufacture’s instructions. Insulin in the sample was
bound to guinea pig anti—rat insulin antibody coated on microplate wells, and unbound materials
were removed by washing with the washing buffer provided by the manufacturer. Horseradish
peroxidase—conjugated anti—guinea pig antibody was then added to the insulin complex
immobilized on the microplate well and excess peroxidase was removed with washing buffer.
The peroxidase conjugate on the microplate well was detected using 3,3°,5,5’-
tetramethylbenzidine substrate solution. The enzymatic reaction was stopped by the addition of
100 pl of enzyme reaction stopping solution (provided in the kit) and absorbance measured by a
plate reader within 30 min (measuring wavelength: 450 nm, background wavelength 530 nm).
Appropriate insulin standards ranging in concentration from 0-6.4 ng/ml) and internal controls
(provided by the manufacturer) were used.

Plasma Insulin-like Growth Factor 1 Measurements

IGF-1 was measured in duplicate by Enzyme Immunoassay (Diagnostic Systems Laboratories,
Inc., TX), in serum samples from all mice in the two treatment groups. Samples were incubated
for 1 hour with biotin-labeled mouse IGF-1 and goat anti-mouse IGF-1 antiserum in
microtitration wells coated with rabbit anti-goat gamma globulin (according to manufacturer’s

instructions). After incubation and washing with washing solution (saline solution with a non-
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ionic detergent; provided in the kit), the wells were incubated with streptavidin-horseradish
peroxidase, which binds to biotinylated mouse IGF-1. Unbound peroxidase was washed with
washing buffer and the wells incubated with tetramethylbenzidine. An acidic stopping solution
containing 0.2M sulfuric acid was then added and the degree of enzymatic turnover of the
substrate determined. Absorbance was measured by a plate reader within 30 min (measuring
wavelength: 450 nm, background wavelength 530 nm) Appropriate standards ranging in
concentration from 0-4000 ng/mL and internal controls (provided by the manufacturer) were
used.

Immunoblotting

Tumor tissues from five mice in each group were cut into 1 mm pieces and homogenized
separately in ice-cold Radiolmmuno Precipitation Assay lysis buffer (50 mM Tris-HCI, pH 8.0,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA) supplemented with a
mixture of protease and phosphatase inhibitors (1 mM phenylmethylsulfonylfluoride and 0.02
mg/ml each of aprotinin, leupeptin, and pepstatin; Sigma Chemical Company, St. Louis, MO).
Protein amounts were determined by Bradford analysis. Protein (40 pg suspended in lysis buffer
was loaded in lanes of SDS-containing polyacrylamide gels, electophoresed and transferred to
membranes (Immobilon transfer membrane, Millipore, Bedford, MA). Blots were blocked for 1
hour with blocking buffer (5% nonfat dry milk in phosphate-buffered saline containing 0.2%
tween-20) followed by sequential incubation with primary and secondary antibodies. The
following primary antibodies were used: B-actin mouse monoclonal antibody (Sigma) at 1:20,000
dilution, AKT antibody (recognizing phosphorylated and unphosphorylated forms) at 1:1000
dilution (Cell Signaling, Danvers, MA) phospho-AKT (Ser*”) polyclonal antibody (Cell

Signaling) at 1:1000 dilution, and mouse anti—insulin receptor (B-subunit) monoclonal antibody
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(Chemicon, Temecula, CA) at 1:200 dilution. Secondary antibodies were horseradish
peroxidase-labeled anti-mouse IgG, 1:5000 dilution or horseradish peroxidase-labeled anti-rabbit
IgG, 1:1000 dilution. Antibody—protein complexes were visualized by electrochemiluminescence.
In Vitro Mitogenicity Assay LNCaP cells (5x10°/well) were plated in 96-well plates. After 24
hours, cells were washed twice with phosphate-buffered saline (to remove serum) and treated (6
wells per treatment) with serum free media for an additional 24 hours. Then cells were treated for
72 hours with serum (1% in media) obtained at necropsy from individual mice on the different
diets (n = 20/group). The MTS {3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium} method was used to measure cell proliferation as previously
described (528).

Statistical Analysis The statistical significance of differences between dietary groups with
respect to body weight, tumor volume, tumor wet weight, serum insulin levels, serum IGF-1
levels, serum in vitro mitogenicity data were calculated using the two-tailed Student’s #-Test.
Results were considered statistically significant at P <.05. All statistical tests were two-sided.

A.1.4.RESULTS

Influence of diet on body weight

To investigate the influence of diet on body weight, mice bearing palpable tumors were randomly
assigned to a high- or low-carbohydrate diet for 9 weeks and food consumption was recorded.
Diets were well tolerated. There was no statistically significant difference in grams of food
consumed per day between the groups (4.77 g in the high-carbohydrate group versus 4.83 g in the
low-carbohydrate, difference =-0.06 g, 95% CI =-1.02 to 0.90 g; P = .893). The total calories
consumed were also similar (Table A.2.2), but mice on the high-carbohydrate diet obtained fewer

calories from protein as expected. Mice on the HC-HF diet began to gain weight relative to the
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mice LC-HF on the diet after approximately 5 weeks of treatment (Fig A.1.1), although
differences in body weight between the treatment groups did not become statistically significant
until the conclusion of the experiment (after 9 weeks of treatment) at which time mice on the
high-carbohydrate diet were 15% heavier than mice on the low-carbohydrate diet (mean body
weight of mice on a HC-HF diet = 34 g versus 29.1 g on the LC-HF diet; difference = 4.9 g, 95%
CI=3.81t06.0g, P=.003, Fig A.1.1).

Influence of diet on tumor volume

Tumors were measured weekly. Statistically significant differences in tumor volume were
observed from week five (mean tumor volume of mice on the high-carbohydrate diet = 901 mm’
versus 588 mm’ for mice on the low-carbohydrate diet, difference = 313 mm?, 95% CI =219 to
407 mm’; P =0.035, Fig A.1.2 A) By the end of the 9-week treatment period, there was a
statistically significant increase (45%) in tumor volume in the mice on a high-carbohydrate diet
relative to animals on a low-carbohydrate diet. Mean tumor volume in mice at on a high-
carbohydrate diet was 1695 mm’ versus 980 mm?’ in the low-carbohydrate diet (difference = 715
mm’, 95% CI = 608 to 822 mm’; P =.001).

There was also an increase in the ratio of the mean tumor volume to body weight in the
mice on a high-carbohydrate compared to the low-carbohydrate group (Fig A.1.2 C). The mean
tumor volume to body weight ratio at week 9 was 49.9 and 30.6 in the high-carbohydrate and
low-carbohydrate group respectively (difference = 19.3, 95% CI = 15.9 to 22.7; P =.001). At the
end of the 9-week treatment period, mice were sacrificed and tumors were excised and weighed.
Tumor weights ranged from 0.6-1.4 g in mice on the high-carbohydrate diet and from 0.2-0.8 g in
mice on the low-carbohydrate diet. Mean tumor weight in mice on the high-carbohydrate diet
was 0.88 g versus 0.51 g in the low-carbohydrate diet (difference = 0.37 g, 95% CI =0.13 to 0.61

g; P = .04, Fig. A.1.2 B).
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Expression of Ki67 proliferation marker on LNCaP xenografts

To better understand the basis for the effect of diet on tumor volume, we studied markers of
proliferation in the xenograft tumors, as well as circulating insulin and IGF-1 levels in tumor-
bearing mice. Immunohistochemical analysis of a proliferation marker (Ki67) was performed on
paraffin-embedded prostate tumor tissues from 10 mice / treatment group; 2 sections were
examined from each tumor. There was a substantial increase in the percentage of positively
stained nuclei in tumors from the high-carbohydrate group (27 %) compared to that in tumors
from the low-carbohydrate group (5.7 %) (difference = 21.3 %, 95% CI = 13.6 to 28.8 %; P
=.0002, Fig A.1.3).

Influence of diet on serum insulin and IGF-I levels

In order to explore dietary effects on insulin and IGF-1 levels, blood samples were collected from
mice in both groups by direct heart puncture, serum separated, and aliquots of serum stored at -
80°C. The mean insulin level in serum samples of mice on the high-carbohydrate diet was
statistically significantly higher than that of mice on the low-carbohydrate diet (1.45 ng/ml versus
0.45 ng/ml, difference = 1 ng/ml, 95% CI = 0.95 to 1.06 ng/ml; P =.039, Fig. A.1.4 A). Serum
from mice on the high-carbohydrate diet had a 21.4% higher level of IGF-1 compared with that in
mice on the low-carbohydrate diet (1868.5 ng/ml versus 1468.5 ng/ml, difference = 400 ng/ml,
95% CI = 358.3 to 441.7 ng/ml; P = .022, Fig. A.1.4 B).

Influence of diet on phosphorylation of AKT in prostate cancer tissue In view of the diet-
induced changes in insulin and IGF-1 levels, we next investigated if the diets influenced signaling
pathways in the experimental tumors. First, we measured phosphorylation of AKT, a signaling
molecule that is downstream of the insulin and IGF-1 receptors (526), in lysates from tumor
tissues (n = 5/group). The amount of phosphorylated AKT was below the detection limit in tumor

tissue lysate from the mice on the low-carbohydrate diet, but a band corresponding to the
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phosporylated kinase was clearly visible in the immunoblots obtained from tumor tissue lysates
from the mice on high-carbohydrate diet (Fig A.1.5). Thus, the high-carbohydrate diet increased
AKT activation in the LNCaP xenograft tissue. Insulin receptor levels were also higher in the
neoplastic tissue of the animal on the high-carbohydrate diet (n = 5/group) (Fig A.1.5).
Mitogenicity of mouse serum in vitro: In view of the pronounced changes in hormone-
mediating signaling we wished to investigate if serum from animals on the carbohydrate diets
altered the growth of human prostate cancer cells in vitro. LNCaP cells were treated with serum
obtained from mice on the high- and low-carbohydrate diet (n = 20/group). The MTS method was
used to measure cell proliferation as previously described (528). LNCaP cells treated with 1%
serum from mice on the high-carbohydrate diet showed greater proliferation than cells treated
with serum from mice on the low-carbohydrate diet (optical density at 490nm from MTS cell

proliferation assay = 0.64 versus 0.29; difference = 0.35, 95% CI = 0.3 to 0.4; P =.005).

A.1.5. DISCUSSION

We examined the relationship between dietary carbohydrate intake and prostate cancer
behavior using the LNCaP model and observed that increasing carbohydrate intake (without
altering fat intake or total calories) augmented the growth rate of prostate cancer xenografts. The
high-carbohydrate diet was also associated with a major increase in host insulin levels, a modest
increase in host IGF-I levels, and, in neoplastic tissue, an increase in insulin receptor levels, AKT
activation, and the rate of cell proliferation. Most prior studies of modulation of signaling at
critical nodes such as AKT (which is downstream from receptors of the tyrosine kinase class and
upstream of mTOR) involved pharmacologic interventions (529); our data provide evidence for

an effect of macronutrient composition on AKT activation in LNCAP xenografts.



188

There was a small difference in the weight gain of mice between the dietary groups (Fig.
A.1.1), although the magnitude of the difference in tumor weight was greater than the difference
in body weight. It is possible that mice on the high-carbohydrate diet were slightly heavier due to
fluid retention because insulin has been reported to have anti-natriuretic properties (530).

Rapidly absorbed sugars are an important sources of carbohydrate in modern American
diets and evoke high surges in insulin levels (531-533). However, our results do not establish
that the effect of host diet on tumor behaviour was attributable to effects of diet on insulin.
Insulin is nevertheless a candidate mediator of the effect of the high-carbohydrate diet on prostate
cancer behaviour, in view of: 1) the well-known association of diets high in sugars with higher
insulin levels, 2) the detection of insulin receptors in the LNCAP xenografts, 3) enhanced
activation of AKT (a signaling protein that is downstream of the insulin receptor) in tumors of
mice on the high-carbohydrate diet, and 4) our observation of increased proliferation in vitro of
human prostate cancer cells that were exposed to serum from mice on the high-carbohydrate diet
compared to that of prostate cancer cells that were exposed to serum from mice on the low-
carbohydrate diet. These results of our study are consistent with an effect of hyperinsulinemia
related to the ingestion of sugars, and they might not have been observed if an isocaloric starch-
based carbohydrate diet had been used.

One limitation of our study is that we cannot exclude the possibility that some of our
observations are related to decreased protein intake. To maintain caloric equivalence, the diet
containing higher sugar levels had lower protein levels. Although it would also be of interest to
compare the effects of isocaloric, iso-protein diets that vary in the nature of the carbohydrate
(sugar versus starch), this is technically challenging because of differences in palatability that

could lead to differences in consumption.
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Our findings are consistent with population studies that showed an association between
higher levels of insulin or c-peptide (a surrogate marker of insulin levels that can be
conveniently measured in serum, especially when fasting samples are not available) with
adverse outcome in prostate cancer (523, 525). Further studies will be required to determine if
insulin directly mediates the effect of the diet, indirectly mediates the effect through an insulin-
regulated host factor that acts on neoplastic cells, or if insulin is simply a surrogate for another
effector molecule. However, prior circumstantial evidence consistent with a role for insulin in
neoplasia includes 1) the association of hyperglycemia with cancer risk and prognosis (534), 2)
the finding, over 20 years ago, that insulin deficiency is associated with reduced tumor growth
(535), and 3) the observation that transplantation of pancreatic islets to an ectopic site can lead to
carcinogenesis in that site (536). Regardless of the exact role of insulin signaling in regulating
tumor growth, it will be important to describe more comprehensively the dietary induced changes
in signaling pathways in neoplastic tissue and to determine if the activation state of IRS (Insulin
receptor substrate) family members, m-Tor (mammalian target of rapamycin), and S6-kinase are
altered by the dietary manipulation.

We also observed that the higher IGF-I levels in mice on the high-carbohydrate diet were
associated with more rapid tumor growth. These experimental results are consistent with
epidemiologic data (537, 538) showing that increased risk of prostate cancer, particularly
aggressive prostate cancer is associated with higher serum IGF-I concentration. IGF-1-mediated
signaling has received more attention in the context of neoplasia than insulin signaling, but our
data are compatible with the hypothesis that insulin itself may play a role in mediating the effect
of macronutrient composition of diets on tumor growth (526, 539).

The association of the high-carbohydrate diet with elevated circulating insulin levels was

expected based on previous results (527, 540, 541) but the increased levels of insulin receptors in
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the neoplastic tissue was an unexpected finding for which the mechanism is unknown. Although
IGF-I receptors on prostate cancer cells have been studied extensively (542-544), there is only
limited evidence that prostate cancer cells display insulin receptors (545), and our results justify
further research to better characterize insulin and insulin/IGF hybrid receptors in prostate cancer
using both laboratory models and tissue microarrays of human tumors.

Androgen deprivation therapy for prostate cancer, which is effective and in widespread
use, induces hyperinsulinemia in a substantial proportion of men (546, 547). This adverse effect
has been discussed in terms of its effect on quality of life and cardiovascular health in long-term
prostate cancer survivors (548, 549). However, it is possible that the hyperinsulinemic state also
influences risk of progression to aggressive, androgen-independent disease. This possibility is
being addressed by ongoing studies that seek to determine if inter-individual differences in
degree of castration-induced hyperinsulinism are related to time to emergence of androgen
independence.

Our results provide support for the concept that diets associated with reduction in insulin
level may have benefits for prostate cancer patients (550), particularly for the subset of patients
who are hyperinsulinemic. It should be noted that although obese men tend to be
hyperinsulinemic, some individuals described as “metabolically obese, normal weight” (551) are
also hyperinsulinemic, and cancer patients in this group (as well as obese men) may benefit from
strategies to reduce insulin levels. Our experimental data justify clinical research to determine if
optimization of macronutrient intake to meet, but not exceed, nutritional requirements, and to
minimize insulin levels, may lower prostate cancer risk and/or improve prostate cancer prognosis.
Pharmacologic agents such as metformin, which reduce hyperinsulinemia and associated
metabolic abnormalities, may also have a role to play in the treatment of metabolically defined

subsets of prostate cancer patients.
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Table A.1.1: Composition of low-carbohydrate and high-carbohydrate diets*

Dietary Parameters High-Carbohydrate Low-Carbohydrate

Composition of diet (% weight)

Carbohydrate (Dextrin + Sucrose) 47.5 11.4

Fat 23.8 22.8

Protein 17.9 51.5

Others (Minerals) 10.8 14.3
Energy cntribution (%)

Carbohydrate (Dextrin + Sucrose) 40 10

Fat 45 45

Protein 15 45

. *These data are provided in the specification sheets of the manufacturer.
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Table A.1.2. Calculated daily intakes and the caloric value for the treatment groups

Variable High -Carbohydrate | Low-Carbohydrate
Food consumed (g) /day / animal 4.77 4.83
Total Energy Value of diets /gm (Kcals/g) " 4.76 4.58
" Total energy consumed (Kcals) / day / animal 22.7 22.1

Grams Consumed / day / animal of *

Carbohydrate 2.27 0.55
Fat 1.14 1.1
Protein 0.85 2.49

Energy (Kcal) from dietary constituent / day /

animal * 9.08 22
Carbohydrate 10.2 9.9
Fat 34 9.96
Protein

*  Data provided in the specification sheets of the manufacturer

T  Total energy value X g of diet consumed
+ Composition X g consumed / 100
§ Calculated as grams of diet consumed / day / animal x physiologic fuel value (Carbohydrate,

Fat and Protein are approximately 4, 9, 4 Kcal/g respectively)
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Fig A.1.1. Effect of high carbohydrate-high fat and low carbohydrate-high-fat diets on
body weight. Mice (n =20/group) injected with LNCaP human prostate cancer cells were
confirmed to have tumors after 2 weeks and assigned to either the high-carbohydrate, high-fat
(HC-HF) diet (Black Square) (40% carbohydrate, 45% fat, and 15% casein) or the low
carbohydrate-high fat (LC-HF) diet (Black Diamond) (10% carbohydrate, 45% fat, and 45%
protein in the form of casein). Body weight was measured weekly over a period of 9 weeks. Error
bars correspond to upper the 95% confidence interval of the mean. Means were statistically

significantly different based on the two-sided Student’s ¢ Test (* P <.05).
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Fig A.1.2. Effect of diet on tumor growth. A) Tumor volume of mice injected with LNCaP
human prostate cancer cells and assigned (n = 20/group) 2 weeks later to the high carbohydrate-
high fat (HC-HF) (Black Square) or low carbohydrate-high fat (LC-HF) (Black Diamond) diet
was measured using calipers and recorded weekly over the 9 week treatment period. Error bars
correspond to the 95% confidence interval (CI) of the mean. B) At the end of the treatment
period, mice on HC-HF (Shaded Bar) and LC-HF (Black Bar) diets were sacrificed and tumors

excised and weighed. Error bars correspond to the upper 95% CI of the mean.
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C) Ratio of mean prostate tumor volume to body weight. The weekly change over the
treatment period in the ratio of the mean tumor volume to body weight for mice on the HC-HF
(Black Square) and LC-HF (Black Diamond) diets is shown. Means were statistically

significantly different based on the two-sided Student’s ¢ Test (* P <.05; ** P <.001).
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Fig A.1.3. Imunohistochemistry of proliferation marker Ki67 in tumor tissue from mice on
low-fat, high-carbohydrate and high-fat, high-carbohydrate diets. Inmunostaining was
performed on paraffin-embedded tumor sections (n = 10/group; 2 sections from each tumor)
using the Vectastain Elite ABC kit (Vector Laboratories). Cells with brown, granular nuclear
staining (indicated by arrows) were considered positive for Ki-67. A section of a tumor from

each treatment group is shown.
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Fig A.1. 4. Serum insulin and insulin-like growth factor levels in mice on high and low-
carbohydrate diets. A) Serum insulin in mice (n = 20/group) that had been assigned to high
carbohydrate-high fat (HC-HF) (Shaded Bar) and low carbohydrate-high-fat (LC-HF) (Black
Bar) diets was measured after 9 weeks. Means were statistically significantly different based on
the two-sided Student’s ¢ Test. Error bars correspond to the upper 95% CI of the mean. B) Serum
IGF-1 in mice (n = 20/group) that had been assigned to high carbohydrate-high fat (HC-HF)
(Shaded Bar) and low carbohydrate-high-fat (LC-HF) (Black Bar) diets was measured after 9
weeks was measured using an immunoassay. The degree of enzymatic turnover of the substrate
was determined by dual absorbance at 450 and 620 nm. Difference was statistically significantly
different based on the two-sided Student’s ¢ Test. Error bars correspond to the upper 95% CI of
the mean (* P <.05).
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Fig A.1.5. Comparison of activated AKT and insulin receptor levels in tumors from mice on
low-carbohydrate, high-fat and high-carbohydrate, high-fat diets. Total AKT,
phosphorylated AKT, and insulin receptor in individual lysates (5/group) prepared from
tumors excised at the end of the dietary treatment were detected on immunoblots by
electrochemiluminescence using antibodies specific for the insulin receptor and the
phosphorylated form of AKT. Detection of § actin was used as an internal control for protein

loading and transfer.
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Fig A.1.6. In vitro mitogenicity of serum from mice on low-carbohydrate, high-fat and high-
carbohydrate high-fat diets. LNCaP cells were plated at 5x10°/well and treated for a period of
72 hours with serum (1% in media) obtained from individual mice on the different diets (n =
20/group). High carbohydrate-high fat (HC-HF) (Shaded Bar) and low carbohydrate-high-fat
(LC-HF) (Black Bar). The MTS method was used to measure cell proliferation. Difference was
statistically significantly different based on the two-sided Student’s ¢ Test. Error bars correspond

to the upper 95% CI of the mean (* P <.05).
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