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ABSTRACT
Background: Low-grade chronic inflammation has been implicated as a risk factor
in prostate-related pathologies including benign hyperplasia and cancer. Age and
obesity are considered proinflammatory states and are established risk factors for
PCa. Given the epidemic of obesity as well as the advancing age of the US population,
there is a heightened interest in the development of diet-derived bioactive
compounds with anti-inflammatory properties. Sweet cherry containing the
bioactive anthocyanin (ACN), has demonstrated tumor inhibitory action in model
systems, specifically inhibition of inflammatory molecules and prostaglandin
biosynthesis. However, the metabolism and ACN doses exposure in cherries
remains uncertain. As such, there is interest to establish the exposure levels of
cherry derived bioactive in humans to develop a whole food approach to reduce
chronic inflammation as a strategy to reduce PCa risk. Objective: To assess the
urinary and plasma concentrations of ACN from the daily consumption of 3 cups of
sweet cherries for 4 weeks and test the relationship of ACN levels and cherry
consumption to inflammatory biomarkers in an at risk population. Design: This
single arm clinical intervention trial enrolled men during the 2011 summer.
Results: Cherry ACN levels differed by significantly by batch resulting in intra and
inter-individual variability in ACN exposure. A significant detection of circulating
and excreted C3RUT was observed. Prostaglandin E2 Metabolite (PGEM) levels were
reduced with cherry consumption in men with elevated baseline values.

Conclusion: We conclude that 1c (142g) of sweet cherries 3 times daily for 4 weeks



significantly reduced the COX-2 metabolite, PGEM, in men with elevated baseline
levels. This was the first study to examine the chronic effects of daily sweet cherries

on COX-2 inhibition in a population of men at elevated risk for PCa.



CHAPTER 1: INTRODUCTION
Inflammation and Risk of Prostate Cancer.

Prostate cancer (PCa) is the most common cancer among men in the United
States, with approximately 223,300 diagnoses and 29,000 PCa related deaths each
year [4]. An estimated 30% of men use some complementary approach to their
prostate care including vitamin supplements and diet intervention [5]. Low-grade
chronic inflammation has been implicated as a risk factor in prostate-related
pathologies including benign hyperplasia and cancer [6, 7]. Further, obesity [8] and
aging [9] are considered proinflammatory states and are established risk factors for
PCa. Given the epidemic of obesity as well as the advancing age of the US population,
there is a heightened interest in the development and use of pharmaceuticals and
diet-derived bioactive compounds with anti-inflammatory properties [10, 11]. The
identification of dietary bioactives with anti-inflammatory properties is an
attractive, presumptively safer dietary alternative to prescriptive use of non-
steroidal anti-inflammatory agents (NSAIDs) for reducing prostate disease and
cancer prevention.

The process of PCa development is a consequence of genetic and epigenetic
alterations that transform normal glandular epithelium to preneoplastic lesions
with progression to invasive carcinoma [7]. PCa is a predominantly sporadic disease
arising in men over the age of 50, with 75-85% of the occurrence in men over 65
years of age [9], reinforcing epidemiological studies which suggest that PCa is a

hormone-dependent cancer associated with prostatic inflammation [6]. Results
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from observational studies show positive associations of PCa risk with chronic
inflammation such as sexually transmitted infections, history of prostatisis, obesity
and metabolic syndrome, and inflammatory dietary intake patterns [12]. Clinical
evidence also indicates inflammation as an initiator of PCa. The Reduction by
Dutasteride of Prostate Cancer Events (REDUCE) trial, examined the effects of
inflammation in 5,597 men with elevated prostate specific antigen (PSA) levels. The
REDUCE trial found histologic inflammation in >78% of men enrolled in the study,
demonstrating inflammation’s ubiquitous nature in aging men [13].

The prostate is considered an immunocompetent organ and is populated
with leukocytes that increase in number with age, and consist of stromal and
intraepithelial lymphocytes (70-80% T cells, 10-15% B cells), macrophages, and
monocytes exhibiting strong inflammatory potential [6, 12]. Once activated these
cells can secrete various inflammatory cytokines (e.g. IL-6, IL-8, TNF-a)[12]. It is
hypothesized that this activation occurs via a combination of bacterial infections,
urine reflux, dietary factors, hormones and an autoimmune response that can
trigger the inflammatory cascade leading to chronic epithelial injury [6]. Injury to
the prostate epithelium elicits a stress and regenerative response, characterized by
proliferative inflammatory atrophy (PIA) or proliferative atrophy (PA) lesions [14].
This term was first used by Ruska et al. in 1998 to describe atrophic epithelia that
exhibit an increased proliferation index and a reduced apoptotic rate compared to
normal epithelium [15]. The frequency of the PIA in the prostate has been

investigated, and results indicate that lesions are highly associated with chronic
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inflammation seen in PCa [12]. Histological transitions between areas of lesions and
PCa, as well as prostate intraepithelial neoplasia (PIN), a precursor to PCa, have
been observed [12, 15]. The exact molecular and cellular mechanisms involving
stromal and epithelial components of the prostate leading to PCa remains unclear,
however, chronic up-regulation of inflammation is consistently observed in PCa
patients and is considered a risk factor for the development of PCa, [6, 12] processes
that may be accelerated in overweight/obese men [16].

Less than 10% of PCa occurs as the result of a single inherited gene defect,
while a much larger fraction of cases arise through multiple genetic and
environmental interactions. [7] One of the most commonly reported environmental
risk factors is obesity [17], and the associated inflammatory effects of adipokines
within adipose tissue [8]. With 1 in 3 men at risk of PCa and 33.8% of adult males
demonstrating overweight/obese status [18], PCa represents an ideal cancer for
chemoprevention. Independent of age, obesity produces a chronic inflammatory
state, potentially leading to PCa. Although studies assessing the association
between obesity and PCa incidence have yielded inconsistent results [17, 19],
conclusive evidence exists that obesity is associated with PCa aggressiveness,
progression and mortality [16]. The principle mechanism that links obesity to PCa
is the production of adipokines (e.g. leptin, vascular endothelial growth factor) [8].
These pro-inflammatory effects of adipose released cytokines may alter

tumorgenesis via nuclear signaling pathways [16].
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Experimental evidence suggests the use of anti-inflammatory drugs (e.g.
NSAIDs) may be useful in PCa prevention. Mahmud et al. (n = 12,238) found a 42%
reduction in the odds of PCa occurrence in chronic aspirin users, a non-selective
cyclooxygenase (COX) inhibitor (CI 0.82-0.99). Whereas, they found a non-
significant reduction of 13% in general NSAID users, (OR: 0.87, CI: 0.61-1.24) [20].
Celecoxib, a selective-COX 2 inhibitor, has been assessed in three phase-II
randomized clinical trials in patients post radical prostectomy or radiation therapy.
All trials utilized PSA as endpoints, resulting in a 20-28% reduction of circulating
PSA compared to a placebo group [21-23]. However, one trial was terminated early
due to the increased incidence of cardiovascular risk in the treatment arm [22].
Large clinical trials are limited and have produced inconsistent results on the
impact of NSAIDs in primary PCa prevention [12]. Given the potential
gastrointestinal adverse effects of NSAIDS and the seriously adverse cardiovascular
effects of selective COX-2 inhibitors [20], further investigation of non-
pharmaceutical based anti-inflammatory agents is necessary.

A modest delay in clinically symptomatic disease and/or disease progression
could significantly affect the quality of life of men by reducing treatment-associated
comorbidities that arise in 50% or more men [7]. Therefore a non-pharmaceutical,
anti-inflammatory dietary strategy for PCa is an extremely attractive model for risk
reduction.

The Cherry as a Biological Active Fruit for Disease Prevention.



13

Sweet cherry, a fruit belonging to the genus Prunus in the Rosaceae family,
contains several active compounds that have demonstrated tumor inhibitory
activity in model systems [24]. The anti-cancer bioactives of cherries include the
fruit’s abundant sources of fiber, phytonutrients and antioxidants [25]. The health-
promoting biological effects, particularly of anthocyanins (ACN), in regards to
inflammatory molecules and prostaglandin biosynthesis [26-29] are of particular
relevance to PCa prevention. As such, there is interest to establish the necessary
exposure levels of cherry derived bioactive in humans in order to demonstrate an
effect of these compounds as a whole food approach to reduce chronic inflammation
as a strategy to reduce cancer risk [30].

Cherries and other fruits rich in bioactive polyphenols (e.g., raspberries,
blueberries) have been widely studied in several models of inflammation including
early phase clinical trials for a number of disease pathologies, such as cancer and
cardiovascular disease [31-35]. Studies conducted using cell culture and animal
model systems have found fairly consistent effects of cherry bioactives, such as
cyanidin (Cy) on biomarkers of inflammation [36-39]. These studies are
summarized in Table 1 and 2.

Kim et al. examined the anti-inflammatory effects of phenolics on neuronal
cells from different sweet and sour cherry varieties, finding a dose dependent
protective effect against cell-damaging oxidative stress, citing strong anti-
neurodegenerative activity [40]. Tall et al.,, examined tart cherry extract’s impact in

a mouse model of inflammation, finding a dose-dependent reduction in hyperalgesia
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Table 1. Cy impact on inflammation in cell lines

Reference Cell line ACN Dose Outcome Primary Results
Houetal. LPS activated 5 ACN* 75uM x  Effecton Cy and Delphinidin
macrophages 30 min expression of treated cells:
(RAW 264) COX-2 W COX-2 mRNA and
protein levels
Seeram et Human tumor 5 ACN* 40 uM x  Inhibitory effect Cy most potent inhibitor
al. cell lines (Cy from 48 hrs on COX-1 and W COX -1 activities by
(MCF-7 and tart COX-2 activity 52.2%
SF-268) cherry) WV COX-2 activities by
74.2%
Munoz- Prostate CA Cy 0.5-1 uM Effecton PGE2  WPGE2 and COX-2
Espadaet (LNCaP) x 24 hrs  and COX-2 protein levels
al. levels V¥ mRNA levels of COX-2
and PPARy
Wang et THP-1 C3G 100uM Determine anti- WiNOS and PGE2 mRNA
al. activated x24 hrs inflammatory and protein levels
macrophages mechanism WNF-kB binding activity
VIkBa phosphorylation
Choietal. H0;activated Cy 0.5-10.0  Examine the WNF-kB, COX-2,iNOS
human diploid pg/ml anti-aging expression
fibroblast (WI- effects of Cy Wlipid peroxidation
38) AWI-38 cell life span
Acquariva DNA derived Cy 100 Effects on DNA  WDNA cleavage
etal. from plasmid C3G 200 cleavage and Vfree radical scavenging
(pBR322) 200 free radical
pumol/L  scavenging
capacity
Reddy et Human tumor  C3G 12.5-200 Effects on COX Vlipid peroxidation
al. cell lines (AGS, pum/ml activity and WV CO0X-1 and COX-2
HCT-116, tumor cell expression
MCF-7, NCI- growth V(a cell growth
H460, SF-268) inhibition
Shih etal. Human AGS 5 ACN 100- Effects on cell Vapoptosis in 24 and 48
200uM x  cycle hrs post treatment
24hrs progression and A\p38 kinase expression
induction of WERK activity
apoptosis
Chenetal. Humanbreast C3G 2uM x5 Demonstrate WV cell growth via G2/M
cancer cell P3G** days anti-cancer arrest
lines effects of ANC Veylin-dependent
(HS578T) kinase-1, 2, cylin B1 and

cylin E protein levels

*5 ACN used: Cyanidin, Delphinidin, Pelargonidin, Peonidin, Malvidin. AGS = gastric adenocarcinoma
cells, P2G =Peonidin-3-glucoside
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Table 2. Anti-inflammatory effects of cherries in cell lines

Reference Cell line ACN Outcome Primary Result
Kim et al. H»0, Sweet and tart cherry Impact on neuronal Aneuronal cell
activated phenolic extracts (3- oxidative stress viability
neuron 220mg/100g) x 10 min Voxidative stress
Kangetal. Humancolon ANC (0-100 uM) Inhibition of colon Ca W cell growth
cancer (HT Cy (0-250 puM) cell growth
29and HCT  x72hrs
116)
Anti-inflammatory effects of cherries in animal models
Reference Model Intervention Outcomes Results
Kangetal. APCMinmice Control diet (CD) Inhibition of intestinal ~ Wfrequency and
CD + ANC (800mg/1) tumor development size of cecal
CD + Cy (200mg/1) adenomas
CD + cherry
(300g/kg)
X 10 weeks
Tall et al. Male CcDh Efficacy of orally Vinflammation-
Sprague CD + ANC (15mg/kg) administered ACN induced thermal
Dawley rats* CD+ ANC (85mg/kg) from tart cherries on hyperalgesia
CD + ANC (400mg/kg)  inflammation-induced W mechanical
pain behavior in rats hyperalgesia

Vpaw edema

He etal. Male Control diet (CD) Investigate the anti- WTNF-a and PEG2
Sprague CD + ANC (10mg/kg) inflammatory and in seum levels
Dawley CD + ANC (20mg/kg) anti-oxidative effects Aanti-oxidant
rats** CD + ANC (40mg/kg) status
Anti-inflammatory effects of cherries in human models
Reference Participants Intervention Outcomes Results
Kelley et 18 health Bing cherry 280 g/d x Determine the effects of ~ WCRP, NO and
al. adults 28 days sweet cherries on RANTES
plasma lipids and
markers of inflammation
Connolly et 14 male 240z tart cherry juicex  Effects of tart cherry Wself reported
al. athletes 8 days juice in preventing the pain
symptoms of exercise WVelbow strength
induced muscle damage. loss
Karlesen et 120 healthy  Placebo ANC supplementation WNF-kB
al. adults Medox ACN affect on NF-«xB activation
supplement activation WIL-8, RANTES,
(300mg/day x 3 wks) and IFNa
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and paw edema [36]. Similarly, He et al., investigated the anti-inflammatory effects
of cherries in a rat model of inflammation, finding a significant reduction in the pro-
inflammatory mediators tumor necrosis factor-alpha (TNFa) and prostaglandin E2
(PGE2) after 28 days of oral administration of cherry ACN [37]. Additionally, small
pilot studies in humans suggest that increased cherry consumption can reduce
inflammatory markers in healthy adults. Kelley et al., examined the effects of
consuming 300g of Bing sweet cherries for 28 days in 20 health volunteers, and
found lowered pooled serum concentrations of potent inflammatory mediators, C-
reactive protein (CRP) and nitric oxide (NO) [41]. In a randomized, placebo
controlled, crossover trial in 14 male athletes, Connolly et al., found that consuming
120z of tart cherry juice (estimated to contain 600mg phenolic compounds and
40mg ACN) twice daily for 8 days, significantly reduced self-reported symptoms of
exercise induced muscle pain and attenuated measured elbow muscle strength loss
following an eccentric exercise program [42]. While a number of questions remain,
such as the specific chemical nature producing the anti-inflammatory effects of
cherries, the between fruit variation, and the bioavailability in man, collectively, the
cell culture, animal model and healthy adult studies are highly suggestive of potent

anti-inflammatory activity of cherries.

Anthocyanins (ACNs) as a class of Bioactive Compounds enriched in Cherries
The major class of polyphenols in cherries, hypothesized to have anti-

inflammatory and anti-cancer activity, are ACNs [43]. ACNs, water-soluble
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Figure 1. Six naturally occurring ACN structures (Wu et al. 2002)
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flavonoids, are responsible
for the brilliant red, purple, or
blue color of fruits and
vegetables and they are one
of the most abundant classes
of flavonoids. It is estimated
that the average American’s
daily intake is 180-
215mg/day [44]. ACNs are
glycosides and aclyglycosides

of anthocyanidins, and vary in

structure by different hydroxyl or methoxyl substitutions on their flavylium

configuration [45].

There are six naturally occurring ACN compounds (see Figure 1). The six

ACNs differ by three primary aspects: the number of hydroxyl groups in the

molecule or the degree of methylation of these hydroxyl groups, the number and

location of the sugars attached to the molecule, or the number and nature of the

aromatic acids attached to the sugars in the molecule [2, 44]. Cyanidin (Cy) and its

glycosides (CyG) are the major collection of naturally occurring anthocyanins,

largely distributed in the human diet [46] and the predominate ACN found in

cherries [25]. Itis estimated that sweet cherries contain 80mg of ACN per cup, with
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approximately 90% attributed to Cy residing in its flesh and skin [47], whereas tart
cherries have less ACN as the Cy concentration is limited to the skin [24].

Naturally occurring Cy is typically glycosylated with glucose, galactose or
rutinoside at the carbon-3 hydroxyl group [44]. The primary Cy found in sweet
cherries is Cy-3-rutinoside (C3RUT), secondary Cy concentration is Cy-3-glucoside
(C3G), while minimal amounts of peronidin-3-rutinoside (P2RUT) exist [40, 48].
However, the available data on ACN and polyphenolic content in cherries by species
and ripeness is limited and highly inconsistent [49]. Kim et al. evaluated total ACN
in sweet and sour cherries using a non-specific colorimetric analysis reporting
substantially more phenolic and total ACN in sour cherries compared to sweet
cherries. The most ACN-rich sour cherry, the Sumadinka cherry, contains more
ACN (109.2mg/100g) compared to the most ACN-rich sweet cherry, the Hartland
cherry (76.6mg/100g) [40]. Using high performance liquid chromatography
coupled with diode array detector (HPLC-DAD), Serrano et al. examined the total
ACN composition of 11 different sweet cherry varietals, finding extreme variability
between variety as well as stages of ripening. Brooks cherries were reported to
have the lowest concentration of ACN (10mg/100mg), whereas Sonata cherries had
the highest (200mg/100mg). Also noted, there was a trend of increasing ACN
concentration during the 16 day storage at 2°C post harvest [50]. Determining the
ACN pigment content by the pH-differential method via 300-UV spectrophotometer,
Chaovanalikit and Wrolstad assessed total ACN concentration and processing effects

of 3 varieties of sweet cherries and 1 tart cherry variety. The results revealed Bing, a
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sweet dark cherry, to have the highest ACN concentration (60.6mg/100g) where
Montmorency tart cherries had the second highest concentration (36.5mg/100g).
The pale flesh sweet cherries, Royal Ann and Rainier cherries, had the lowest ACN
concentration (2.2mg/100mg and 2.1mg/100mg, respectively) [49]. This extreme
variability in the concentration of cherry ACN can be attributed to distinctive ACN
measurement methodologies, as well as cherry production and processing
conditions [24].

Several pre and post harvest conditions, as well as processing factors, have
been described as effecting ACN content in cherries. Pre-harvest factors include
temperature, light intensity, fruit crop maturity and soil types. For instance, high
temperature and light intensity throughout the growing season can significantly
enhance ACN concentration in cherries [25]. Additionally, an increase in harvest
stage and fruit ripening can exponentially enhance the total ACN within the same
cherry variety [50]. Post-harvest factors such as storage and processing can
dramatically decrease cherry ACN concentration as well [25, 49]. Chaovanalikit and
Wrolstad found a 75% reduction in ACN content after storage in -20°C for 6 months,
compared to a 10% reduction in cherries stored at -80°C for 6 months[49] In 2010,
McCune et al., concluded that the total antioxidant activities and exact

measurements of ACN in cherries remains unclear [24].
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Biological Affects of Specific ACNs.

Cyanidin (Cy), the principal ACN found in cherries, has been reported to
attenuate the inflammatory response associated with the initiation of cancer [43, 51,
52]. Proposed mechanisms include inhibition the cyclooxygenase (COX 1 and COX
2) enzymes [28, 53, 54], TNF-a [55], inducible nitric oxide synthase (iNOS) derived

nitric oxide (NO) [29], and non-specific inhibition of proliferation [54, 56, 57].

ACNs as natural cyclooxygenase 2 inhibitors.

Cyclooxygenase (COX) catalyzes the initial step in the formation of
prostanoids (PG), potent inflammatory mediators implicated in the development of
cancer [58, 59]. The COX enzymes consist of at least 2 isoforms, COX-1 and COX-2.
COX-1 is expressed ubiquitously in human tissue and plays a role in the production
of PG in normal physiological processes, such as platelet aggregation and gastric
acid regulation. COX-2 expression is induced in response to inflammatory and
mitogenic stimuli [51]. Alarge body of evidence indicates COX-2 expression and
prostaglandin E2 expression in a number of cancer cell lines, including PCa [51, 58].
Overexpression of COX-2 can increase cell proliferation and inhibit apoptosis
influencing both the initiation and progression of cancer [60].

Through peroxidation, COX-2 donates two oxygen molecules to arachidonic
acid, which then undergoes reduction to form prostaglandin H2 (PGH2). PGH2 can
be synthesized into PGE2 via PGE synthase or into thromboxane A2 (TBXA2) via

thromboxane synthase. Both, PGE2 and TBXA2 are mediators in the chronic
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inflammatory process leading to tumorigenesis [39, 59, 61]. Epidemiological
evidence indicates a significant association between regular NSAID use and a
reduction in risk for cancers of various organ sites (breast, colon and prostate) [61].
Over the past two decades, pharmacological inhibition of COX-2 has become a major
area of research for targeted cancer prevention [58, 59]. However, as discussed
above, the non-selectivity of multiple NSAIDs has multiple associated toxicities
including GI effects, increased risk of bleeding, as well as cardiac complications. As a
result, alternative strategies have been sought [61]. Accumulating preclinical
evidence indicates that the ACN compound Cy, has potent cyclooxygenase inhibitor
activity with limited toxicity and, therefore, may offer a less toxic option for
prevention [39].

A number of published reports demonstrate Cy’s abilities to inhibit the
expression of COX-2 in cell lines [54, 62, 63]. Hou et al,, examined the effects of five
different ACNs on LPS-activated macrophage cells. They found, two ACNs,
delphinidin and Cy, significantly inhibited COX-2 expression [39]. In 2001, Seeram
et al., found that cherry and raspberry ACN’s (125 uM concentration) had the
highest reduction in COX inhibition compared to blackberry, blueberry, strawberry,
and cranberry. In fact, sweet cherry had the highest COX-2 inhibition at 47.2% and
was comparable to the observed COX-2 inhibition of the NSAIDs, ibuprofen and
naproxen (10 uM concentrations) [28]. Later, Seeram et al. examined specifically
Cy’s ability to inhibit COX in human cancer cells, and found a reduction of 52.2% and

74.2% of COX-1 and COX-2 expression, respectively [54]. Specific to PCa cells,
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Munoz-Espada et al. treated cells with 1 uM of Cy and found an attenuation of
arachidonic acids effect on increasing PGE2, as well as a significant overall reduction
of PGE2 production and COX-2 expression, within this cell line [27]. The cell culture
evidence supports the study of Cy in cancer prevention as a non-selective COX
inhibitor, with a preferential inhibition of COX-2.

The principal mechanism proposed to explain Cy’s inhibitory affect on COX-
activation is suppression of the functional activation of NF-kB. Multiple studies
support Cy activity to reduce NF-«kB nuclear translocation via inhibition of [kBa
phosphorylation, thus preventing the expression of COX2 and production of
inflammatory cytokines and chemokines [62, 64]. The inhibition of IkBa activation
occurs through the down-regulation of mitogen-activated protein kinase (MAPK)
pathways attributed to Cy antioxidant properties. However, it is has also been
proposed that Cy may inhibit transcription of NF-kB by directly inhibiting
transcription via up-regulation of the nuclear receptor signaling pathway, liver X
receptor o (LXRa). Wang et al,, found a dose dependent decrease in PGE2, and
proposed NF-xB inhibition due to a significant decrease in IkBa phosphorylation as
well as inducing transcription activities of LXRa [29]. A study examining 120
healthy adults, found supplementation with 300mg/day of ACN for 3 weeks
mediated several NF-kB related inflammatory mediators, such as IL-8, normal T cell

expressed and secreted (RANTES) and IFNa [64].

Cy as ROS scavenger attenuating cyclooxygenase 2 expression.
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Cy also serves as a potent antioxidant, scavenging free radicals and
protecting against DNA cleavage and lipid peroxidation [26, 53, 65]. Marked
elevation of ROS can activate NF-kB translocation to the nucleus, thus inducing COX-
2 expression. The antioxidant effects of Cy in sweet cherries could attenuate COX-2
expression, thus potentially decreasing initiation of PCa [51]. These biological
properties observed in vitro support multiple effects of Cy resulting in the inhibition
of known mediators of tumor development [26, 28].

Hypoxia, another component of chronic inflammation present in PCa
patients, induces high levels of ROS [6]. ROS compounds, including hydrogen
peroxide (H202), peroxynitrite (ONOO-), hydroperoxyl radical (-OH) and superoxide
anion (0O2), promote mutagenic DNA damage, lipid peroxidation and activation of
COX-2 expression, which can lead to cancer initiation [66]. Multiple studies have
illustrated several antioxidant enzymes, such as superoxide dismutase and
glutathione-S-transferase are down regulated in PCa. [67-69]. Cy has a dose-
dependent antioxidant potential, directly scavenging free radicals, which are
implicated in the initiation of PCa [70]. Choi et al. noted Cy markedly blocked
intracellular ROS regeneration, specifically 02", H202, ONOO- and NO in cells treated
with Cy (0.5-10.0 pg/ml) for 24hours [62]. Acquavivia et al., found Cy and C3G (5-
30 pmol/L) prevented DNA damage, as well as dose dependent free radical
scavenging activity [65]. Using fluorescence spectroscopy, Mulabagal found a 70%

reduction in lipid peroxidation with addition of 250 pg/mL cherry fruit extract [26].
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Direct anti-carcinogenic effects of ACN

As well as inhibition of carcinogenic signaling pathways, several studies have
suggested Cy can directly inhibit tumor cell growth and induction. Reddy et al.,
evaluated the effects of multiple soluble natural food colors, including ACN, on COX
enzymes and tumor cell growth inhibition in several cancer cell lines. They found all
ACN pigments inhibited COX-1 and COX-2 and illustrated a dose-dependent growth
inhibition against breast, colon, stomach, central nervous system and lung tumor
cells [53]. Shih et al., examined the anti-tumor effects of five aglycone ACN that
consisted of Cy and four glycosylated ACN, including C3GLU, in human gastric
adenocarcinoma cells and found that ACN inhibited cell growth via induction of
apoptosis [57]. Similarly, other studies have found that treatment with C3G, the
principle Cy in sweet cherries, resulted in a strong inhibitory effect on tumor cell
growth [56]. Examining the effects of ACN in tart cherries, Kang et al,, found a
significant inhibition of tumor development in the Apc™i» mouse model of colorectal
cancer as well as attenuation of proliferation of human colon cancer cells [71]. This
growing evidence implicates the use of Cy in a cancer prevention model.

This extensive preliminary ex vivo and in vitro evidence suggest Cy may have
a potential role as a cancer chemopreventive compound. [29, 56,57, 72]. However,
despite the strong preclinical evidence, ACN metabolism, distribution and
bioavailability from dietary sources in man remain poorly understood and

controversial [44, 46].
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Metabolism and Biodistribution of ACNs from whole food sources

In order for bioactive compounds in cherries to have relevant bioactivity for
chemoprevention in humans, bioavailability of these compounds from whole food
sources must be assessed. Initially, it was proposed that only aglycones of Cy were
absorbed via entrocytes, whereas glycosylated forms were poorly absorbed due to
no known specific enzyme that selectively hydrolyze glycosidic bonds [44, 45].
Extremely low levels of circulating ACN plasma levels and urine excretion rates post
intake reinforced this theory. For example, only 0.018-0.37% total ACN ingested are
thought to be excreted in urine, and plasma levels are typically lower or
nondetectable [44]. Detection is complicated by the complex absorption of Cy,
which until recently, had not been well established. Furthermore, typical detection
methods hinder the accuracy of determining Cy bioavailability as they involve
acidification of biomatrix at neutral pH. However, Cy can rapidly be oxidized or
reduced, given the pH [46].

Recently, the metabolism of Cy has been more clearly defined for man. Itis
now believed that Cy is primarily absorbed in the stomach, presumably by the
organic anion carrier, bilitranslocase [73] or absorbed by simple diffusion in the
jejunum. Wherease, CyG absorption is mediated via sodium dependent glucose
transport receptors in the intestinal epithelium [44]. CyG may have several distinct
fates in the intestine: pass unchanged into the plasma, undergo methylation on the
3’ or 4’ hydroxyl position, glucuronidation, or hydrolysis by (-glucosidase to Cy.

However, due to the plasma pH, the algycone Cy rapidly converts to its end
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metabolites phloroglucinol aldehyde and protocatechuic acid (PCA). New detection
techniques with greater sensitivity and specificity, as discussed below, have made it
possible to capture unchanged glycosylated anthocyanins as well as methylated
derivatives and glucoronide conjugates previously not detected in the urine or
plasma post ingestion of Cy sources [46, 52, 73]. Notably, once Cy reaches the lower
GI tract, low molecular weight catabolites of ACN are absorbed after
biotransformation by the colon microflora. These metabolites (benzoic acids and
PCA) escape most common detection methods, further obscuring estimated
exposure levels of circulating Cy post ingestion [52, 73]. CyG may undergo
methylation, glycuronidation or hydrolysis in the intestine, liver, kidney, or tissues
to form methylated derivatives, glucuronides conjugates or algycone Cy. Itis
hypothesized that CyG is methylated via catechol-O-methyltrasferase, or acts as a
substrate for UDP-glucose dehydrogenase to form glycoside glucuronides [52].In a
12-hour pharmakinetic study, Felgines et al.. identified C3G metabolites via HPLC.
They found native C3G as well as methylated glycosides, glucuronides of ACN and a
sulfoconjugate of Cy in the urine of 5 healthy volunteers post ingestion of 200g of
blackberries [74]. Other studies examining the absorption and metabolites of
dietary ACNs have found C3G and C3SAM, as well as four other metabolites [45]. The
presumed absorption pathway for cyanidin follows the first order of kinetics, as the
urinary excretion rate is rapid 3-4 hours post ingestion and subsequently declines

[44]. The complicated metabolism of ACN has made it very difficult to accurately
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calculate ACNs and metabolite exposure in an individual post ingestion of whole
food products, such as cherries.

Conventionally, ACNs are measured and quantified using high-performance
liquid chromatography (HPLC) coupled with ultraviolet/visible (UV-vis)
spectrophotometry [40, 50]. However, HPLC in general has limited sensitivity,
particularly at quantifying very low concentrations of metabolites and conjugates.
Furthermore, HPLC-UV requires a long run time to achieve optimal resolution to
avoid interference substances. Recently, HPLC coupled with tandem mass
spectrometry (LC-MS/MS) has become the preferred technique for rapid detection

quantification of small molecules. [75].

Possible Toxicity of ACN

In addition to health-promoting bioactivity, naturally occurring compounds
in whole foods may result in toxicity when consumed in large quantities. This
potentially includes ACN found in cherries. As stated previously, Cy may be
transported to the liver were it can be converted to 3’'0-methylated forms (C2SAM),
where S-adenosylmethionine would serve as the methyl donor and S-
adenosylhomocyteine might be produced as a byproduct (see figure 2) [3, 44].
Epidemiologic studies over the past 30 years have provided ample support for the
association of mild hyperhomocysteinemia with an elevated risk of

atherothrombosis [76]. Yet several large, prospective trials initiated over the past
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Figure 2. Proposed pathway for the methylation of ACN and
production of homocysteine (Nakagawa et al. 2002)
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10 years have yet to find an
association between lowering
serum homocysteine
concentrations and decreased
rates of vascular events [77] [78,
79]

In a 2002 study, rats
were ad