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ABSTRACT

Cruciferous vegetables and their bioactive constituents have been shown to inhibit chemically
induced colon cancer (IARC, 2004). However, the results of epidemiological studies have
been inconsistent (IARC, 2004). This may reflect a lack of sensitivity of such studies. One
factor that is often overlooked by epidemiological studies is the effect of processing.
Processing may alter the content of the bioactive compounds present in cruciferous vegetables
or their bioavailability. Cruciferous vegetables contain numerous bioactive compounds, but
their anticarcinogenic properties have been mainly attributed to their content of glucosinolates
(GLS). The breakdown of GLS to their bioactive products is largely dependent on the plant
enzyme myrosinase, whereas the profile of products formed, depends on the parent GLS,
conditions of hydrolysis and the presence of a cofactor, epithiospecifier protein (ESP).
Thermal processing may inactivate myrosinase and ESP thereby altering the location and
extent of GLS breakdown within the Gl tract and the profile of breakdown products formed.
This may in turn, determine whether cruciferous vegetables exert beneficial or detrimental
effects. A pig feeding trial was conducted to investigate the effect of blanch-freezing on the
ability of broccoli (600 g/d; 12 d) to influence putative intermediary biomarkers of colon
cancer, including DNA damage in colonocytes, the xenobiotic metabolising enzyme (XME)
system, the colonic microflora and SCFA concentrations. The consumption of raw broccoli
(cv. Marathon) caused a significant 27% increase in DNA strand breakage (measured by the
‘comet assay’) in colonocytes (P=0.025), whereas blanched-frozen broccoli had no significant
effect. Both broccoli diets had no significant effect on XME or the concentration of SCFA,
but they caused an increase in the ratio of lactobacilli to coliforms of borderline significance
(P=0.065). A second trial was conducted to further investigate the effect of raw broccoli
consumption. Pigs were fed a different cultivar of raw broccoli (cv. Monaco) or raw carrots
(cv. Nairobi). Carrots were fed to explore whether a raw vegetable high in antioxidants but
devoid of GLS would influence colonocyte DNA damage. Results were similar to the first
experiment, raw broccoli caused a significant 54% increase in DNA strand breakage
(P<0.001), whereas raw carrots had no significant effect; both raw vegetables caused a
significant increase in the ratio of lactobacilli to coliforms (P<0.001, broccoli; P=0.002,
carrots), but had no effect on other measures. These studies appear to be the first to report that
raw broccoli consumption causes an increase in DNA strand breakage in colonocytes.
Collectively, they suggest that the consumption of high intakes of raw broccoli may not be

advisable.
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Chapter 1

Literature Review

1.0 Introduction

Colorectal cancer (CRC) is a major public health burden in westernised societies. It is the
third most common cancer in the UK, with approximately 36,000 new cases and 17,000
deaths registered each year (Ferlay et al. 2004). The incidence of CRC increases with age in
both sexes, but age standardised incidence rates are higher for males than females, with a ratio
of approximately 1.4:1 (Ferlay et al. 2004). Inherited cancer syndromes, such as familial
adenomatous polyposis (FAP) and hereditary non-polyposis colon cancer (HNPCC, also
called Lynch syndrome) account for 5-10% of CRCs, but most appear to arise sporadically
(Lynch & de la Chapelle 2003). A number of environmental factors appear to influence risk
such as alcohol intake, smoking, physical activity, non-steroidal anti-inflammatory drugs, and
diet (Giovannucci et al. 1994; WCRF/AICR 1997; Colditz et al. 1997; DoH, 1998;

Giovannucci et al. 2001; WCRF/AICR 2007).

1.1 The biology of the colon and pathogenesis of CRC

The colon, in common with the rest of the gastrointestinal tract, consists of four layers: the
mucosa, submucosa, muscularis, and serosa (Tortora & Derrickson 2009). The luminal
surface of the mucosa is lined with epithelial cells, which fold inwards to form a number of
crypts (Booth & Potten 2000). The three principal differentiated epithelial cell types are
absorptive colonocytes, goblet cells and enteroendocrine cells (Cohn et al. 2009). These
appear to develop from common epithelial stem cell precursors believed to be located at the

base of each crypt (Cohn et al. 2009).



Stem cells populate each crypt by a process of asymmetrical division that results in the
production of one stem cell and one daughter cell. The daughter cell is thought to undergo
several further symmetrical divisions as it moves up the lower part of the crypt (Potten &
Morris 1988). As each daughter cell continues its upward migration it undergoes terminal
differentiation. At the surface epithelium, senescent cells are lost into the lumen probably by a
combination of shedding and apoptosis (Hall et al.1994). Goblet cells and absorptive
colonocytes take from 3-6 d from mitotic daughter cell to loss at the surface epithelium,
whereas some enteroendocrine subtypes seem to have a longer lifespan (Tsubouchi &

Leblond, 1979).

Normally, cell numbers in each crypt are tightly controlled and the rate of production of new
cells in the proliferative zone at the crypt base and the rate of cell loss at the surface
epithelium is matched (Kinzler & Vogelstein 2002). During carcinogenesis there appears to be
an expansion of the proliferative zone and a dysregulation of crypt homeostasis that leads to

an accumulation of abnormal cells (Chapkin et al. 2000; Kinzler & Vogelstein 2002).

The first morphologically recognisable change during colorectal carcinogenesis is the
appearance of aberrant crypt foci (ACF), which can be either dysplastic or heteroplastic
(Mé&kinen, 2007). Dysplastic ACF may progress to form adenomatous polyps, whereas
heteroplastic ACF may progress to form hyperplastic polyps (Makinen, 2007). The majority
of CRCs appear to arise from adenomatous polyps, however, some CRCs seemingly develop
from a neoplastic subset of the hyperplastic polyps, termed ‘sessile serrated adenomas’

(Goldstein et al. 2003; Torlakovic et al. 2003).

Fearon and Vogelstein (1990) proposed a model of common genetic alterations to explain the
transition from normal mucosa through the adenoma-carcinoma sequence (Fig 1.1). The

model described loss of function of 3 tumour suppressor genes (APC, 5q21; DCC, 18q; TP53,
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17q), gain of function of 1 oncogene (KRAS, 12p) and global DNA hypomethylation as being
common key events driving colorectal tumourigenesis (Fearon & Vogelstein 1990). The loss
of function of the APC gene was identified as the initiating event in most CRCs. The APC
gene was originally identified as the gene responsible for the inherited syndrome, FAP, which
is characterised by the appearance of multiple adenomas in early adulthood, some of which
progress to cancer (Bodmer et al. 1987; Kinzler & Vogelstein 2002). The main mechanism
through which the loss of function of APC is thought to initiate carcinogenesis is by
promoting aberrant Wnt signalling (Fodde, 2002). The wild type APC protein negatively
regulates Wnt signalling by promoting the degradation of a signalling protein, called -catenin
(Logan & Nusse 2004). The loss of APC function seemingly prevents the degradation of -
catenin. This results in the aberrant activation of Wnt signalling and the expression of a
number of genes such as cyclin D1 and c-MYC, which promote cellular proliferation (He et
al. 1998; Logan & Nusse 2004). Other mechanisms through which APC mutation may
contribute to colorectal tumourigenesis include disturbing the orderly upward migration of
cells in the colonic crypts and possibly contributing to the development of genetic instability

(Fodde, 2002).

Fearon & Vogelstein (1990) also identified global DNA hypomethylation as an early event in
colorectal tumourigenesis. They proposed that hypomethylation, may lead to the expression of
genes that are normally silent and also contribute to genetic instability, thereby increasing the
rate of acquisition of allelic losses of tumour suppressor genes. More recently it has become
apparent that in addition to global hypomethylation, tumours often contain genes that have
been inactivated by hypermethylation of their gene promoters (see section on CpG island

hypermethylation, pg 7; Esteller, 2005).
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Fig.1.1 A genetic model for colorectal tumourigenesis.
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Mutation of KRAS was suggested to occur in approximately 50% of tumours at an
intermediate stage of CRC development, promoting further growth and division (Vogelstein et
al. 1988). The KRAS gene encodes for a plasma membrane associated GTP binding protein,
which functions as an on/off switch for a diverse array of signalling cascades (Campbell,
1998). The RAS protein becomes active when extracellular ligands bind to receptors on cell
surfaces and stimulate the RAS protein to bind to GTP. Activity of the normal RAS protein is
terminated by the hydrolysis of GTP to GDP, catalysed by GTPase activating proteins
(GAPs). However, mutant RAS proteins become insensitive to GAPs, and therefore remain in
a GTP bound active state, promoting proliferation and survival of transformation prone colon

cells (Haubruck & McCormick 1991; Kranenberg, 2005).

Loss of all, or part of the long arm of chromosome 18 was identified as a common event
occurring relatively late during tumour progression. Such abnormalities are rarely found in
early adenomas, but VVogelstein et al. (1988) reported a frequency of approximately 50% and
70% in late stage adenomas and carcinomas respectively. Initially, the DCC (Deleted in
Colorectal Cancer) tumour suppressor gene was proposed to be the critical gene loss on 18q
(Fearon & Vogelstein 1990). Subsequently, however, two further candidate tumour suppressor
genes, SMAD2 and SMAD4 were identified near to DCC (Takagi et al. 1996; Takagi et al.
1998). Currently, it is uncertain which if any of these genes are the most important target of

loss of heterozygosity (LOH).

The transformation from large adenoma to carcinoma is often accompanied by the loss of
function of the TP53 gene located on chromosome 17p. Generally, loss of TP53 function
results from deletion of a large part of chromosome 17p that eliminates one TP53 allele, and a
point mutation that inactivates the remaining TP53 gene (Baker et al. 1990). There is
evidence, however, that some TP53 gene mutations can affect cell growth even in the

presence of one wild type allele. The mutant TP53 gene product may be able to bind to the



normal gene product and prevent it from binding to DNA within the promoter regions of its

target genes (Kern et al.1992).

The TP53 gene plays an important role in maintaining the integrity of the genome and its loss
seems to be a critical event driving tumour progression. In response to DNA damage, the
TP53 protein product accumulates in the nucleus and increases the transcription of a number
of growth inhibitory genes (Kinzler & Vogelstein 2002). These include p21**™"* which

arrests cells in the G1 phase and 14-3-3c, which in combination with p21*“™/!

can cause a
prolonged G2 arrest (el-Deiry et al. 1993; Waldman et al. 1995; Bunz et al. 1998). Cell cycle
arrest provides cells with time to repair damaged DNA. In addition, TP53 also assists with
repairing damage by increasing the transcription of some DNA repair enzymes (Oren, 2003).
If the damaged DNA cannot be repaired, TP53 activates an apoptotic pathway probably
involving the increased transcription of a number of pro-apoptotic proteins, such as BAX

(Oren, 2003). So, loss of TP53 function eliminates an important mechanism for inhibiting the

replication of cells with damaged DNA.

The accumulation of genetic alterations occurs slowly in normal cells and it appears that
tumour cells develop some type of genetic instability that accelerates the process (Terdiman,
2000). The most common type of genetic instability present in colorectal tumours appears to
be chromosomal instability (CIN; Terdiman, 2000). CIN is characterised by the loss or gain of
whole chromosomes or segments of chromosomes during cell division (Lengauer et al. 1997).
The exact cause of CIN remains largely elusive, although, recent studies suggest that the
mutation of genes involved in sister chromatid cohesion may occur in greater than 20% of

colorectal tumours (Barber et al. 2008).

In the early 1990s, investigations aimed at identifying the loci of tumour suppressor genes and
oncogenes within the cancer genome led to the discovery of an alternate pathway to CRC

characterised by another form of genetic instability called microsatellite instability (MSI;
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Aaltonen et al. 1993; lonov et al. 1993; Thibodeau et al. 1993). Researchers randomly
amplifying sections of DNA in colon tumours discovered small insertions or deletions of
nucleotides, present in short repetitive sequences called microsatellites (Aaltonen et al. 1993;
lonov et al. 1993; Thibodeau et al. 1993). Shortly after, it was discovered that MSI was
caused by loss of DNA mismatch repair activity (Fishel et al. 1993; Leach et al. 1993;

Bronner et al. 1994; Papadopoulos et al. 1994).

Subsequently, MSI was found to be present in the tumours of all individuals with the inherited
cancer syndrome, HNPCC (Aaltonen et al. 1993). Individuals with HNPCC inherit a
mutation in a DNA mismatch repair gene, most commonly hMLH1 or hMSH2 (Cappell,
2008). Somatic mutation of the corresponding wild type allele leads the cell and its progeny to
gain mutations at an increased rate. Approximately 15% of sporadic CRCs are also thought to
exhibit high levels of MSI (termed MSI-H; Grady, 2004). However, in these sporadic
tumours, the DNA mismatch repair gene, hMLHL1 is inactivated by the epigenetic mechanism
of methylation, rather than by mutation (Kane et al. 1997; Herman et al. 1998). Although,
tumours from individuals with HNPCC often contain mutations in APC, KRAS and TP53,
these mutations appear to occur infrequently in sporadic MSI-H tumours (Jass et al. 1999;
Salahshor et al. 1999; Jass et al. 2003). Instead, sporadic MSI-H tumours tend to exhibit
mutations to tumour suppressor genes such as transforming growth factor beta (TGF-B) type
Il receptor, insulin-like growth factor-ll-receptor (IGFIIR) and BAX, which all contain
microsatellite repeats in their encoding regions (Markowitz et al. 1995; Souza et al. 1996;
Rampino et al. 1997; Salahshor et al. 1999). Recently, it has been proposed that rather than
adenomatous polyps, sessile serrated adenomas are the precursor lesions of most, if not all

sporadic tumours with MSI-H (Jass, 2007; Makinen, 2007).

Some colorectal tumours are characterised by a high level of methylation of CpG islands
(Goel et al. 2003). Tumours exhibiting such hypermethylation have been described as being

CIMP (CpG island methylator phenotype) positive (Toyota & Issa 1999). CpG islands are
;



present in the promoter regions of approximately 50-60% of human genes (Boland & Goel
2005). Hypermethylation of CpG islands in the promoter region of genes results in their
silencing (Esteller et al. 2005). As discussed earlier, hypermethylation appears to be the
mechanism by which the DNA mismatch repair gene, hMLH-1 is inactivated leading to MSI
in sporadic MSI-H CRC (Kane et al. 1997; Herman et al. 1998). CIMP is present in some CIN
tumours and also appears to be present in a subset of colorectal tumours that exhibit neither,
CIN nor MSI (Goel et al. 2003). It has been suggested that such tumours evolve through a
distinct third pathway where CIMP is the driving force that favours tumour growth (Boland &
Goel 2005). These tumours appear to exhibit a high rate of BRAF and KRAS mutations, but

rarely contain mutations to TP53 (Toyota et al. 2000; Kambara et al. 2004).

The model of Fearon and Vogelstein was widely accepted in the period following its
publication. However, it has become increasingly apparent that it explains the genetic
pathology of only a small proportion of sporadic CRCs (reviewed by Jass, 2007, see also
Smith et al. 2002; Samowitz 2008). In response to expanding knowledge, a number of
researchers have suggested new classification systems for CRC. These are based on the type
of genetic alterations present in tumours and tend to group tumours according to their degree
of MSI and presence or absence of CIMP (Boland & Goel 2005; Jass, 2007 see Table 1.1 for

the classification system suggested by Jass, 2007).

There is a suggestion that different environmental factors may increase the risk of only certain
subsets of CRC. For example, smoking may only increase the risk of tumours exhibiting
CIMP and/or mutation to the BRAF gene (Samowitz et al. 2006). It is possible that some of
the inconsistencies in the nutritional epidemiology of CRC may be explained by the fact that
studies have traditionally viewed CRC as a single entity rather than a disease comprising a
number of subgroups with distinct pathology and possibly different environmental risk

factors.



Table 1.1 A classification system for CRC proposed by Jass (2007)

Feature Group 1 Group 2 Group 3 Group 4 Group 5
MSI status High Stable/low | Stable/low | Stable High
Methylation | +++ +++ ++ +/- +/-
Ploidy Diploid Diploid Aneuploid | Aneuploid | Diploid
APC +/- +/- + +++ ++
KRAS - + +++ ++ ++
BRAF +++ ++ - - -
TP53 - + ++ +++ +
Location R>L R>L L>R L>R R>L
Gender F>M F>M M>F M>F M>F
Approximate | 12% 8% 20% 57% 3%
frequency
(%)
Precursor Serrated Serrated Adenomas | Adenomas | Adenomas
lesion polyps polyps or serrated

polyps

Location, R= right colon, L=left colon

Source: Jass (2007)




1.2 Environmental Risk Factors for CRC

Differences in occurrence rates across countries, migrant studies, and temporal changes in
cancer incidence in countries such as Italy and Japan provide some of the most compelling
evidence that CRC is influenced by the environment (Haenszel & Kurihara 1968; Tamura et
al. 1996; Parkin et al. 2005). Classic studies on Japanese immigrants to the USA found that
the rates of CRC progressively increased until they matched, or in some cases even surpassed
the incidence rates within the US population (Smith, 1956; Haenszel & Kurihara 1968). More
recently, a similar increase in CRC has been repeated on a larger scale in Japan, with age-
adjusted incidence rates more than trebling between 1974 and 1991 (Tamura et al. 1996).
Such rapid increases can only be the result of a change in environmental risk factors, because
an alteration in genetic susceptibility would take many generations to develop. The
westernisation of Japanese diets has been proposed as the causative factor, although other
factors such as a reduction in the level of physical activity could also be responsible (Tamura

et al. 1996).

1.3 Dietary risk factors

It has been estimated that up to 80% of sporadic CRCs may be attributable to diet (Bingham,
2000). Epidemiological and experimental studies have identified a number of putative risk
factors and protective factors in the human diet. For example, some studies indicate that high
intakes of red meat and alcohol may increase risk, whereas diets high in dietary fibre, milk
and calcium may be protective (WCRF/AICR 1997; IARC, 2003; Bingham et al. 2003; Cho et

al. 2004; Norat et al. 2005; WCRF/AICR 2007).

1.3.1 Fruits and Vegetables

Among other dietary components, fruits and vegetables have received much interest as
possible cancer-protective components of the human diet (Steinmetz & Potter, 1991;

WCRF/AICR 1997; IARC, 2003; WCRF/AICR 2007). Fruits and vegetables contain many
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components that may exert anti-carcinogenic effects. These include, dietary fibre, nutrients
such as, vitamin C, vitamin E, folate, selenium, and carotenoids with pro-vitamin A activity,
and non-nutrient bioactive compounds such as other carotenoids, dithiolthiones, flavonoids,
allium compounds, plant sterols, coumarins, protease inhibitors, isothiocyanates, salicylates,
and indoles (Steinmetz & Potter 1991). Experimental studies have identified numerous
mechanisms through which many of these bioactive compounds may influence the cancer
process. These include modulation of the xenobiotic metabolising enzyme (XME) system,
stimulation of the immune system, inhibition of the cell cycle, induction of apoptosis,
modulation of the gut microflora, antioxidant actions and anti-inflammatory effects (Lampe

1999; Dragsted et al. 2006; Johnson, 2007).

Early case-control studies generally supported the hypothesis that high intakes of vegetables
reduce the risk of CRC, whereas the findings for fruit consumption were less convincing (see
reviews by Steinmetz & Potter 1991 & 1996). Based largely on the results of these studies,
the first comprehensive review of diet and cancer published by the WCRF/AICR
(WCRF/AICR 1997) concluded ‘Evidence that diets rich in vegetables protect against cancers
of the colon and rectum is convincing’. It also stated that no judgement could be made
regarding fruit consumption, because of ‘more limited and inconsistent’ evidence. Since then,
a number of large prospective cohort studies have been published. These have reported null or
only weak inverse associations between fruit and vegetable intake and CRC (Pietinen et al.
1999; Voorips et al. 2000; Michels et al. 2000; Terry et al. 2001; Bueno de Mesquita et al.
2002; Flood et al. 2002; McCullough et al. 2003; Lin et al. 2005; Tsubono et al. 2005; Park et

al. 2007; Nomura et al. 2008; van Duijnhoven et al. et al. 2009).

As the number studies reporting null or weak inverse associations began to accumulate, it was
suggested that that a minimum threshold of fruit and vegetable intake may exist, below which,
risk of CRC increases, but above which, further increases in fruit and vegetable intake have no
effect (Terry et al. 2001). In a study of 61,463 Swedish women (aged 40-74 years, 9.6 years
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follow up) Terry et al. (2001) observed an increased risk of CRC among women consuming
less than 1.5 servings of fruit and vegetables a day in comparison to those consuming more
than 2.5 servings per day (RR 1.65; 95% CI 1.23, 2.20). However, further increases in
consumption appeared to confer no additional benefit. Similar threshold effects have
subsequently been reported in some other studies, but in contrast to the study of Terry et al.
(2001), these have only noted a threshold effect in men (McCullough et al. 2003; Park et al.

2007).

Considering the results from cohort studies published up to the end of 2005, the second expert
report by the WCRF/AICR recently downgraded its conclusions regarding the protective
effects of vegetable consumption, stating ‘there is limited evidence that vegetables protect
against CRC’ (WCRF/AICR, 2007). They reached the same conclusion regarding fruit
consumption but did note that a meta—analysis of 8 cohort studies found a significant inverse
association between fruit consumption and risk of CRC in women, but not men. The panel
suggested that this could reflect a hormone dependent mechanism of action, or simply indicate
more accurate reporting of fruit intake by women (WCRF/ACIR, 2007). Studies have
previously indicated that women are more likely than men to over-report their intake of foods
perceived to be healthy, so it seems doubtful that more accurate reporting of fruit intake by

women explains the gender difference (Bogers et al. 2004; Park et al. 2007).

It is possible that some of the cohort studies failed to detect a significant inverse association
between fruit and vegetable intake and CRC because they lacked statistical power to detect
modest inverse associations, especially by tumour site. Over the last several decades there has
been a trend towards an increase in proximal colon cancers and a decrease in distal colon
cancers in western populations. Tumours in each site may have different environmental risk
factors (lacopetta et al. 2002). The Pooling Project of Prospective Studies of Diet and Cancer
addressed this issue in a pooled analysis of 14 North American and European cohort studies
(756, 217 subjects, 5838 cases of CC, 6 to 20 years follow up; Koushik et al. 2007). The large
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number of cases provided the Pooling Project with sufficient statistical power to conduct
analyses by tumour site. Multivariate analysis revealed only a weak non-significant inverse
association between fruit and vegetable intake and risk of colon cancer (RR 0.91; 95% CI
0.82, 1.01, Pyeng=0.19; (Multivariate analysis is a statistical technique that enables
epidemiologists to control for the effect of factors that are associated with both the dietary
exposure of interest and the disease outcome. Controlling for these “confounding” factors
provides a clearer indication of the true association between the dietary exposure of interest
and risk of disease (Cramer & Lifford, 2007)). However, when proximal and distal colon
cancers were investigated separately, fruit and vegetable intake was significantly inversely
associated with distal colon cancer (total fruit and vegetable intake RR 0.74; 95% CI 0.57,
0.95, Pyeng=0.02; total vegetables RR 0.82; 95% CI 0.68, 0.98, Pyeq=0.01; total fruits RR
0.77; 95% CI 0.64, 0.93, Pgeng=0.06), but not with proximal colon cancer. The authors
suggested that if fruits and vegetables only protect against distal colon cancer this could
partially explain the disagreement between case-control and cohort studies. In many cohort
studies reporting null or weak inverse associations, the study population included more
proximal than distal colon cancers, whereas in many of the case-control studies that reported
strong inverse associations, distal colon cancers predominated (Koushik et al. 2007). As
discussed in the pathogenesis section of this review, CRC is a disease consisting of a number
of different subgroups that appear to follow largely separate genetic pathways. Segregating
tumours by colon site would be expected to result in the distal group containing relatively few
tumours with high levels of MSI (see Table 1.1). So, the results of The Pooling Project may
indicate that fruits and vegetables are ineffective at protecting against tumours with MSI-H
(Koushik et al. 2007). However, this requires further confirmation by studies designed

specifically to investigate this hypothesis.

Since the publication of the second WCRF/ACIR report and the Pooling Project, at least 3
large prospective studies have reported inverse associations between fruit and/or vegetable

intake and CRC however, in two of these studies, protection was only seen in men (Park et al.
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2007; Nomura et al. 2008; van Duijnhoven et al. 2009). The NIH-AARP Diet and Health
Study of 488, 043 men and women aged 50-71 y found a significant inverse association
between total vegetable intake and CRC in men (RR 0.82; 95% CI 0.74, 0.94), but not women
(RR 1.12; 95% CI 0.90, 1.38). Analysis by colon subsite found a stronger protective effect for
vegetables against distal CC (RR 0.76; 95% CI 0.59, 0.98) than proximal CC in men (RR
0.95; 95% CI 0.72, 1.14). In contrast, fruit consumption was associated with an increased risk
of rectal cancer in women (RR 1.59; 95% CI 1.04, 2.44; Park et al. 2007). The Multi-Ethnic
Cohort Study of 191, 011 subjects from 5 ethnic groups (African-Americans, Japanese
Americans, Latinos, Native Hawaiians, and whites) recruited in Hawaii and California also
reported a significant inverse association between combined fruit and vegetable intake and
CRC in men (adjusted RR 0.74; 95% CI 0.59, 0.93), but not women (adjusted RR 1.04; 95%
Cl 0.81, 1.33; Nomura et al. 2008). Gender specific error in reporting intakes of fruit and
vegetables, may explain why some studies have found that evidence of protection in men, but
not women (Park et al. 2007). As discussed above, women appear more likely than men to
over-report their intake of healthy foods (Bogers et al. 2004; Park et al. 2007). This would
lead to misclassification of exposure and attenuate any association between fruit and vegetable

intake and CRC (Park et al. 2007).

Most recently, the EPIC study reported a weak inverse association between combined fruit
and vegetable intake and CRC (HR 0.86; 95% CI 0.75, 1.00 Pyeng= 0.04) in a cohort of
452,755 male and female subjects, mainly aged 35-70 y (van Duijnhoven et al. 2009).
Separating CRC into colon cancer and rectal cancer revealed a stronger inverse association
with colon cancer (HR 0.76; 95% CI 0.63, 0.91, Pye4<0.01) than CRC, and no association
with rectal cancer (HR 1.09; 95% CI 0.85, 1.40, Py.,q=0.67). Interestingly, the inverse
association between fruit and vegetable intake and CRC appeared to be influenced by
smoking status. Fruit and vegetable intake was only associated with reduced risk in never and
former smokers whereas in current smokers there was a non-significant trend towards
increased risk. The authors suggested the need for further research to clarify the interaction
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between smoking, fruit and vegetable intake, and CRC, but hypothesised that some of the
inconsistencies in the epidemiological literature may be explained by the failure of many
studies to consider the interaction between smoking, fruit and vegetable intake and risk of
CRC. Furthermore, they suggested that a combined analysis of data from two large US
prospective cohort studies (The Nurses’ Health Study and Health Professionals Follow-Up
Study) may have failed to identify a modifying effect of smoking status on the protective
effects of fruit and vegetables because they combined former smokers and current smokers
together (two groups shown to have opposing effects in EPIC) into a single grouping of ever

smokers (Michels et al. 2000; van Duijnhoven et al. 2009).

There are a number of other possible explanations for the inconsistencies in the literature.
These include: errors in the dietary assessment techniques used, the modifying effects of
genotype, failing to consider how processing may influence the biological actions of fruits and
vegetables (these factors are discussed later in relation to cruciferous vegetables) and variation
in the types of fruits and vegetables consumed by subjects in different studies (Koushik et al.
2007). Different botanical groups of fruits and vegetables and even different plants within a
botanical grouping can vary substantially in their content of bioactive compounds and
possibly in their ability to protect against cancer (Steinmetz & Potter 1996; van Duijnhoven et
al. 2009). Although some studies suggest that fruits and vegetables act synergistically, it is
also possible that considering fruits and vegetables as single groups may dilute the protective
effect of a particular botanical group or individual fruit or vegetable (Lui, 2004; Koushik et al.
2007; van Duijnhoven et al. 2009). Among the different botanical groups, cruciferous
vegetables (Table 1.2), which include the genus Brassica, have received much interest as

possible anti-carcinogens (Verhoeven et al. 1996; Verhoeven et al. 1997).
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1.4 Mechanisms through which cruciferous vegetables may protect
against colorectal cancer

Cruciferous vegetables contain a number of bioactive components such as folate, vitamin C,

tocopherols, carotenoids, and polyphenols (DeSouza & Eitenmiller 1986; Price et al. 1998;

Kurilich et al. 1999). However, the anti-carcinogenic actions of cruciferous vegetables are

most frequently attributed to their content of glucosinolates (GLS) (van Poppel et al. 1999;

Lampe & Peterson 2002). GLS are a group of compounds that have a common basic structure

of a B-D-thioglucose, and a sulfonated oxime moiety, but differ in respect to the structure of

Table 1.2 Cruciferous vegetables in the human diet

Genus Species and variety Common name
Brassica B.oleracea var. botrytis Cauliflower
B.oleracea var. capitata Cabbage, white cabbage
B.oleracea var. costata Portuguese cabbage
B.oleracea var. gemmifera Brussels sprouts
B.oleracea var. gongyloides  Kohlrabi, turnip cabbage, stem turnip
B.oleracea var. italica Broccoli
B.oleracea var. rubra Red cabbage
B.oleracea var. sabauda Savoy cabbage
B.oleracea var. sabellica Curly kale
B.oleracea var. viridis Kale, collards
B.oleracea var. alboglabra Kai Lan, Chinese kale
B.rapa var. Chinensis Chinese cabbage, pak-choi, bok choi
B.rapa var. oleifera Turnip rape
B.rapa var. pekinensis Chinese cabbage, pe-tsai, Napa cabbage, celery, cabbage
B.rapa var. rapa Turnip
B.rapa var. Parachinensis Choi sum
B,napus var. napobrassica Swede, Swedish turnip, rutabaga
B,napus var. Oleifera Rape, canola, colza
B.alba White mustard
B.juncea Indian Mustard, brown mustard, spinach mustard
B.juncea var. rugosa Kai choi
B.nigra Black mustard
Raphanus  R.sativus Radish
Armoracia  A.rusticana Horseradish
Nasturtium  N.officinalis Watercress
Lepidium L.sativum Cress, garden cress
Eruca E.vesicaria Arugula, rocket, Italian cress
Wasabia W .japonica Wasabi
Beta B.vulgaris flavescens Swiss chard
Crambe C.abyssinica Crambe

Source: IARC Handbooks of Cancer Prevention no 9.
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their side chains, which may be aliphatic, aromatic or heterocyclic (Mithen et al. 2000; Holst
& Williamson 2004). GLS have been regarded as biologically inert, but can be hydrolysed to
a range of more bioactive products (Johnson, 2002). The hydrolysis of GLS is largely
dependent on the activity of a plant based B-D-thioglucosidase enzyme called myrosinase
(Bones & Rossiter 1996). GLS and myrosinase appear to be located in vacuoles in different
cell types within the plant tissue. Myrosinase enzymes are present in specialised myrosin
cells, whereas GLS are believed to be located nearby in other yet to be clearly defined cell
types (Kissen et al. 2009). On disruption of the plant tissue, GLS and myrosinase come into
contact with each other. Myrosinase then catalyses the hydrolysis of the thioglucose bond
leading to the production of an unstable aglucone which undergoes spontaneous
rearrangement to form a range of breakdown products such as isothiocyanates (ITC), nitriles
and sulfur, oxazolidine-2-thiones and indolyl compounds (Holst & Williamson 2004). The
product formed depends on the side chain structure of the parent GLS, pH, the presence of
ferrous ions, and in the case of some GLS, the presence of a cofactor the epithiospecifier

protein (ESP) (Fig 1.2; Bones & Rossiter 1996; Matuesheski et al. 2004).

The mechanisms through which cruciferous vegetables and their GLS breakdown products
may protect against CRC include the modulation of XME, antioxidant effects, the induction of
apoptosis, cell cycle arrest, and effects on the colonic microflora (Plumb et al. 1997; van

Poppel et al. 1999; Smith et al. 2003; Humblot et al. 2005; Smith et al. 2005).

1.4.1 Modulation of XME

Chemical carcinogens can be classified as either direct acting or indirect acting, with the latter
being the most common (Hodgson & Akunda 2001). The activation and detoxification of
carcinogens is largely catalysed by the phase | and phase Il enzyme families that comprise the

XME system (Williams, 1967). Generally, phase | enzymes from the cytochrome P450 (CYP)
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family catalyse the activation of indirect acting carcinogens, whereas phase Il enzymes such
as the glutathione S-transferases (GST) catalyse the detoxification of both direct acting and
indirect acting carcinogens (Talalay & Fahey 2001). Shifting the balance of phase | and phase
Il enzymes in favour of the latter might be an effective chemoprevention strategy (Talalay,
2000). However, this hypothesis has been challenged for a number of reasons including the
fact that individual phase Il enzymes often activate a specific class of chemicals (Paolini et al.

1999).

The induction of phase Il enzymes has, however, been proposed as the major mechanism
through which cruciferous vegetables protect against chemically induced tumours
(Steinkellner et al. 2001; Jeffery & Stewart 2004). An extra-colonic increase in phase Il
enzyme activity could protect the colon from carcinogens by reducing the delivery of partially
activated compounds from the systemic circulation (Pool-Zobel 1999). Kassie and associates
have shown that in rodents exposed to the heterocyclic amine, 2-amino-3-methylimidazo[4,5-
flquinoline (1Q), the ability of juices prepared from cruciferous vegetables to protect against
the induction of aberrant crypt foci (ACF) is correlated with their ability to increase the
activity of the phase Il enzyme UDP-glucuronosyl transferase (UGT) form 2 in the liver
(Kassie et al. 2002; Kassie et al. 2003a). Cruciferous vegetables may also exert their
protective effects through a local induction of phase Il enzymes in the large intestine. In
humans, the consumption of 300 g/d of Brussels sprouts for 1 week resulted in the elevation
of rectal GST-a and —= isoenzymes (Nijhoff et al. 1995). Similarly, a diet containing 20%
freeze-dried broccoli (cv. Majestic), potently induced quinone reductase (QR) activity in the

colonic mucosa of rodents (Keck et al. 2003).

Although cruciferous vegetables induce phase Il enzymes, they also tend to induce phase |
enzymes, especially CYP1Al and A2 (Vang et al. 1991; Wortelboer et al. 1992; Vang et al.
2001). The induction of CYP1A1 and A2 may sometimes be detrimental because they activate
many carcinogens and may also increase the production of reactive oxygen species (ROS)
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(Guengerich & Shimada 1998; Paolini et al. 2004). GLS breakdown products are probably the
primary compounds responsible for the induction of XME after the consumption of
cruciferous vegetables (Vang et al. 2001). Certain ITC, such as sulforaphane, appear to be
potent monofunctional inducers of phase Il enzymes (Fig 1.3) (Zhang et al. 1992). However,
most cruciferous vegetables contain a range of GLS with variable modulatory effects on
enzymes. For example, broccoli, which is the main dietary source of sulforaphane, also
typically contains significant quantities of glucobrassicin and neo-glucobrassicin, which
hydrolyse to form indole-3-carbinol (I3C) (Kushad et al. 1999; Mithen et al. 2000). On
exposure to the acid environment of the stomach, 13C can undergo several condensation
reactions to form a range of dimers, trimers, tetramers, and oligomers (McDanell et al.1988).
In contrast to sulforaphane, I13C and its acid condensation products induce both phase | and
phase Il enzymes (Fig 1.3) (Shertzer & Sainsbury 1991; Nho & Jeffery 2004). The effect of
cruciferous vegetable consumption, on phase | and phase Il enzyme activities, is likely to be
unpredictable, varying according to the GLS composition of the vegetable (which is governed
by genotype, growing conditions, and post-harvest treatment) and possibly the content of
other bioactive compounds present at the time of consumption (Vang et al. 2001; Jeffery &

Stewart 2004; IARC 2004).

Evidence from animal models generally indicates that the joint induction of phase | and phase
I enzymes by a variety of cruciferous vegetables results in a favourable metabolic profile for
the elimination of certain chemical carcinogens (for a comprehensive review see IARC,
2004). However, it is unclear whether a similar chemoprotective effect would occur in free-
living humans, who, in contrast to experimental animals, are chronically exposed to low doses
of a wide variety of chemical carcinogens. The outcome of any shift in the balance of XME is
likely to be unpredictable, depending on the range of chemical carcinogens to which an

individual is exposed (Paolini et al. 1999).
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1.4.2 Antioxidant effects

The colonic epithelium may be subject to oxidative damage mediated by free radicals
generated near its surface by the faecal matrix (Babbs, 1990; Stone et al. 2002). Cruciferous
vegetables may contribute to the antioxidant defence of the colonic mucosa through non-
enzymatic and enzymatic mechanisms. Various GLS breakdown products can interact with a
common antioxidant responsive element present in the upstream region of the genes encoding
several phase Il enzymes, with known antioxidant actions, such as GST and QR (Fig 1.3).
Some cruciferous vegetables are rich sources of carotenoids and polyphenolic compounds
(Kurilich et al. 1999). Both of these are poorly absorbed in the proximal gastrointestinal (GI)
tract and are therefore likely to reach the colon in substantial quantities (Halliwell et al. 2000).
Within the colonic lumen, carotenoids and polyphenolic compounds may protect the colonic
epithelium from free radical attack. Polyphenolic compounds may chelate iron thereby
helping to reduce the pro-oxidant effect of colonic iron and both carotenoids and polyphenols
may directly scavenge free radicals (Halliwell et al. 2000). Little work appears to have been
conducted on the ability of cruciferous vegetables to alter the antioxidant activity of the large
bowel. However, preliminary work has indicated that pigs consuming broccoli have an
increased faecal antioxidant level as measured by electron spin resonance (Ratcliffe et al.

2001).

1.4.3 Inhibition of the cell cycle and induction of apoptosis

Evidence derived primarily from studies performed in vitro, indicates that GLS breakdown
products may be able to suppress cancer development in initiated cells by inhibiting cellular
proliferation (Gamet-Payrastre et al. 2000; Frydoonfar et al. 2002; Hudson et al. 2003; Visanji
et al. 2004; Frydoonfar et al. 2004; Smith et al. 2004; Neave et al. 2005; Pappa et al. 2006).
The inhibition of cellular proliferation can result from cell cycle arrest, and/or an increase in

apoptosis. In a variety of human colon cancer cell lines, ITC and indole compounds have
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Fig. 1.3 Regulation of XME by glucosinolate breakdown products (adapted from Hayes & McMahon
2001; Lampe & Peterson 2002). Isothiocyanates (ITC) are monofuntional inducers that interact with an
antioxidant responsive element (ARE) that is present in the upstream enhancer region of the genes
encoding a number of phase Il enzymes such as quinone reductase (QR) and several glutathione S
transferase (GST) isoenzymes. Indoles have been classified as bifunctional inducers. Indoles enhance
the expression of a number of genes with xenbiotic-responsive elements (XRE) in their upstream
enhancer regions, such as cytochrome P450 (CYP) 1A1, CYP1A2, QR and GSTA. Indoles may also
interact with the ARE possibly after metabolism by CYP450 or through some other as yet undefined
mechanism (Hayes & McMahon 2001; Nho & Jeffery 2004). Hsp, heat-shock protein; AhR, aromatic
hydrocarbon receptor; Nrf2, NF-E2-related factor-2; Keap 1, Kelch-like ECH-associated protein 1;
Maf, musculoapo-neurotic fibrosarcoma; ARNT, aryl hydrocarbon receptor nuclear translator.
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typically been shown to arrest the cell cycle and induce apoptosis (Bonnessen et al. 2001;
Pappa et al. 2006). The effects of different ITC on cell cycle arrest appear to be similar with
benzyl, phenethyl and allyl ITC (BEITC, PEITC, AITC) and sulforaphane all causing a G,/M
arrest (Gamet-Payrastre et al. 2000; Visjani et al. 2004; Smith et al. 2004). In contrast, limited
evidence indicates that different indole compounds may block the cell cycle at different
stages. For example, 13C appears to cause cells to arrest at Gy/G;, whereas another indole, N-

methoxyindole-3-carbinol (NI3C) causes cells to accumulate in G,/M (Neave et al. 2005).

A recent study found that sulforaphane and PEITC were more potent inducers of apoptosis
than I3C and its acid condensation product, 3,3’-diindolylmethane (DIM), in a p53 wild type
colon cancer cell line (40-16) and its p53 knockout derivative (393.2, both derived from
HCT116; Pappa et al. 2006). A low potency of certain indole compounds to induce apoptosis

has also been reported in a number of other studies (Hudson et al.2003; Neave et al. 2005).

In contrast to the effects of other ITC, AITC appears to be unable to induce apoptosis in vitro.
In a study conducted by Johnson’s group, AITC failed to cause a significant increase in
apoptosis in HT29 colon cancer cells, despite causing them to arrest at metaphase, and round
up and detach from the flask surface (Smith et al. 2004). This appears surprising, as earlier
work conducted in vivo had shown that sinigrin, the parent GLS of AITC, could increase the
level of apoptosis in the colonic crypts of rats previously administered 1, 2-dimethylhydrazine
(DMH; Smith et al. 1998). The same group also found that juice prepared from raw Brussels
sprouts (a rich source of sinigrin) induced apoptosis in rats previously exposed to DMH, but
only caused a minor non-significant induction of apoptosis in vitro (Smith et al. 2003, 2005).
The authors speculated that, in vivo, interactions with neighbouring cells, especially interstitial

lymphocytes might enhance the apoptotic effect.
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The mechanisms through which GLS breakdown products cause cell cycle arrest and induce
apoptosis have not been fully resolved, but a few studies have provided some insight. The
progression of cells through the cell cycle depends on the activation and inactivation of a
family of proteins called the cyclin dependent kinases (CDKs). The activation of CDKs is
mediated by the binding of other proteins called cyclins. Each cyclin preferentially binds to a
specific CDK. CDKs can be blocked by a group of proteins called cyclin dependent kinase
inhibitors (CKIs; Phillips et al. 2001). Studies show that ITC and indoles alter the levels of
various cell cycle regulatory proteins (Gamet-Payrastre et al. 2000; Neave et al. 2005; Gamet-
Payrastre, 2006). For example, HCT-116 colon cancer cells treated with NI3C exhibit a
general down-regulation in a range of cyclins and CDKs and an increase in the CKls, p21 and
p27 (Neave et al. 2005). HT29 cells treated with sulforaphane also show an increase in the
levels of p21 and cyclin B1 and the activity of cdc2 kinase (see Gamet-Payrastre, 2006 for a
review). How ITC and indoles regulate cell cycle regulatory proteins is not clear, but their
initial effects on intra-cellular glutathione levels may be important. The delayed response of
cells to ITC exposure is an up-regulation of antioxidant enzymes and an increased production
of glutathione, however, immediately following exposure to ITC, there is a rapid, transient,
depletion of intra-cellular glutathione that appears to increase intra-cellular stress. An increase
in intra-cellular stress would be expected to influence the activity of various cell cycle
regulatory proteins (Zhang et al. 2006). An alternative mechanism by which ITC may halt the
cell cycle is by disrupting the polymerisation of tubulin, thereby halting mitosis (Smith et al.

2004).

In cultured cancer cells, ITC appear to be able to induce apoptosis through the activation of
plasma membrane associated death receptors, and by mitochondrial mechanisms (Zhang et al.
2006). Little is known about how ITC trigger death receptors, because most studies have
concentrated on exploring mitochondrial-mediated apoptosis (Zhang et al. 2006). In many
types of cancer cells, ITC cause damage to the mitochondrial membrane leading to the release

of cytochrome c into the cytoplasm. The release of cytochrome c is known to initiate
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apoptosis. Released cytochrome c¢ can bind to and activate Apafl (apoptotic protease
activating factor), which in turn activates caspase 9. Caspase 9 is an initiator caspase that can
act on a number of downstream effector caspases, including caspase 3. Caspase 3 can cleave
key intra-cellular cytoplasmic and nuclear targets leading to apoptotic cell death (Cohen,
1997). Currently, it is unclear how ITC cause damage to the mitochondrial membrane.
However, recent studies have shown that ITC can activate and inactivate various proteins
belonging to the Bcl-2 family that are known to play a role in stabilising the mitochondrial

membrane (reviewed by Zhang et al. 2006).

1.4.4 Effects on the luminal environment of the colon

Cruciferous vegetables are a rich source of dietary fibre (approximately 2-4 g per 100 g wet
weight), with the fibre consisting primarily of pectic polysaccharides with lower quantities of
hemi-cellulose, cellulose and lignin (Bourquin et al. 1993; FSA, 2002). The fermentation of
fibre may protect against CRC by either increasing the production of SCFA or by altering the
growth and metabolic activity of the colonic microflora. GLS present in cruciferous
vegetables may also influence the growth of the colonic microflora as they appear able to
suppress the growth of some bacteria such as E.coli, whilst acting as substrates for others such
as Bacteroides thetaiotaomicron, and Bifidobacterium spp. (Park et al. 2000; Elfoul et al.

2001; Cheng et al. 2004).

A number of putative anti-carcinogenic actions have been identified for SCFA. These include
inhibiting cellular proliferation, promoting cellular differentiation, inducing apoptosis, and
lowering the pH of the colonic microflora (Augeron & Laboisse 1984; Cummings &
MacFarlane 1991; Gamet et al. 1992; Hague & Paraskeva 1995). Fibre isolates of cruciferous
vegetables are readily fermented when incubated with human faecal bacteria in vitro
(McBurney & Thompson 1990; Weaver et al. 1992; Bourquin et al. 1993). Furthermore, on a

weight for weight basis they produce more SCFA than most cereal fibres (McBurney &
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Thompson 1990). However, host factors such as the physiology of the colon and transit time,
probably influence the extent of fermentation that actually occurs in vivo. So far, no in vivo
studies in humans appear to have been conducted, but one animal study has been published
(Humblot et al. 2005). In male F344 rats harbouring a human microflora, Brussels sprouts
(incorporated into the diet at a level of 10% wi/w) failed to increase the total concentration of
SCFA in the caecum. There was, however, a small alteration in the profile of SCFA in favour
of acetate (108% of control value) (Humblot et al. 2005). If it is assumed that a change in
production results in a change in concentration (which may not necessarily be the case, see
Topping & Clifton 2001), it appears that the consumption of cruciferous vegetables probably
does not have a major effect on SCFA production in vivo. However, the rat is thought to be a
poor species for investigating the effect of diet on colonic fermentation because of major
differences between their gastrointestinal tract and those of humans and because of their
propensity for coprophagy (Topping & Clifton 2001). So, further studies in humans or at least
a more suitable animal species such as the dog or pig are required to clarify the effect of

cruciferous vegetable consumption on SCFA production.

Most substances that enter the large intestine are subject to some degree of metabolism by the
colonic microflora. Sometimes this can result in the production of mutagens, carcinogens, or
tumour promoters. The production of such compounds can be explained by the presence in the
microflora of a range of XME (Goldin, 1986) (Table 1.3). Some bacteria such as Bacteroides
and E.coli exhibit high levels of XME, whereas lactic acid producing species such as
lactobacilli and bifidobacteria have relatively low levels (Rowland et al. 1985; Saito et al.
1992). Modifying the composition of the microflora in favour of species with relatively low

levels of XME may provide some protection against CRC (Rowland, 1996).

Experimental studies in animals and humans have demonstrated that the composition of the

microflora and activity of various bacterial XME can be altered by short-term dietary
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Table 1.3 Examples of some bacterial XME and their possible role in carcinogen production (sourced

from Goldin 1986 and Hughes & Rowland 2003).

Bacterial enzymes

Possible role in carcinogen production

B-glucuronidase

B-glucosidase

Nitroreductase

Nitrate reductase

Azo reductase

Cholylglycine hydrolase & 7a-dehydroxylase

Hydrolyses biliary glucuronides releasing toxic

parent compound or hepatic metabolite.

Hydrolyses various plant glycosides to release

aglycones, some of which are carcinogens.

Reduces nitro compounds to amines, some of which

may be carcinogens

Converts nitrate present in drinking water and
vegetables into nitrite. Nitrite can react with
nitrogenous compounds in the lumen to produce N-
nitroso compounds (NOC). Some NOC are DNA

alkylating agents that are highly carcinogenic

Hydrolyses azo bonds to generate substituted
aromatic amines, some of which are established

carcinogens

Conversion of primary bile acids into secondary bile

acids that may act as tumour promoters.

manipulation (Rowland & Tanaka 1993; Canzi et al. 1994; Rao et al. 1994; Silvi et al. 1999;

Bouhnik et al. 2004; Costabile et al. 2008). Most studies have focused on investigating the

effect of isolated non-digestible carbohydrates (CHO) such as inulin, guar gum and pectin

(Rowland & Tanaka 1993; Canzi et al. 1994; Rao et al. 1994; Silvi et al. 1999). However,

foods such as cruciferous vegetables that are naturally high in non-digestible CHO and other
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bacterial substrates such as GLS might also be expected to have an effect. Limited evidence
supports this theory. After 4 weeks of a 10% (w/w) Brussels sprouts diet, the faecal microbial
diversity of human flora associated (HFA) rats was increased, whereas the heterogeneity of
Lactobacillus populations was decreased. No changes however, were detected in the activity
of PB-glucuronidase in the caecal contents (Humblot et al. 2005). More recently, a diet
supplemented with a variety of cruciferous vegetables (14 g/kg/bwt per d for 14 d) was shown

to alter the bacterial community of the human colon (Li et al. 2009).

1.5 Cruciferous vegetables and experimental colon cancer

1.5.1 Cruciferous vegetables

In animal models of colon cancer, cruciferous vegetables have generally been shown to inhibit
chemical carcinogenesis. Brussels sprouts in particular have been shown to be protective
(Rijken et al. 1999; Smith et al. 2003; Kassie et al. 2003a; Uhl et al. 2004). Kassie and
associates investigated whether juices prepared from two varieties of Brussels sprouts
(‘Maximus’ and ‘Cyrus’) could provide protection during both cancer initiation and
promotion (Kassie et al. 2003a; Uhl et al. 2004). In rats gavaged with 1Q on 10 alternate days,
the supplementation of their drinking water with Brussels sprout juices inhibited the
development of ACF. In a further study using the same carcinogen-dosing schedule, the
consumption of juice prepared from ‘Maximus’ Brussels sprouts inhibited the formation of
ACF when consumed in the period after 1Q exposure (Uhl et al. 2004). In contrast, juices
prepared from two varieties of red cabbage (‘Reliant” and ‘Roxy’) were much less effective,
exerting only a small non-significant inhibiting effect during the initiation period and no effect
during the promotion period. The authors hypothesised that the lack of a significant effect of
red cabbage juice might be explained by its 2-3 fold lower content of GLS (Kassie et al.
2003a). However, in another study an extract of the colour from red cabbage (incorporated
into the diet at a level of 5% w/w), devoid of GLS, was shown to inhibit adenoma and

carcinoma formation in rats initiated with DMH and subsequently fed a diet containing the
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heterocyclic amine, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine  (PhiP) at a
concentration of 0.02%. The red cabbage colour extract was also found to protect against the

formation of ACF in non-DMH treated rats fed a diet containing PhiP (Hagiwara et al. 2002).

In a recent study, diets supplemented with freeze-dried red cabbage, green cabbage or
watercress all failed to inhibit the formation of ACF in rats administered DMH (Arikawa &
Gallaher 2008). In contrast, diets containing fresh green cabbage, watercress or broccoli all
reduced the number of ACF and mucin depleted foci (thought to be direct precursors of
colonic tumours; Caderini et al. 1995) (Arikawa & Gallaher 2008). The authors suggested that
the freeze-drying process may have led to the loss of GLS or inactivated myrosinase, thereby
reducing exposure to chemoprotective GLS breakdown products. However, neither the
content of GLS or activity of myrosinase was measured. Others have demonstrated that
freeze-dried cruciferous vegetables retain myrosinase activity and their biological actions so it
seems unlikely that either explanation adequately explains the differing effects of the fresh
and freeze-dried cruciferous vegetable diets (Keck et al. 2003; Smith et al. 2003). Because the
fresh and freeze-dried vegetables were sourced from different suppliers and not characterised
for their content of GLS, it is possible that inherent differences in composition rather than

freeze-drying may have been responsible for their differing effects.

Other cruciferous vegetables have received relatively little attention, but single studies have
found that garden cress (Lepidium sativum) juice protects against 1Q induced ACF and
cruciferous seed meals and hulls protect against DMH induced colonic tumours (Barrett et

al.1998; Kassie et al. 2002).

There are only two reports of a possible colon cancer promoting effect of cruciferous
vegetables (Temple & El-Khatib 1987; Temple & Basu 1987). In these studies, female Swiss

mice fed a diet supplemented with cabbage during initiation with DMH or throughout the
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experimental period exhibited a modest increase in tumour formation, although in both cases

the effect was not statistically significant.

1.5.2 Indoles and isothiocyanates

A variety of GLS hydrolysis products, including 13C, sulforaphane and PEITC have been
investigated for their ability to inhibit chemically induced colon cancer (Pence et al. 1986;
Pereira & Khoury 1991; Guo et al. 1995; Wargovich et al. 1996; Xu et al. 1996; Chung et al.
2000; Xu et al. 2001; Kim et al. 2003). There is consistent evidence that when heterocyclic
amines are used to initiate colon cancer, 13C is an effective inhibiting agent (Guo et al. 1995;
Xu et al. 1996). For example, 13C fed at a level of 0.1% in the diet, during the initiation phase,
post-initiation or during the whole experimental period inhibited ACF in male F344 rats
exposed to PhiP (Guo et al. 1995; Xu et al. 1996). Similarly, 13C fed at a level of 0.1%
inhibited the formation of 1Q induced ACF when fed to male F344 rats throughout the whole
experimental period or during the post-initiation phase (Xu et al. 1996; Xu et al. 2001).
However, there is some concern that when DMH is used to initiate colon cancer, I3C may
promote tumour formation. In an early study, an increased incidence of tumours (combined
tally of small intestinal and colonic tumours) was found in rats fed I13C in their diet at a level
of 0.1% before, during, and after DMH administration (Pence et al. 1986). In contrast, in a
more recent study, I13C failed to promote tumour formation when administered after DMH
exposure (Xu et al 2001). A striking difference between the studies of Xu et al. (2001) and
Pence et al. (1986) is the number of colon tumours found in the positive control group
injected with DMH, 87 and 0% respectively. Possible explanations include the higher DMH
dose (20 versus 10 mg/kg) and greater time lapse from the last dose to the rats being killed (45
v 16 weeks) in the study of Xu et al. (2001). No firm conclusion can be drawn regarding the
promoting effect of 13C from the study of Xu et al. (2001) because the very high level of
tumours in the positive control group would make it difficult to identify any tumour

promoting effect of 13C. However, it is evident that 13C failed to exert a protective effect.
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Interestingly, 13C fed during the post-initiation phase inhibited ACF formation in male mice
administered AOM (a metabolite of DMH), perhaps indicating a species-specific effect (Kim

et al. 2003).

Chung et al. (2000) compared the ability of sulforaphane, PEITC and their respective N-
acetylcysteine (NAC) conjugates to prevent AOM induced ACF in male F344 rats.
Sulforaphane and PEITC were both effective at reducing total ACF and crypt multiplicity
when administered during the initiation and promotion periods. In contrast, their respective
NAC conjugates were only effective when fed during the post-initiation period. Surprisingly,
PEITC-NAC actually increased the formation of ACF when administered during the initiation
period. In contrast to the study of Chung et al. (2000), two earlier studies found no protective

effect of PEITC against AOM induced ACF (Pereira & Khoury 1991; Wargovich et al. 1996).

1.6 Epidemiological Studies

In the mid 1990s, a number of reviews of the epidemiological evidence concluded that the
consumption of cruciferous vegetables is associated with a reduced risk of CRC (Steinmetz &
Potter 1996; Verhoeven et al. 1996; Kohlmeier & Su 1997). However, at that time, few results
from cohort studies had been published. At least ten cohort studies have now reported on the
association between intakes of cruciferous or brassica vegetables and colonic, rectal or
combined colorectal cancer risk (Summarised in Fig 1.4; Steinmetz et al. 1994; Hsing et al.
1998; Pietinen et al. 1999; Voorips et al. 2000; Michels et al. 2000; Flood et al. 2002;
McCullough et al. 2003; Lin et al. 2005; Park et al. 2007; Nomura et al. 2008). Overall these
provide little evidence for a protective effect of cruciferous vegetable intake against cancer of
the large intestine. In fact, almost without exception the relative risks cluster around one and
the confidence intervals encompass one (Fig 1.4). In only one study, in a Dutch population is
there a significant negative association between brassica vegetable consumption and colon

cancer, and even then, the effect is only observed in women (RR 0.51; 95% CI 0.50, 1.13,
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Pwends = 0.05) (Voorrips et al. 2000). Furthermore, for rectal cancer, brassica vegetable
consumption is associated with an increased risk in women (RR 1.66; 95% CI 0.94, 2.94, Pyeng
= 0.05). Of further concern, a study of male smokers in Finland, found a significant increase
in colon cancer risk in the highest quintile of intake (RR 1.6; 95% CI 1.0, 2.4, Pyeng = 0.05;
Pietinen et al. 1999). However, the study population exhibited an atypical consumption
pattern with almost no intake of green cruciferous vegetables and the highest overall
consumption levels were very low, the median level in the highest category of intake being 38

g/d.
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Voorrips (2000) F— e
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McCullough (2003) F [ !
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Fig. 1.4 Cohort studies of colon cancer and cruciferous vegetable consumption. VValues are relative risks
and 95% ClI are represented by horizontal bars. F, females; M, males.

So what factors may explain why large-scale prospective epidemiological studies generally
fail to support the hypothesis that cruciferous vegetables protect against colon cancer, whereas

animal studies have generally observed chemoprotective effects and experimental studies have
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identified a number of plausible mechanisms of action? One factor that may need to be
considered is that relatively large doses of cruciferous vegetables or GLS exhibit
chemoprotection, but normal habitual levels of intake of cruciferous vegetables have no effect.
However, a number of limitations in the published cohort studies may have reduced their

sensitivity to detect a modest protective effect of cruciferous vegetable consumption.

1.6.1 Measurement error

The cohort studies all used food frequency questionnaires (FFQs) to measure cruciferous
vegetable intake. When validated against repeated weighed intakes, FFQs tend to perform
badly in comparison to other methods of dietary assessment, overestimating vegetable
consumption in particular (Bingham et al. 1994). The failure of FFQs to accurately assess
vegetable intake could lead to an overestimation of vegetable intake and/or misclassification
of subjects into the wrong category of consumption. Consistent over-estimation of intake
among all subjects would not preclude studies from finding an association between
cruciferous vegetable intake and colorectal cancer, but would create a false impression of the
range of intake that does or does not have an effect on cancer risk. Despite the fact that cohort
studies may have overestimated the intake of cruciferous vegetables, reported values are still
low. For example, in the Cancer Prevention Il study cohort, the highest quintile of cruciferous
vegetable intake was half a portion or more a day in women and even lower in men

(McCullough et al. 2003).

Misclassification of subjects is a potentially more serious problem than overestimation.
Comparison of the ability of different methods of dietary assessment to classify individuals
into the same quartile of consumption as 16 day weighed records indicated that FFQs
correctly classify 30-50% of individuals for most nutrients (Bingham et al. 1994). Such an
extent of misclassification would attenuate relative risk estimates and make modest protective

effects very difficult to detect.

33



1.6.2 The modifying effect of genotype

The ability of cruciferous vegetables to inhibit CRC may be influenced by the GST genotype
of the individual (Lin et al. 1998; Slattery et al. 2000; Seow et al. 2002). The failure of the
published cohort studies to consider the modulatory effect of GST genotype may have
weakened their sensitivity to detect a protective effect of cruciferous vegetable consumption.
The GSTs are a family of isoenzymes involved in the detoxification of a range of chemical
carcinogens. They are also responsible for the metabolism and excretion of ITC after
cruciferous vegetable consumption (Kolm et al. 1995, Hayes & Pulford 1995).
Approximately, 50% of individuals in most populations are homozygous for the null alleles of
two GST isoenzymes (GSTML1 and T1) and therefore lack expression of some components of
GST activity (Johnson & Lund 2007). At least 3 case-control studies and 3 nested case-
control studies have explored the relationship between cruciferous vegetable and/or ITC
exposure, genotype and risk of CRC or adenoma (Lin et al. 1998; Slattery et al. 2000; Seow et
al. 2002; Turner et al. 2004; Epplein et al. 2009; Yang et al. 2010). The results have not been
entirely consistent but tend to point towards a greater protective effect of cruciferous

vegetables in individuals with GST M1 and T1 null genotypes (see Table 1.4).

A protective effect in individuals with null genotypes and therefore reduced GST activity may
seem counterintuitive because the up-regulation of GST activity is a mechanism through
which cruciferous vegetables appear to inhibit chemical carcinogenesis (Steinkellner et al.
2001). A possible explanation for this apparent discrepancy could be that individuals with
GSTM1 and T1 null genotypes excrete ITCs more slowly leading to an accumulation of ITCs
in target tissues (Seow et al. 2002; Johnson, 2002). ITCs may then induce other
chemoprotective phase Il enzymes or exert other anticarcinogenic effects such as blocking the
cell cycle or inducing apoptosis in cells carrying DNA damage (Seow et al. 2002; Johnson,

2002).
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Table 1.4 The modifying effect of GST genotype on the association between cruciferous vegetable intake and risk of adenoma or CRC

Study Type Population Location Measurement | Outcome Reference
method
Case-control 459 cases Southern FFQ Adenoma Lin et al. (1998)
(297 M & 162 F) California
507 controls Total cruciferous vegetable intake
(338M & 169 F) GST M1present
OR 0.95 (95% CI 0.72, 1.11 Py¢ng=0.71)
Age 50-74 y GST M1 null
OR 0.52 (95% CI 0.29, 0.93 Pyeng =0.02)
Broccoli intake
GST M1present
OR 0.74 (95% CI 0.4, 0.99 Pyng=0.43)
GST M1 null
OR 0.36 (95% CI 0.19, 0.68 Py¢nq=0.001)
Case-control 1576 cases Northern FFQ Colon cancer Slattery et al. (2000)
(890 M; 686 F) California, an
1898 controls 8 county area GSTM1 null genotype strengthened the protective
(1021 M; 877 F) in effect of a high intake of cruciferous vegetables in
Utah & the subjects <= 55 y of age.
Age 30-79 y metroplitan GSTM1 null
twin cities OR 0.23 (95% C1 0.1, 0.54)
area of GSTM1 present
Minnesota OR 0.44 (95% CI 0.19, 0.99)
No effect observed in subjects >55 y.
Nested case- 213 cases Singapore FFQ Colorectal cancer Seow et al. (2002)

control

1194 controls

Age 45-70 y
(Cantonese and
Hokkien dialect
speakers)

In those with a combined GSTM1 and T1 null
genotype a high intake of ITC was protective
OR 0.43 (95% C1 0.2, 0.96).

No protection seen in individuals with GSTM1 and/or
T1 genes present.
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Case-control 484 cases Four locations | FFQ Colorectal cancer Turner et al. (2004)
742 controls in the UK:
Dundee, Perth, No modifying effect of GSTM1 genotype.
Age 45-80 Leeds & York GSTT1 null appeared protective
(Caucasian) OR 0.4 (95% CI1 0.2, 0.8)
Versus GSTT1 present
OR 1.2 (95% CI 0.8, 2.0)
Nested case- 173 cases Hawaii & Los | Urinary ITC Colorectal cancer Epplein et al. (2009)
control (106 M & 57 F) Angeles excretion
313 controls No modifying effect of GSTM1 or T1 genotype
(187 M & 126 F) A trend towards a greater protective effect of ITC in
those with GSTP1 AG or GG genotype versus AA
Age 45-75 genotype
OR 0.47 (95% CI 0.19, 1.17) v 0.58 (95% CI 0.22,
1.48) Pyreng= 0.09
Nested case- 332 cases (F) Shanghai FFQ and Colorectal cancer Yang et al. (2010)
control 1251 controls (F) urinary ITC
excretion No modifying effect of genotype when crucifer intake
Age, 40-70y measured by FFQ. Modifying effect when exposure

measured by urinary ITC concentration:

GST M1 present

OR 1.12 (95% CI 0.68, 1.83, Pyeng=0.68)
GST M1 null

OR 0.66 (95% ClI 0.44, 1.00, Pyeng=0.04)

GSTT1 present

OR 0.92 (95% CI 0.59, 1.44, Pyng=0.71)
GSTT1 null

OR 0.67 (95% CI 0.44, 1.05 Py¢ng=0.07)

GSTM1 and GSTT1 present

OR 1.25 (95% CI 0.56, 2.78, Pyng=0.73)
GSTM1 and GSTT1 null

OR 0.51 (95% CI 0.27, 0.95 Py;¢nq=0.03)
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A recent small experimental study appears to challenge the hypothesis that individuals with a
GSTM1 null genotype excrete ITC more slowly than those with a GSTM1 positive genotype.
Gasper et al. (2005) fed a standard broccoli and a high glucosinolate broccoli to nine
individuals with a GSTM1 positive genotype and seven with a GSTML1 null genotype. They
measured the urinary excretion of the ITC, sulforaphane, as free sulforaphane and as its
various thiol conjugates. Surprisingly, rather than finding a slower rate of excretion in
GSTM1 null genotypes they found a faster rate. The authors went on to argue that individuals
with GSTML positive genotypes were more likely than those with GSTM1 null genotypes to
gain protection from consuming broccoli. Although this seems to contradict most of the
epidemiological literature they managed to quote a number of epidemiological studies
examining the link between cruciferous vegetable consumption and cancer incidence at
various body sites that appeared to support their argument. They suggested that GSTM1
deletion could have contrasting effects on the metabolism of alkenyl ITC such as 3-butenyl
ITC and non-alkenyl ITC such as sulforaphane and that this could explain some of the
conflicting results in the epidemiological literature. They argued that the studies showing a
greater protection from cancer in individuals with a GSTM1 null genotype were conducted
primarily in Asia where the main cruciferous vegetables consumed are Chinese cabbage and
other forms of B.rapa that are high in alkenyl ITC. Whereas, those showing a greater
protection in individuals with a GSTML1 positive genotype were conducted in Western
populations, where consumption of B.rapa is low and the main cruciferous vegetable
consumed is broccoli, a rich source of sulforaphane. Whilst this is an attractive hypothesis for
explaining some of the inconsistencies in the epidemiology, there is currently too little data to
draw any firm conclusions about possible interactions between the consumption of different
types of cruciferous vegetables, different GSTM1 genotypes and CRC risk. In fact, the one
colorectal adenoma study quoted by Gasper et al. (2005) as supportive of their hypothesis
does not actually support it. The study by Lin et al. (1998) despite been conducted in a

Western population (Southern California), still shows a greater protection against adenoma
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formation in individuals with a GSTM1 null genotype (M1 null OR 0.36; 95% CI 0.19-0.68

versus M1 positive OR 0.74; 95% CI 0.40, 0.99) and is misquoted by Gasper et al. (2005).

1.6.3 The effect of processing

Before consumption, cruciferous vegetables are often stored or subjected to a range of
treatments such as washing, chopping, blanching, freezing and cooking that may alter their
content of bioactive compounds and consequently their biological actions (Goodrich et al.
1989; Rodrigues & Rosa 1999; Verkerk et al. 2001; Vallejo et al. 2002; Benner et al. 2003;
Vallejo et al. 2003a; Vallejo et al. 2003b). Variations in storage and the degree of processing
that cruciferous vegetables undergo prior to consumption may mean that individuals with
apparently similar levels of intake are exposed to different amounts of bioactive compounds.
Failing to consider this may mask any association between the intake of cruciferous

vegetables and risk of CRC.

Numerous studies have investigated how processing and storage, alters the content of
bioactive compounds present in cruciferous vegetables. Studies assessing the effect of
refrigerated storage (4°C) on GLS content have produced inconsistent results. Vallejo et al.
(2003a) reported large losses of GLS after 6 d of storage, whereas Rodrigues & Rosa (1999)
found only small losses (5-15%) and Rangkadilok et al. (2002) observed no effect of 7 d of
cold storage (4°C) on the glucoraphanin content of broccoli. In one study, cold storage also
resulted in large losses of flavonoids, but had little effect on vitamin C levels (Vallejo et al.
2003a). In contrast to the variable effects of cold storage, storing broccoli at room temperature
(15-20°C) for as little as 3 d has consistently been shown to result in a substantial loss of GLS
(Rodrigues & Rosa 1999; Rangkadilok et al. 2002; Vallejo et al. 2003a). No studies appear to
have measured the level of GLS and GLS breakdown products after storage, so it is unclear
whether losses result from the conversion of GLS to breakdown products or some other form

of degradation (Jeffery & Stewart 2004).
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Different cooking techniques have variable effects on the content of bioactive compounds
present in cruciferous vegetables. Generally, steaming results in only minor losses of GLS,
flavonoids and vitamin C, whereas boiling tends to result in moderate losses and cooking in a
microwave with water causes large losses (Price et al. 1998; Conaway et al. 2000; Vallejo et
al. 2002; Vallejo et al. 2003b). The different effects of steaming, boiling and microwaving
probably reflect differences in cooking temperature, time, and degree of contact with the
cooking water. Direct contact results in the leaching of compounds into the cooking water and
higher temperatures may cause thermal degradation and increased evaporation of volatile

compounds (Mithen et al. 2000; Vallejo et al. 2002; Vallejo et al. 2003b).

Cruciferous vegetables are often sold frozen. Before freezing, vegetables are blanched to
inactivate spoilage enzymes. This may also result in the inactivation of myrosinase and the
loss of bioactive compounds (Goodrich et al. 1989; Sarkamis et al. 2006). Commercial
blanching techniques involve a period of steam or water blanching followed by cooling with
air or water (Grandison, 2006). Goodrich et al. (1989) investigated the effect of steam and
water blanching on the GLS content of Brussels sprouts and broccoli. Blanching followed by
immersion in cold water resulted in GLS losses ranging between 7-22% for Brussels sprouts
and 40-83% for broccoli. The authors hypothesised that variation in the physical structure of
each vegetable was responsible for their different resistance to the effects of blanching. Losses
of GLS during steam blanching appear to be much greater than those that occur when
cruciferous vegetables are cooked by steaming (Goodrich et al. 1989; Conaway et al. 2000;
Vallejo et al. 2002). This suggests that the termination of blanching by immersing vegetables
in cold water results in a substantial amount of leaching. The subsequent freezing of blanched

vegetables tends to preserve the level of most compounds (Galgano et al. 2007).

Processing may also beneficially or negatively alter the bioavailability of the bioactive
compounds present in cruciferous vegetables. For example, the location and extent of GLS
breakdown in the Gl tract and the profile of breakdown products formed, is influenced by the
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degree of thermal processing to which a vegetable is subjected before consumption (Johnson,
2002; Matusheski et al. 2004). When raw or lightly cooked cruciferous vegetables are
consumed, if plant myrosinase and GLS come into contact with each other, then most GLS
hydrolysis probably occurs in the proximal Gl tract (Johnson, 2002). However, the profile of
breakdown products formed after consumption of raw and lightly cooked cruciferous
vegetables may vary. A heat labile cofactor, called ESP which is present in some cruciferous
vegetables favours the formation of nitriles over ITC after the consumption of raw cruciferous
vegetables; whereas, mild cooking may shift the ratio in favour of ITC by inactivating ESP
whilst conserving some myrosinase activity (Mithen et al. 2003; Matusheski et al. 2004). If
prolonged cooking inactivates myrosinase, intact GLS might be delivered to the colon and
degraded by the colonic microflora (some of which have myrosinase activity), resulting in the
production of ITC, nitriles and possibly other, as yet undetermined breakdown products

(Combourieu et al. 2001; Johnson 2002).

Only a few studies appear to have investigated the effect of processing on the actions of
cruciferous vegetables in vivo. In a rodent study, juice or tissue prepared from raw Brussels
sprouts induced apoptosis and inhibited DMH induced ACF, whereas blanched Brussels
sprouts (with inactive myrosinase) had no effect (Smith et al. 2003). In contrast, Kassie et al
(2003a) found that juices prepared from raw Brussels sprouts or Brussels sprouts that had
been cooked for 10 min at 100°C were similarly as effective at inhibiting 1Q induced ACF.
Juice prepared from raw Brussels sprouts would be expected to contain GLS breakdown
products, whereas juice prepared from cooked Brussels sprouts would be expected to contain
intact GLS and no active myrosinase. The authors suggested that the colonic microflora or the
acidic conditions of the stomach facilitated the hydrolysis of the GLS in the cooked Brussels
sprouts juice. However, neither of these routes would be expected to be as effective at
supplying anticarcinogenic GLS breakdown products as consuming juice containing

hydrolysed GLS breakdown products, so it is surprising that both juices had similar effects. It
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is possible that other bioactive compounds present in both juices may have contributed to the

effect.

In work conducted prior to the start of the present project, the group investigated the effect of
processing on the ability of whole raw broccoli to protect DNA in colonocytes from damage
(Ratcliffe et al. 1999; Ratcliffe et al. 2000). In an initial experiment, pigs fed whole raw
broccoli (600 g/d x 12 d) exhibited lower levels of DNA damage (measured as strand breaks
by the 'Comet assay") in their colonocytes, than pigs fed a cereal based control diet, or the
control diet supplemented with raw broccoli that had been homogenised before consumption
(Ratcliffe et al. 1999). The group hypothesised that after consumption of the whole raw
broccoli, intact plant cell walls in large fragments of broccoli acted as a vehicle to deliver
antioxidants and other non-defined anti-carcinogenic compounds to the colon. Once in the
colon, it was suggested that the fermentative actions of the colonic microflora degraded the
plant cell walls, thereby releasing anti-carcinogens directly into the colon, where they
conferred protection against free radicals present in the faecal stream. It was argued that the
disruption of the plant cell walls in the homogenised broccoli reduced the delivery of anti-
carcinogens to the lumen of the colon by facilitating their release and absorption in the small
intestine, and that systemic delivery to colonocytes was less protective than direct delivery to

the lumen (Ratcliffe et al. 1999).

In a second study, the effect of whole raw broccoli was compared with the effect of
microwaved broccoli (900 W x 9 min in 300 g water). In agreement with the earlier study,
diets supplemented with whole raw broccoli (600 g/d x 12 d) reduced levels of damage to
DNA in colonocytes, whereas, diets supplemented with microwaved broccoli had no effect.
These results appeared to support the working hypothesis regarding the importance of intact
cells walls, because microwaving would be expected to soften the broccoli and cause some

disintegration of the plant cell structure. It was, however, acknowledged that other
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explanations could exist to explain the contrasting effects of raw and microwaved broccoli

(Ratcliffe et al. 2000).

The mechanisms underpinning the protective effect of the whole raw broccoli against damage
to DNA in colonocytes was not fully explored. However, antioxidants or GLS could have
contributed to the protective effect of the raw broccoli. Preliminary work using electron spin
resonance indicated that the faeces of pigs consuming all of the broccoli diets had increased
antioxidant ability, but the effect appeared to be more pronounced in pigs fed the whole raw
broccoli (Ratcliffe et al. 2001). This was interpreted as support for the hypothesis that
fragments of raw broccoli act as vehicles to transport greater quantities of antioxidants to the
colonic lumen (Ratcliffe et al. 2001). It is however worth noting that many of the antioxidants
present in broccoli, such as carotenoids and polyphenols are poorly absorbed in the small
intestine and would be expected to reach the colon irrespective of whether they are trapped in

a vegetable matrix or released by digestive processes (Halliwell et al. 2000).

The hypothesis that fragments of raw broccoli, act as a vehicle to transport protective
compounds to the colon is attractive, but other factors may also explain the differing effects of
raw and processed broccoli. Microwaving may have reduced the content of bioactive
compounds present in the broccoli, and both microwaving and homogenisation may have
altered the profile and amount of GLS breakdown products colonocytes were exposed to. The
microwaving protocol used in the second study (900 W x 9 m in 300 g of water) probably
caused substantial thermal degradation of GLS to unknown metabolites and the leaching of a
range of water soluble compounds into the cooking water (Vallejo et al. 2002). The cooking
water was poured onto the diet of the pigs fed the microwaved broccoli in an attempt to
deliver any leached compounds. However, the high cooking temperature would be expected to
cause the evaporation of at least some of these (Vallejo et al. 2002). Additionally, the harsh
microwaving protocol would have almost certainly inactivated plant myrosinase
(Rungapamestry et al. 2006). In the absence of active plant myrosinase, intact GLS may be
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delivered to the colon, where the resident microflora appears capable of catalysing their
hydrolysis (Shapiro et al. 1998; Getahun & Chung 1999; Conaway et al. 2000). The microbial
hydrolysis of GLS however, appears to result in an approximate 3 fold lower yield of ITC,
than hydrolysis catalysed by plant myrosinase (Conaway et al. 2000). The reason for this is
uncertain, but the almost complete absence of GLS and ITC in faeces indicates that microbial
hydrolysis/metabolism of GLS produces other compounds. These have yet to be fully
characterised, although the in vitro incubation of sinigrin and glucotropaeolin with human
faeces has been shown to result in the formation of allylamine and benzylamine, rather than
ITC (Combourieu et al. 2001). It follows that pigs fed the microwaved broccoli may have
been exposed to lower levels of ITC and possibly other protective compounds than those fed

the raw broccoli.

Homogenisation disrupts the plant cell structure and allows myrosinase to come into contact
with GLS; myrosinase then catalyses the hydrolysis of GLS, ultimately leading to the
formation of a variety of breakdown products (Holst & Williamson 2004). When raw broccoli
is homogenised, the main breakdown product formed from glucoraphanin is sulforaphane
nitrile rather than sulforaphane (Mithen et al. 2003; Matuesheski et al. 2004). This is of
interest, because while sulforaphane is a potent inducer of protective phase 2 enzymes,
sulforaphane nitrile appears to have little, if any inducer activity (Matusheski & Jeffery 2001,
Basten et al. 2002). It has been assumed that after the consumption of raw broccoli,
sulforaphane nitrile is also the major breakdown product formed from glucoraphanin,
however, one study indicates that this may not be the case (Keck et al. 2003). Keck and
associates fed rats, diets supplemented with raw broccoli containing intact GLS, and raw
broccoli containing hydrolysed GLS (essentially homogenised broccoli). They found a much
greater urinary excretion of ITC and induction of phase 2 enzymes in rats fed the raw broccoli
with intact GLS, than in rats fed the raw broccoli containing pre-hydrolysed GLS. These
results indicate that the hydrolysis of GLS in vivo produces greater quantities of ITC than
when GLS are hydrolysed in raw broccoli tissue in situ. This higher yield may partially
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explain why the whole raw broccoli protected the colonocytes of pigs against DNA damage

and the raw homogenised broccoli did not.

1.7 Hypothesis

A direct causal link between diet and CRC has yet to be fully established, but studies have
identified a number of dietary factors that appear to modify risk (Johnson & Lund 2007,
WCRF/AICR 2007). Among these, cruciferous vegetables have received much attention
(Verhoeven et al. 1996; Verhoeven et al. 1997; IARC, 2004; Verkerk et al. 2009). In
experimental studies, cruciferous vegetables and GLS and their breakdown products, have
consistently been shown to exert chemoprotective effects (see pgs 17-31). The results from
prospective cohort studies have however been unconvincing (see pgs 31-33). One possible
explanation for this disparity is that the relatively large amounts of cruciferous vegetables
used in experimental studies are chemoprotective, whereas, amounts consistent with normal
human intakes are not. Conversely, the failure of cohort studies to detect an effect may reflect
a lack of sensitivity of these studies. The protective effects of cruciferous vegetables against
CRC may be influenced by the GST genotype of the individual (see pgs 34-38). The failure of
most epidemiological studies to consider the modulatory effect of genotype may have
weakened their findings. Most studies have assessed intake of cruciferous vegetables using
FFQs. FFQs appear to be particularly poor at assessing vegetable intake, so a degree of
misclassification of subjects into the wrong category of intake probably occurs (Bingham et
al. 1994). This would attenuate any association between cruciferous vegetable intake and risk
of CRC and make modest protective effects difficult to detect. Also, epidemiological studies
rarely collect information on the amount of processing that vegetables have been subjected to
prior to consumption. Processing may alter the content and bioavailabilty of the bioactive
compounds present in cruciferous vegetables (see pgs 38-44). This may mean that individuals
with apparently similar levels of crucifer intake may be exposed to different levels of

bioactive compounds. Failing to account for this would add another source of error.
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Work conducted by the group prior to the current project found that the ability of broccoli to
protect against DNA damage in colonocytes was eliminated by both physical and thermal
processing (Ratcliffe et al. 1999; Ratcliffe et al. 2000). It is unclear how processing
eliminated the protective effect of whole raw broccoli, but a number of possibilities exist. The
bioavailability and concentration of the protective compounds may have been altered, as may
the ability of plant compounds to induce hepatic and intestinal detoxification enzymes.
Processing tends to increase the digestibility of vegetables and may therefore have also altered

the location of their protective effect within the gastrointestinal tract (Ratcliffe et al. 1997).

The primary aim of this thesis was to further test the hypothesis that raw broccoli protects
DNA in colonocytes from damage and that processing eliminates this effect. The secondary
aims were to investigate:

o if the protective effect of raw broccoli is correlated with the induction of hepatic
and/or colonic phase Il enzymes, changes in the colonic microflora, or an increase in
the production of SCFA and

e whether a non-cruciferous raw vegetable, rich in antioxidants also protects DNA in

colonocytes from damage.

45



Chapter 2

Effect of raw broccoli and blanched-frozen broccoli on DNA
damage in colonocytes

2.1 Introduction

Cruciferous vegetables and their bioactive constituents have been studied extensively for
chemoprotective effects. In animal models of colon cancer they have consistently been shown
to inhibit tumourigenesis (IARC, 2004). Furthermore, a number of plausible mechanisms of
action have been identified (van Poppel et al. 1999; Smith et al. 2003; Smith et al. 2005).
However, cohort studies investigating the association between cruciferous vegetable intake
and CRC risk have found little evidence of protection (see Chapter 1, pgs 31-33). Possible
explanations for this disparity were discussed in Chapter 1, and one of the factors identified as
being of possible importance, was the failure of many epidemiological studies to consider the

influence of processing.

Cruciferous vegetables are typically consumed after some type of processing. Processing
generally results in the loss of bioactive compounds (Price et al. 1998; Vallejo et al. 2002).
Processing may also beneficially or negatively alter the bioavailability of such compounds
(Rock et al. 1998; Conaway et al. 2000). Therefore, variation in the degree of processing that
cruciferous vegetables undergo before consumption may mean that individuals with similar
levels of intake are exposed to different levels of bioactive compounds. Only a few studies
have investigated the effect of processing on the actions of cruciferous vegetables in vivo (see
Chapter 1, pgs 40-44). In work conducted by the group prior to this project it was found that
homogenisation and microwave cooking (900 W x 9 min in 300 g water) eliminated the
ability of raw broccoli to protect against DNA damage in colonocytes (Ratcliffe et al. 1999;

Ratcliffe et al. 2000). It was hypothesised that fragments of raw broccoli with intact cell walls

46



acted as a vehicle to transport protective compounds to the colon, where they were released by
the fermentative activity of the colonic microflora (Ratcliffe et al. 1997; Ratcliffe et al. 1999;

Ratcliffe et al. 2000).

The aim of this study was to further explore the effect of processing on the ability of raw
broccoli to protect against DNA damage in colonocytes. Within the UK, a substantial
proportion of vegetables is purchased frozen (Mintel, 2007). This experiment compared the
effect of raw broccoli with broccoli that had been prepared to replicate the commercial
preparation of frozen broccoli. It was hypothesised that raw broccoli would protect against
damage to DNA in colonocytes, and that blanch-freezing would eliminate this protective

effect.

The objectives of this experiment were to:

develop a processing protocol that replicated the commercial preparation of frozen

broccoli

o select appropriate groups of pigs for treatment with diets supplemented with raw and

blanched-frozen broccoli

e measure damage to DNA in colonocytes using the ‘comet’ assay

e establish whether an intake of raw broccoli provides greater protection against DNA

damage than broccoli that has been prepared to replicate commercially frozen

broccoli

47



e measure and compare DNA damage in fresh colonocytes and in cryopreserved

colonocytes

e measure plasma levels of antioxidant vitamins and compare any treatment differences

with any treatment differences in colonocyte DNA damage.

2.2 Materials and Methods

2.2.1 Chemicals
All chemicals were purchased from Sigma, Poole, UK except for the following: somulose
from Arnolds, London, UK; zoletil from Virbac, Glasgow, UK; lymphoprep from Nycomed,
Oslo, Norway; collagenase/dispase from Roche Diagnostics, Mannheim, Germany; low
melting point (LMP) and high melting point (HMP) agarose from Gibco Life Technologies,
Paisley, UK; NaCl and NaOH from Fisher Scientific, Loughborough, UK; modified RPMI
1640 from ICN Flow, Irvine, UK; DAPI (4’6-diamidine-2-phenylindole dihydrochloride)
from Boehringer Mannheim, Lewes, UK; acetic acid, acetonitrile, ascorbic acid, benzene,
EDTA, ethanol (Licrosolv), metaphosphoric acid, n-hexane from Merck Chemicals,
Nottingham, UK; European and US vitamin standards from Promochem Ltd (Welwyn Garden

city, Herts, UK).

2.2.2 Broccoli
2.2.2.1 Broccoli for the pig experiment
Broccoli (Brassica oleracea L. var. italica, cv. Marathon) for feeding in the pig trial was
supplied by Sainsbury’s, Garthdee, Aberdeen. New batches (delivered from Kettle Produce,
Cupar, Fife) of broccoli were collected on Monday, Wednesday and Friday morning each
week. No details were available on the time lapse between harvesting and delivery to

Sainsbury’s.
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2.2.2.2 Broccoli for determining the effect of blanch-freezing on myrosinase activity

Broccoli (Brassica oleracea L. var. italica, cv. Marathon) for determining the effect of
blanch-freezing on myrosinase activity was supplied by Sakata UK Ltd, Boston, England.
Broccoli was delivered within 2 d of being harvested from an experimental field trial in

Lincolnshire, England.

2.2.2.3 Preparation of broccoli for the pig trial
To conform to the regulatory procedures of the Rowett Research Institute, minimal disease pig
unit, broccoli was washed in a 1% Virkon solution and thoroughly rinsed with cold water

prior to preparation.

2.2.2.4 Raw broccoli

Washed broccoli bunches were trimmed to size (~300 g) and stored in sealed plastic bags at

4°C for a maximum of 4 d before use.

2.2.2.5 Blanched-frozen broccoli

Broccoli bunches (~300 g) were steam blanched at 95°C for 4 min in a Convostar,
Convotherm (model 0010, 10 Eglfing, Germany) steamer. After 4 min, the broccoli was
removed from the steamer and rapidly immersed in ice water to halt the blanching process.
After 5 min, the broccoli was removed from the ice water and gently shaken to remove excess
water. The broccoli was then frozen for 50 min in a blast freezer, sealed in plastic bags and
stored at —20°C for a maximum of 4 d. Before feeding, each head of frozen broccoli was
placed on a separate plastic tray and allowed to defrost at room temperature. During thawing a
small amount of water collected on the plastic tray. This water was subsequently added to the

feed of the relevant group of pigs.
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2.2.2.6 Blanching test

A 60 sec peroxidase test was used to test the adequacy of the blanching process (protocol
supplied by J.Dempsey of Esk Frozen Foods, Montrose, personal communication). Samples of
blanched broccoli were removed from the ice water and cut in half through the length of the
stem and florets. Each half was covered evenly with enzyme reagent (equal volumes of 0.5%
wi/v guiacol solution and 1.5% hydrogen peroxide (H,O,) solution). If active peroxidise is
present it catalyses the oxidation of guiacol by H,O, to produce products of unknown
structure that have a reddish brown colour (Miller, 1998). The blanching process was accepted

as adequate if no brown colouration occurred in the broccoli florets within 60 sec.

2.2.3 Myrosinase activity
2.2.3.1 Preparation of broccoli for determining the effect of blanch-freezing on
myrosinase activity
To replicate the handling of the broccoli in the pig trial, three raw broccoli heads (approx 300
g) were stored at 4°C and three were blanched (as described earlier, except that a different
steamer was used; Hobart model CSD1012E, Ohio, USA), blast frozen and stored at -20°C. In
both cases, the broccoli was stored for a maximum of 4 d prior to preparing extracts for

measuring myrosinase activity.

2.2.3.2 Preparation of broccoli extracts for the determination of myrosinase activity

All steps were conducted at 0-4°C or on ice. Samples of approximately 2 g in weight were cut
from the stalk and the outer and inner florets of 3 raw and 3 blanched-frozen broccoli heads.
Each sample was transferred to ice-cold 33 mM potassium phosphate buffer (5 ml/g plant
tissue) and then homogenised with 2 x 5 sec bursts of a rotor stator homogeniser (Ystral D-
79282, Ballrechten-Dottingen, Germany). Homogenates were centrifuged at 2990 g x 10 min

(Hermle Labortechnik Z36HK, Germany). Supernatants were carefully removed and
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centrifuged again at 2990 g for a further 10 min. Myrosinase activity was determined

immediately in the resulting supernatants.

2.2.3.3 Determination of myrosinase activity

Myrosinase activity was determined by the spectrophotometric method of Shapiro et al.
(2001) as modified by Rungapamestry et al. (2006). The assay measures the rate at which
plant myrosinase catalyses the decomposition of the GLS, sinigrin. The reaction was initiated
by adding 100 pl of broccoli extract to 1 ml of reaction mixture (150 pM sinigrin, 500 pM
ascorbic acid, 1ImM EDTA in a 33 mM phosphate buffer, pH 7.0) in a quartz cuvette (Hellma
114-QG). After a 1 min lag time, the rate of reaction was measured as a linear decrease in
absorbance at 227 nm for 3 min (Cecil CE9500 Super Aquarius, Cambridge, England). A
standard curve was constructed using isolated myrosinase (0.012 to 0.3 units, R>=0.998-0.999)
and the myrosinase activity in each vegetable extract was calculated by linear regression and
expressed as units/g of plant tissue (see Appendix, Fig A.1, pg 152). Myrosinase standards

and samples were measured in duplicate.

2.2.4 Animals and Experimental Design
Fifteen male Landrace X Large White pigs (Rowett Research Institute, Aberdeen, Scotland)
were divided into five age (79 (SD 3) d) and weight (34.7 (SD 3.9) kg) matched cohorts.
Each cohort consisted of siblings to minimise the effect of genetic variation on subsequent
treatment outcome. Each animal was individually housed within a temperature-controlled
room (20°C) with a 12 h light-dark cycle with the light phase beginning at 07.00 h. Within
each cohort, siblings were randomly assigned to one of three diet groups: (1) control diet
(Rowett Grower feed, see Table 2.1); (2) the control diet plus 600 g/d of whole raw broccoli;

(3) the control diet plus 600 g/d of blanched-frozen broccoli.
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After a 3 d adaptation period to experimental conditions and diets, animals were maintained
on the experimental diets for a further 12 d. The control diet and broccoli were provided in
two daily feeds of equal size at 08.00 h and 16.00 h, with each pig receiving the control diet at
a level of 5% of their bodyweight. Within each cohort, feed intake was monitored and
corrected where necessary to ensure a similar intake between animals. No correction was
made to the control diet to account for the macronutrient content of the supplemental
vegetables. Throughout the trial, pigs were allowed access to water ad libitum. The starting
date of each cohort was staggered to allow time at the end of the experimental period to

process and analyse samples that could not be frozen.

Table 2.1 Composition of Rowett Standard Grower Feed

Component kg/1000 kg
Barley 228

Wheat 430

Hipro Soya 225

Super Soya 50

Soya QOil 10

Salt 5

Grower Vitamin and Mineral Mix* 30
Molasses 20
De-oderase® 2

* The vitamin and mineral mix contained (per kg) calcium 250 g, copper 8.925 g, phosphorus 7 g,
sodium 5 g, selenium 13 mg, retinol 113, 636 pg, a-tocopherol acetate 3750 mg, vitamin D, 1875 pg.
De-oderase® is a preparation that contains glycocomponents derived from the Yucca shidigera plant. It
is thought to reduce odour and ammonia emissions from livestock (Amon et al. 1995).

At the end of the experimental period, the pigs were weighed, sedated (intramuscular injection
of Zoletil 100®; 1 vial reconstituted in 5 ml of di.H,0), anaesthetised (with an intravenous

injection of Somulose®; 1 ml per 10 kg BW), and then killed by exsanguination. Within each
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cohort, pigs were Killed in a randomised sequence, at hourly intervals, commencing

approximately 1 h after the morning feed.

2.2.5 Collection of blood samples and plasma isolation
Immediately after slaughter, venous blood was collected into 10 ml lithium-heparin coated
vacutainers (SIS, Nottingham, UK). Vacutainers were gently rotated to mix the blood with
lithium-heparin to prevent clotting and then stored on ice prior to plasma isolation. Plasma
was isolated from the samples by centrifugation (2400 g x 15 min, 4°C). For the analysis of
ascorbic acid content, a portion of plasma (600 pl) was diluted 50:50 v/v with 10%
metaphosphoric acid, snap frozen in liquid N, and stored at -80°C. The remaining plasma was
divided into 600 ul samples, snap frozen in liquid N, and stored at -80°C for the analysis of

retinol, carotenoids and vitamin E.

2.2.6 Collection of colon and isolation of colonocytes
The entire colon from the ileocaecal junction to the rectum was excised. A section of the mid
colon, approximately 200 mm in length was carefully flushed with modified Ca*/Mg**-free
Hanks Balanced Salt Solution (HBSS, 37°C) and then transferred to fresh HBSS solution
(37°C) for transportation to the laboratory for colonocyte isolation. Colonocytes were
removed from the section of mid colon by a modification of the method of Brendler-Schwaab

et al. (1994).

One end of the colon was clamped shut and the colon was filled with approximately 50 ml of
freshly prepared ice-cold HBSS solution containing 30 mM dithiothreitol (DTT). The open
end was tied shut and the colon segment was left on a Petri dish for 10 min during which time
excess connective tissue was removed. The colon was then flushed with ice cold HBSS, tied
at the base, filled with 40 ml of digestion buffer (HBSS containing 1 mg/mi
collagenase/dipase, pH 7.3), tied at the top, and suspended in a beaker containing HBSS. The

beaker was placed in a shaking water-bath (37°C, 60 rpm x 30 min) to gently agitate the
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colon. The colon was cut longitudinally and the colonocyte containing fluid from inside was
collected. Large clumps of tissue were removed from the colonocyte containing fluid and the
remaining cell suspension was centrifuged for 6 min (200 g, 20°C). The supernatant was
decanted and the pellet was resuspended in RPMI 1640-glutamine (1% wi/v). Cell
concentration and viability was determined by trypan blue exclusion (cell viability typically

70 — 80%). The cell suspension was separated for fresh comet analysis and for cold storage.

For fresh comet analysis, five aliquots (200 pl) were centrifuged for 3 min (200 g, 4 °C), the
supernatant was decanted and cells were resuspended in 85 ul of 1% LMP agarose. For cold
storage, aliquots were centrifuged for 3 min (200 g, room temperature), the supernatant was
decanted and cells were resuspended in freezer mix (90% FCS, 5% DMSO, 5% RPMI) at a
cell concentration of 3 x 10° per ml. Cells were then stored overnight at —80°C in thick walled
polystyrene trays to lower the gradient of temperature drop, before being transferred to liquid

N, for long-term storage.

2.2.7 Comet analysis
In its simplest form the comet assay measures DNA strand breaks in isolated cells. After
isolation, cells are embedded in agarose on a microscope slide and lysed with detergent and
salt. This produces nucleoids that consist of supercoiled loops of DNA attached to the nuclear
matrix. When subjected to electrophoresis at a high pH, these nucleoids form structures that
resemble comets. These can be viewed by fluorescence microscopy. The relative intensity of

the tail reflects the number of DNA strand breaks present (Fig 2.1; Collins, 2004).

In the current experiment, the comet assay was used to measure DNA strand breakage in fresh
(on day of isolation) and frozen colonocytes (after storage at —196°C in liquid N,).
Colonocytes suspended in 85 ul of 1% LMP agarose were pipetted onto a frosted glass

microscope slide pre-coated with 1% HMP agarose (3 slides per animal, 2 gels per slide). The
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agarose was allowed to set by incubating at 4°C for 5 min. Slides were then incubated in lysis
solution (2.5 M NaCl, 10 mM Tris, 100 mM Na,EDTA and 1% (v/v) Triton X-100, adjusted
to pH 10 with 10 M NaOH) for at least 1 hour at 4°C to remove cellular constituents such as

membranes and various proteins.

Slides were then placed in an electrophoresis tank (containing 0.3 M NaOH & 1 mM EDTA,
approximately pH 13) in continuous rows and incubated for 40 min to allow time for DNA
unwinding. Subsequently, slides were subjected to electrophoresis in the same solution at a
fixed voltage of 25 V and 300 mA for 30 min. The slides were then washed 3 times for 5 min
with neutralising buffer (0.4 M Tris, adjusted to pH 7.5 with HCI, 4°C), before staining with

20 pl of DAPI (1 pg/ml).

2.2.7.1 Quantification of Comet Assay

DAPI stained nucleoids were examined with a fluorescence microscope. One hundred
nucleoids on each slide were examined visually and scored according to tail density and
length using an integer scale between 0 (no damage) and 4 (maximal damage) (Fig 2.1).

Therefore the total score for 100 comets could range from 0-400.

2.2.8 Determination of plasma vitamin C
Samples of plasma stabilised with MPA (see “Collection of blood samples and plasma
isolation”) were allowed to thaw on ice for 1 h and then centrifuged (1000 g x 10 min, 4°C).
Supernatants were removed and transferred into amber vials. Each plasma sample was then
analysed for vitamin C by reversed phase HPLC using an ion-pairing reagent with UV
detection (Ross, 1994). Under the pH conditions of the assay (pH 5.5), ascorbic acid (pKa
4.19) exists primarily as the ascorbate ion. The ascorbate ion pairs with an ion-pairing reagent

forming neutral compounds that can be separated by reversed phase HPLC.
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The equipment used consisted of a Gilson model 305 pump (Anachem, Luton, UK) and a 20
ul loop volume automated sampler (Gilson 231; chamber maintained at 4°C) connected to a
Gilson 116 UV detector set to 262 nm. Vitamin C was separated on a Nucloesil ODS 5-um
column (25 x 0.46 cm, Jones, Henygoed, Mid Glamorgan, UK) with 2 x 0.4cm guard column
packed with pellicular C18 reversed phase packing 30-40 uM. The mobile phase consisted of
25 mM myristyltrimethylammonium bromide, 0.05 M NaOH, 0.06 M acetic acid, 7.5% (v/v)
acetonitrile, pH 5.5. Prior to use, EDTA (200 mg/l; to chelate any transition metals present in
the sample) and homocysteine (100 mg/l; to stabilise the ascorbic acid in its reduced form)
were added. The mobile phase was pumped through the column at a flow rate of 0.55 ml/min
at an ambient temperature. The run time was 12 min. Data was collected and analysed using

Gilson 715 software.

Solutions of ascorbic acid diluted in 10% (w/v) MPA were used to construct a standard curve
(0-100 uM). The peak area of each sample was determined using Gilson 715 software and was
guantified against a curve of the areas produced by the standards to produce a vitamin C
concentration. For quality control, a pooled plasma sample was analysed alongside every 25
samples and European and USP reference standards of ascorbic acid were analysed with each

run.

2.2.9 Determination of retinol, carotenoids and tocopherols
Plasma levels of retinol, a-carotene, P-carotene, zeaxanthin/lutein, a-tocopherol and vy-
tocopherol were measured simultaneously using reversed phase HPLC. Carotenoids were
detected by a spectrophotometric detector in the visible region and retinol and tocopherols

were detected with a fluorometer (Hess et al. 1991).

Frozen samples of plasma were defrosted at 4°C. Samples of plasma (200 pl) were pipetted
into 2 ml centrifuge tubes to which distilled water (200 ul) and ethanol (400 ul) were then

added. The tubes were mixed for 10 sec in a Whirlimix (Water, Watford, Herts, UK), hexane
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(700 pl) and echinone (100 pl; internal standard) were then added. The tubes were shaken for
10 min (Vortex Genie, Scientific Industries Inc, USA) and centrifuged for a further 5 min
(2000 g). A 600 ul sample of the hexane layer was removed and dried for 9 min on a Speed
Vac Concentrator (Savant Instruments, Farmingdale, USA). The resulting dried sample was

dissolved in DEA (200 pl), shaken for 5 min, and then loaded onto the HPLC column.

The HPLC equipment consisted of a Walters 717 autosampler (injection volume 150 pl), a
Walters model HPLC 515 pump connected to a 2487 UV/Vis detector and 2475 fluorescence
detector and a Beckman Ultrasphere ODS i.d. column (250 mm x 4.6 mm, particle size 5 um,
Beckman, High Wycombe, Bucks, UK). The mobile phase (acetonitrile-tetrahydrofuran-
methanol containing BHT-ammonium acetate (10 g/l; 67.4:22:6.8:3.8 by volume)) was
pumped through the column at a rate of 1.05 ml/min. Run time was 30 min and during the run,
wavelengths were changed as follows: visible detection program 0-11.9 min, 450 nm; 12-17.4
min, 472 nm; 17.5-30 min, 450 nm; fluorescence detection program (excitation and emission
settings) 0-5.1 min, 330 and 470 nm; 5.2-14.6 min, 298 and 328 nm; 14.7-30.0 min, 249 and
480 nm. Appropriate concentrations of mixed standards containing carotenoids, retinol and
tocopherol were included in each run. A pooled plasma sample was included after every 5
samples for quality control. Data was collected and analysed using Walters Millennium
software. Quantification was by the external standard method. The peak area of each

compound was quantified against the relevant reference standard.

2.2.10 Statistics
2.2.10.1 Effect of blanch-freezing on myrosinase activity

The myrosinase data was l0g;, transformed after Levene’s test indicated the data had unequal
variances (P<0.001). Log transformation partially stabilised the variance (P=0.049).
Standardised residuals calculated from the log-transformed data were tested for normality

using the Shapiro-Wilk W test (P=0.064). A two-way ANOVA using the log-transformed data
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was used to investigate the effect of blanch-freezing on myrosinase activity, and whether
myrosinase activity varied in different sections of broccoli. Results are expressed as the

geometric mean and 95% Cls of the antilog transformed data.

2.2.10.2 Pig trial

Standardised residuals for each dependent variable were tested for normality using the
Shapiro-Wilk W test. Data that deviated significantly from normality were log;, transformed
prior to testing for treatment effects. The significance of differences between treatment means
on each outcome variable was tested by two way ANOVA for a randomised block design.
When a significant difference was found, this was followed with a Dunnett’s test (Ruxton &
Beauchanp, 2008). Non-transformed data are expressed as means (SD); transformed data are

expressed as geometric means (95% CI).

Student’s paired t-test was used to assess the difference in DNA damage between fresh and
cryopreserved colonocytes after Shapiro-Wilk W test revealed the differences between the
paired colonocytes were normally distributed. The correlation between DNA damage in fresh
and cryopreserved colonocytes was determined using Pearson’s product moment correlation

co-efficient.

All statistical analyses were conducted on SPSS Release 17.0 (2008) and a P value of <0.05

was used as the critical level of significance.
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Fig 2.1 DNA damage in Caco-2 cells determined by single cell gel electrophoresis. Images represent differences in DNA damage scores 0-4.
Source: Kindly supplied by Professor Paul Kong, School of Pharmacy and Life Sciences, The Robert Gordon University, Aberdeen.
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2.3 Results

2.3.1 Effect of blanch-freezing on myrosinase activity
Blanched-frozen broccoli had significantly less myrosinase activity than raw broccoli
(P<0.001). Myrosinase activity did not differ significantly between inner florets, outer florets
and stalk (P=0.147) and there was no significant interaction between the effects of blanch-

freezing and the part of the plant that each section was sampled from (P=0.765) (Fig 2.2).

2.3.2 Pig trial
The mean intake of basal diet (1273 (SD 167.1) g/d) did not differ among treatment groups
and the raw broccoli and blanched-frozen broccoli groups consumed similar amounts of
broccoli. All groups of animals gained weight, but the raw broccoli (P=0.028) and blanched-
frozen broccoli (P=0.043) groups both gained significantly more weight (approximately 1 kg)

than the control group (Table 2.2).

2.3.2.1 Plasma concentrations of vitamins and carotenoids

Broccoli supplementation failed to have any significant effect on plasma concentrations of
retinol (pooled geometric mean 0.309 (95% CI 0.2323, 0.4121) pg/ml), lutein/zeaxanthin
(pooled mean 0.0029 (SD 0.00046) pg/ml), ascorbic acid (pooled geometric mean 33.1 (95%
CI 23.28, 47.21) uM), a-tocopherol (pooled mean 1.46 (SD 0.450) pg/ml) or y-tocopherol

(pooled mean 0.0231 (SD 0.0076) pg/ml) (Table 2.3).
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Fig 2.2 Effect of blanch-freezing on myrosinase activity in broccoli. Myrosinase activity is expressed as
units/g of plant tissue in sections sampled from the stalk and the inner and outer regions of heads of
whole raw and blanched-frozen broccoli. Bars represent 95% CI of the geometric means of three
replicates. Two way ANOVA with interaction was used to assess the significance of differences.
Blanched-frozen broccoli had significantly less myrosinase activity than raw broccoli (P<0.001).
Myrosinase activity did not differ significantly in samples from different parts of the broccoli plant
(P=0.147). There was no interaction between the effects of blanch-freezing and part of the plant that the
sample was taken from (P=0.765).
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Table 2.2 Mean values (SD) of weight gain and daily intake of basal diet and broccoli over the 12 d test
period.

Treatment Basal diet Broccoli Initial body Final body Body weight
g/d g/d weight kg weight kg gain kg
Raw broccoli 1273 (167.1) 577.4(39.81) 33.90(1.828) 4158 (3.518)  7.68 (1.788)

Blanched-frozen 1273 (167.1) 585.4 (29.46)  34.32 (6.317) 41.92 (6.978) 7.60* (1.233)
broccoli

Control 1273 (167.1) L 35.86 (2.904)  42.64(3.905)  6.78 (1.997)

Basal diet, Rowett standard grower feed (see Table 2.1 for composition). Two way ANOVA (for a
randomised block design) and Dunnett’s test were used to assess statistical differences in body weight
gain. An asterisk within a column indicates a significant difference between a treatment group and the
control group (P<0.05); n=5 in each diet group in all cases.

Table 2.3 Mean plasma concentration of vitamins and carotenoids in groups of pigs fed cereal diets
unsupplemented (control) or supplemented with 600 g of raw or blanched-frozen broccoli (cv.
Marathon) for 12 d.

Treatment Retinol Zeaxanthin/lutein ~ Ascorbic acid  a-tocopherol  y-tocopherol
pg/ml pg/ml uM pg/ml pg/ml
Raw broccoli 0.348 0.0031 28.6 1.19 0.021
Cl/sD (0.211, 0.572) (0.0006) (15.6, 52.8) (0.209) (0.0047)
Blanched-
frozen broccoli 0.280 0.0029 43.2 1.52 0.024
Cl/sD (0.170, 0.461) (0.0006) (23.4,79.4) (0.326) (0.0062)
Control 0.304 0.0027 29.4 1.68 0.025
Cl/sD (0.185, 0.501) (0.0002) (16.0, 54.2) (0.636) (0.0115)

Two way ANOVA (for a randomised block design) was used to assess statistical differences, n=5 in
each diet group for all variables, except zeaxanthin/lutein, where n=4. Non-transformed data are
expressed as mean (SD), data that were log;, transformed before analysis are expressed as geometric
mean (95% ClI).

2.3.2.2 Colonocyte DNA damage

Colonocyte DNA damage was measured in freshly prepared colonocytes (fresh) on post
mortem days and in colonocytes isolated on post mortem days and subsequently stored at -
196°C prior to analysis (cryopreserved). In both fresh and cryopreserved colonocytes, the

consumption of raw broccoli significantly increased DNA strand breakage in comparison to

the control group (mean increase 14% for fresh colonocytes (Fig. 2.3A; P=0.020) and 27% for
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cryopreserved colonocytes (Fig. 2.3B; P=0.025)). The number of DNA strand breaks in the
blanched-frozen broccoli group was not significantly different to the control group (Fig 2.3A,

P=0.999 for fresh colonocytes, Fig 2.3B, P=0.243 for cryopreserved colonocytes).

Analysis of individual comet classes in cryopreserved colonocytes revealed a significantly
greater percentage of maximally damaged class 4 comets (42 v 29%, P=0.03) and a
significantly lower percentage of colonocytes exhibiting no damage (class 0; 15 v 26%,
P=0.019) in pigs fed raw broccoli than in pigs fed the control diet. Comet classes in pigs fed
blanched-frozen broccoli did not differ significantly from the control group (Table 2.4B).
Analysis of individual comet classes in fresh colonocytes revealed no significant treatment

effects (Table 2.4A).

A comparison between fresh and cryopreserved colonocytes revealed that cryopreserved
colonocytes had significantly fewer DNA strand breaks than fresh colonocytes (mean 237 (SD
40.6) vs. 302 (SD 57.5), P=0.001). There was a weak non-significant positive correlation
between DNA damage measured in fresh and cryopreserved colonocytes (r=0.21, P=0.464,

Fig 2.4).
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Fig. 2.3 The effect of raw and blanched-frozen broccoli on the level of DNA damage in (A) fresh and
(B) cryopreserved colonocytes. The animals (five per treatment group) were fed cereal diets
unsupplemented (control) or supplemented with 600 g/d of raw or blanched-frozen broccoli (cv.
Marathon) for 12 d. Results are expressed as mean values (in arbitrary units, scored 0-400) for each
treatment group and standard deviations represented by vertical bars. Two way ANOVA (for a
randomised block design) and Dunnett’s test were used to assess statistical difference. An asterisk
indicates that the treatment group differs significantly from the control group (P<0.05).
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Table 2.4 Comet classes in (A) freshly prepared and (B) cryopreserved colonocytes isolated from pigs
fed one of the following diets: cereal diet unsupplemented (control), or cereal diet supplemented with
600 g/d of raw and blanched-frozen broccoli for 12 d.

A
Treatment Comet Classes
0 1 2 3 4

Raw broccoli

2.7 (3.11) 7.7 (6.50) 7.1(3.18) 23.1(8.44) 59.4 (20.46)
Blanched-frozen
broccoli

7.5 (7.79) 14.8 (9.77) 8.7 (2.19) 19.7 (5.27) 49.3 (14.73)
Control

11.5 (14.91) 10.3 (6.09) 6.3 (2.70) 21.7 (10.07) 50.2 (17.14)
B
Treatment Comet Classes

0 1 2 3 4

Raw broccoli 15.0 (12.30) ~ | 11.5 (2.01) 9.3(2.07) 22.1 (6.06) 42.2 (9.25) "
Blanched-frozen 17.7 (5.26) 15.2 (2.79) 12.4 (1.32) 21.6 (3.46) 33.2(6.47)
broccoli
Control 26.0 (6.78) 15.4 (4.58) 11.40 (3.24) 18.4 (3.18) 28.9 (8.54)

In tables A and B, results are expressed as the number of colonocytes in each class of damage and are
the mean (SD) of 3 slides (each containing two gels) for each animal and 5 animals in each treatment
group. Two way ANOVA (for a randomised block design) and Dunnett’s test were used to assess
significance of differences. Within each column an asterisk indicates that the treatment group differs
significantly from the control group (P<0.05).
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Fig 2.4 The correlation between DNA damage measured in freshly prepared colonocytes and
cryopreserved colonocytes. Cryopreserved colonocytes were stored at -196°C prior to analysis.
Colonocytes were isolated from pigs fed an unsupplemented cereal diet (control) or 600 g/d of raw or
blanched-frozen broccoli for 12 d.

2.4 Discussion

In two experiments conducted by the group before this project, colonocytes isolated from pigs
fed a diet supplemented with raw broccoli had less DNA damage (measured as strand breaks)
than those isolated from pigs fed a diet supplemented with processed broccoli, or a diet
containing no broccoli (Ratcliffe et al. 1999; Ratcliffe et al. 2000). In contrast, in the present
experiment, DNA damage was increased in colonocytes isolated from pigs fed raw broccoli.
This was surprising because the same experimental design was used as in the earlier
experiments. A possible explanation is that the broccoli fed in the present experiment differed
in some important aspect from that fed in the two earlier experiments. No information exists
regarding the cultivar of broccoli fed in the previous experiments. However, as the broccoli
was supplied from a different source, and the experiments were conducted at a different time
of year, 3-4 years earlier, it is not unreasonable to assume that it may have been a different

cultivar and/or grown under different conditions.
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Different cultivars of broccoli, or even the same cultivar, grown under different conditions,
can vary markedly in their content of bioactive compounds. For example, an analysis of 50
different cultivars of broccoli, found a greater than 27 fold difference in glucoraphanin
content, 9 fold difference in indole GLS and a-tocopherol content, 4 fold difference in B-
carotene content and a 2 fold difference in vitamin C content (Kurlich et al. 1999; Kushad et
al. 1999). Also, in another study, an approximate 2-fold range in total polyphenol content was
reported (Eberhardt et al. 2005). In addition to differences between cultivars, 2 to 3 fold
differences in the content of a range of GLS have been found in the same cultivar of broccoli
grown at different sulphur and nitrogen fertiliser levels (Vang et al. 2001). Such variations in
the content of bioactive compounds could mean that two different cultivars or batches of
broccoli may exert very different biological effects. Indeed, differences in composition have
been shown to correlate with the ability of broccoli to induce XME in vivo and protect against
H,0, induced DNA strand breaks in cultured human hepatoma HepG2 cells (Kurlich et al.

1999; Kushad et al. 1999; Vang et al. 2001; Eberhardt et al. 2005).

In contrast to the effect of raw broccoli, the blanch-frozen broccoli had no significant effect on
DNA damage. This suggests that the blanch-freezing protocol either reduced the level of the
genotoxic component or its delivery to colonocytes. Freezing appears to preserve the level of
many of the bioactive compounds present in broccoli, but blanching followed by immersion in
cold water typically causes moderate losses, possibly as a result of leaching into the cooling
water (Goodrich et al. 1989; Howard et al. 1999; Galgano et al. 2007). For example, Galgano
et al. (2007) reported a 32% loss of vitamin C and a 13% loss of sulforaphane in broccoli
subjected to a steam blanching protocol similar to that used in the current study (96°C x 3min,
followed by immersion in cold water for 1.5 min). Whereas, Goodrich et al. (1989) reported
that a slightly harsher steam blanching protocol (99°C x 5.5 min) followed by immersion in
cold water for 3.5 min resulted in an approximate 50% loss of GLS. So, it is possible that the
blanching protocol reduced the level of the unidentified genotoxic compound present in the

broccoli.
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The hydrolysis of GLS to their breakdown products is largely dependent on the presence of
active plant myrosinase. When cooked broccoli with inactive myrosinase is consumed, the
urinary excretion of ITC (as their mercapturic acid metabolites) is approximately three fold
lower than when similar levels of GLS are supplied in raw broccoli with active plant
myrosinase (Conaway et al. 2000). The urinary excretion of ITC was not measured in the
current study, but the blanch-freezing protocol almost completely inactivated the plant
myrosinase present in the broccoli. The combination of, inactive myrosinase and the possible
loss of GLS during the blanching protocol implies that pigs consuming the blanched-frozen
broccoli were exposed to lower levels of ITC than those fed the raw broccoli. ITC are
generally regarded as anti-carcinogens, however, genotoxicity and other toxic effects have
occasionally been reported (Murata et al. 2000; Paolini et al. 2004; Visanji et al. 2004). Under
certain circumstances, the -N=C=S group of ITC appears to be able to undergo spontaneous
hydrolysis leading to the production of superoxide and H,0O,. It is possible that the presence of
these prooxidants in colonocytes could lead to oxidative DNA damage and explain the effect

of raw broccoli in the current study.

Other GLS breakdown products may also have contributed to the genotoxic effect of raw
broccoli. Broccoli typically contains substantial quantities of the indolyl GLS, glucobrassicin
and neoglucobrassicin, which on contact with myrosinase are hydrolysed to indole 3-carbinol
(13C) (Kushad et al. 1999; Mithen et al. 2000). Indolo(3, 2-b) carbozole, one of the acid
condensation products formed from 13C in the stomach has been shown to induce CYP1Al in
Hepalclc? cell lines, resulting in the generation of reactive oxygen species and subsequently
oxidative DNA damage (McDanell et al.1988; Park et al. 1996). A local induction of CY1A1l
enzymes in colonocytes could explain the effect of raw broccoli in the current experiment.
The hydrolysis of GLS in raw broccoli may generate substantial quantities of nitriles
(Matusheski et al. 2004). Cruciferous nitriles have been shown to exert toxic effects in the
kidney, liver and pancreas of rats (Wallig et al. 1988; VanSteenhouse et al. 1989). So, it is
possible that they contributed to the genotoxic effects of the raw broccoli. Other compounds
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present in broccoli such as the flavonoids, quercetin and kaempferol and the sulphur
compound, S-methyl cysteine sulfoxide (SMCSO) have also been shown to increase DNA
strand breakage or cause oxidative damage in vitro (Smith, 1980; Duthie et al. 1997; Niering
et al. 2005; Watjen et al. 2005). The concentrations of these individual compounds shown to
exert a detrimental effect in various experiments were greater than the amount that 600 g/d of
broccoli could conceivably supply. However, it is possible that the different compounds
present in raw broccoli acted in synergy to promote a genotoxic effect. Conversely, other
unidentified compounds present in broccoli or bacterial metabolites formed in the colon may

have been responsible.

In addition to causing the loss of various bioactive compounds and reducing the formation of
ITC, the blanching-freezing protocol may have altered the location of release of the genotoxic
component in the gastrointestinal tract. Freezing leads to the formation of ice crystals within
plant cells, which can cause cell walls to rupture, an effect that is increased when vegetables
are blanched before freezing (Crivelli et al. 1971; Brown, 1976; Fernandez et al. 2006).
Ruptured cell walls would be expected to facilitate the release of a range of cytoplasmic
compounds from the broccoli in the upper Gl tract. Whereas, the release of compounds from
fragments of raw broccoli with intact cell walls may have been more difficult. Previously, it
was hypothesised that fragments of raw broccoli with intact cell walls resist digestion in the
stomach and small intestine and act as a vehicle to transport various anti-carcinogenic
compounds to the lumen of the colon, where the fermentative activity of the colonic bacteria
hydrolyse the plant cell walls and release various compounds trapped within the plant matrix
(Ratcliffe et al. 1997). Presumably, fragments of raw broccoli may have also acted as a
vehicle to transport the unidentified genotoxic compound (or compounds that are converted to

genotoxins by the colonic microflora) to the lumen of the colon.

Although the current study appears to be the first to find an increase in DNA damage in
colonocytes after the consumption of raw broccoli, there is at least one report in the literature
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of cruciferous vegetables damaging DNA in vivo. In a rodent study, Sorensen et al. (2001)
reported that a cooked Brussels sprouts extract increased oxidative damage (measured as 8-
0x0-dG) in the liver. Interestingly, scaled for body weight the daily intake of Brussels sprouts
was similar to the daily intake of broccoli in the present experiment (25.6 v 17.3 g/kg/body
weight). Together these results offer some cause for concern and indicate that high intakes of

cruciferous vegetables may sometimes have unpredictable detrimental effects.

A possible criticism of the present study is the very high level of DNA strand breaks in the
colonocytes isolated from the pigs fed the control diet (Fig 2.3A & 2.3B). Colonocytes from
control pigs that were analysed on the day of isolation contained an average of 50% class 4
comets, whereas those cryopreserved and analysed at a later date contained an average of 28%
class 4 comets. In the absence of exposure to a genotoxin, cells should contain few if any class
4 comets. This suggests that a substantial amount of damage occurred during the isolation
process, especially in the freshly prepared colonocytes (Personal communication, A Collins).
The higher level of class 4 comets in the freshly prepared colonocytes may be explained by
the fact that after the cryopreserved colonocytes were frozen (presumably halting DNA
damage), the fresh colonocytes spent further time on ice awaiting analysis, whilst samples for
other analyses were being collected and processed. A certain amount of damage is probably
unavoidable when isolating colonocytes and the overall comet score of the control group of
pigs is comparable with previously published values for rat colonocytes (289 fresh and 208
cryopreserved versus 210 in the study of Duthie et al. (2002), value derived from a graph).
The expected effect of a large amount of damage occurring during the isolation process is that
any treatment effect could be masked. This appears to have occurred to a certain extent
because a smaller genotoxic effect of raw broccoli treatment was observed in freshly prepared
colonocytes than in cryopreserved colonocytes (14% increase versus 27% increase).
Furthermore, there were no significant differences in individual comet classes in freshly
prepared colonocytes, whereas in cryopreserved colonocytes there were significant differences
in the number of class 0 and class 4 comets in raw broccoli group versus the control group
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(Tables 2.4A & B). So, it is possible that the genotoxic effect of raw broccoli may actually be
greater than that observed in the present experiment. It is also possible that a more modest

genotoxic effect of the blanched-frozen broccoli may have been masked.

A further criticism of the present study is that the diet of the control pigs was not adjusted to
account for the increased energy intake supplied by the supplemental raw and blanched-frozen
broccoli (estimated to be approximately 2700 kcal over the 15 d trial period). This led to a
slightly greater weight gain in the groups of pigs fed the diets supplemented with broccoli
than in the control group. However, it seems unlikely that the minor differences in energy
intake and weight gain explains the effect of the raw broccoli, because the blanched-frozen
broccoli group gained almost the same amount of weight as the raw broccoli group, but

exhibited no significant increase in DNA damage.

Literature values indicate that 600 g of broccoli (cv. Marathon) would be expected to contain
an average of 8.2 mg of total carotenoids (5.5 mg f-carotene, 2.6 mg lutein, 0.1 mg other
carotenoids), 8.7 mg a-tocopherol, 5.4 mg y-tocopherol, and 730 mg of ascorbic acid (Vallejo
et al. 2003; Eberhardt et al. 2005). Despite this, neither broccoli-supplemented diet increased
the concentration of retinol, zeaxanthin/lutein, a-tocopherol, y-tocopherol or ascorbic acid in
the plasma of the pigs. The failure of either broccoli diet to increase the concentration of
retinol and oa-tocopherol in the plasma is probably because the basal diet (Rowett Grower
Feed, see Table 2.1) was enriched with substantial quantities of retinol and a-tocopherol. In
humans, the consumption of 200-300 g/d of broccoli causes an increase in the concentration
of lutein in the plasma (Micozzi et al. 1992; Granado et al. 2006). The lack of any effect in the
present study may reflect species differences between humans and pigs. The pig can
synthesise ascorbic acid (Pond & Houpt, 1978). Studies investigating the effect of
supplemental ascorbic acid in pigs are inconsistent with some finding an elevation in plasma
ascorbate and others showing no effect (Yen & Pond, 1981; Mahan & Saif, 1983; Pointillart et
al. 1997; Audet et al. 2004). The reason for this is unclear, but limited evidence indicates that
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supplying high amounts of ascorbic acid to pigs, suppresses I-gulono-gamma-lactone oxidase
(GLO) the hepatic enzyme responsible for synthesising ascorbic acid (Mahan et al. 2004).
This could partially explain the failure of broccoli to significantly elevate plasma ascorbate in
the present study. Alternatively, the lack of effect may reflect oxidation of ascorbic acid due
to poor sample handling and preparation (Chung et al. 2001). The plasma ascorbic acid results
of the pigs varied widely (range 7.9 to 58.7 uM) and included some suspiciously low values,
such as 7.9 and 11.3 UM, perhaps indicating some loss of ascorbic acid occurred during the

processing of samples.

In conclusion, the feeding of 600 g/d of raw broccoli for 12 d caused a significant increase in
the number of DNA strand breaks in isolated colonocytes. No effect was seen in the
colonocytes of pigs fed blanched-frozen broccoli, indicating that processing caused the
genotoxic compound(s) to be lost, or reduced its formation in vivo or delivery to the
colonocytes. It is unclear why the result of this experiment differed from work carried out by
the group prior to this project, but the feeding of a different batch of broccoli may have been
responsible. This study indicates that the biological effects of consuming broccoli may depend
on the cultivar consumed and the degree of thermal processing it has been subjected to before
consumption. The effect of different cultivars of raw broccoli on DNA damage in colonocytes

warrants further investigation.

72



Chapter 3

Effect of raw broccoli and raw carrot on DNA damage in
colonocytes

3.1 Introduction

In experimental studies, cruciferous vegetables and a number of their constituents typically
exert chemoprotective effects (see Chapter 1). Occasionally, however, negative effects, such
as an induction of chromosomal damage, tumour promotion, and the generation of reactive
oxygen species have been observed (Pence et al. 1986; Kassie et al. 1996; Paolini et al. 2004).
The experiment reported in Chapter 2 found a significant increase in DNA damage in
colonocytes isolated from pigs fed 600 g/d of raw broccoli. This was unexpected, because
work conducted by the group prior to the current project, found that raw broccoli conferred
protection against DNA damage (Ratcliffe et al. 1999; Ratcliffe et al. 2000). The factors
responsible for this disparity are unclear, but it was suggested that the composition of the

broccoli may have differed in some important aspect (see Chapter 2).

Several epidemiological studies have reported an inverse association between the
consumption of vegetables rich in carotenoids and the incidence of CRC (Steinmetz & Potter
1996). It is unclear, whether this association is mediated by carotenoids or other bioactive
compounds common to such vegetables. However, a number of anti-carcinogenic actions of
carotenoids have been identified. These include increasing cell-to-cell communication,
modulating the immune response and acting as antioxidants (Olsen, 1999). Much research
has focused on the antioxidant actions of carotenoids, but the absorption of carotenoids is
generally poor and the concentrations typically reached in the plasma and most body tissues
may be insufficient to exert an antioxidant effect (Halliwell et al. 2000). Unabsorbed

carotenoids may, however, reach sufficient concentrations in the lumen of the large intestine
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to act as antioxidants (Halliwell et al. 2000). The faecal matrix can generate free radicals
(Babbs et al. 1990; Stone et al. 2002). Unabsorbed carotenoids that reach the colon may
scavenge reactive oxygen and nitrogen species generated by the faecal matrix, thereby

protecting the colonic epithelium from oxidative DNA damage.

In most western countries, carrots are the main dietary source of carotenoids (O’Neill et al.
2001). The main carotenoids in carrot are PB-carotene, a-carotene and lutein/zeaxanthin
(Mangels et al. 1993). The absorption of carotenoids from raw carrots appears to be low.
Studies using different methods to assess absorption have reported values between 10 and
50% (Erdman et al. 1993; Livny et al. 2003). The low bioavailability of carotenoids from raw
carrot has been largely attributed to the food matrix resisting disruption during transit through
the upper Gl tract (Olsen, 1999). The consumption of raw carrots would be expected to
deliver large quantities of carotenoids to the lumen of the large intestine. In the large intestine
the fermentative activities of the microflora may degrade plant cell walls and release any
carotenoids and other bioactive compounds that have remained trapped within the carrot
matrix during their transport through the upper Gl tract. Released carotenoids may then be

available to act as antioxidants in the lumen of the colon.

The aims of this experiment were: (1) to investigate whether a different cultivar of broccoli
(cv. Monoco) to that fed in the experiment reported in Chapter 2 would also exert a genotoxic
effect on colonocytes; (2) to investigate whether a raw vegetable high in poorly absorbable
antioxidants (carotenoids), and devoid or low in many of the putative genotoxic compounds
present in raw broccoli would protect colonocytes from DNA damage. It was hypothesised
that raw Monaco broccoli would damage DNA in colonocytes and that raw carrots would

protect colonocytes from DNA damage.
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The objectives of this experiment were to:

e conduct a dietary trial feeding supplemental raw broccoli and raw carrots to

appropriate groups of pigs

¢ to determine whether either raw vegetable supplemented diet altered the level of DNA

damage in the colonocytes of the experimental pigs

e to determine whether either raw vegetable supplemented diet increased the plasma

concentration of retinol, ascorbic acid, a-tocopherol and y-tocopherol.

3.2 Materials and Methods

3.2.1 Chemicals

The chemicals used in this experiment were the same as those used in the experiment reported

in Chapter 2 (see pg 48 for details).

3.2.2 Broccoli and carrots
Broccoli (Brassica oleracea L. var. Italica cv. Monaco) and carrots (Daucus carota L. cv.
Nairobi) were supplied by Sainsbury’s, Garthdee, Aberdeen. New deliveries of broccoli and
carrots were collected on Monday, Wednesday and Friday morning. No details were available
on the time lapse between harvesting and delivery to Sainsbury’s. To conform to the
regulatory procedures of the Rowett Research Institute’s, minimal disease pig unit, both
vegetables were briefly washed in a 1% Virkon solution and thoroughly rinsed with cold

water prior to preparation.
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3.2.2.1 Preparation of broccoli and carrots
Raw broccoli

Washed broccoli bunches were trimmed to size (~300 g) and stored in loose fitting plastic

bags at 4°C for a maximum of 3 d before use.

Raw carrots

Washed whole carrots were stored in loose fitting plastic bags (~300 g per bag) at 4°C for a

maximum of 3 d before use.

3.2.3 Animals and experimental design
Eighteen male Landrace X Large White pigs (Rowett Research Institute, Aberdeen, Scotland)
were divided into six age (83 (SD 5) d) and weight (35.4 (SD 3.89) kg) matched cohorts.
Each cohort consisted of siblings to minimise the effect of genetic variation on subsequent
treatment outcome. Each animal was individually housed within a temperature-controlled
room (20°C) with a 12 h light-dark cycle with the light phase beginning at 07.00 h. Within
each cohort, siblings were randomly assigned to one of three diet groups: (1) control diet
(Rowett Grower feed, see Chapter 2, Table 2.1, pg. 52); (2) the control diet plus 600 g/d of

whole raw broccoli; (3) the control diet plus 600 g/d of raw carrots.

After a 3 d adaptation period to experimental conditions and diets, animals were maintained
on the experimental diets for a further 12 d. The control diet, broccoli and carrots were
provided in two daily feeds of equal size at 08.00 h and 16.00 h, with each pig receiving the
control diet at a level of 5% of their bodyweight. Raw broccoli was provided in 300 g
individual bunches at each feed. Raw carrots were provided as whole carrots. Where
necessary, one of the carrots was chopped to an appropriate size to bring the total meal intake

to 300 g. Within each cohort, feed intake was monitored and corrected where necessary to
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ensure a similar intake between animals. No correction was made to the control diet to
account for the macro-nutrient content of the supplemental vegetables. Throughout the trial,
pigs were allowed access to water ad libitum. The starting date of each cohort was staggered
to allow time at the end of the experimental period to process and analyse samples that could

not be frozen.

At the end of the experimental period, the pigs were weighed, sedated (intramuscular injection
of Zoletil 100®; 1 vial reconstituted in 5 ml of di.H,0), anaesthetised (intravenous injection
of Somulose®; 1 ml per 10 kg BW), and then killed by exsanguination. Within each cohort,
pigs were Killed in a randomised sequence, at hourly intervals, commencing approximately 1

h after the morning feed.

3.2.4 Collection and isolation of samples

Colon tissue and plasma were collected and prepared as outlined in Chapter 2 pgs 53-54

3.2.5 Experimental analyses

All analyses were carried out as outlined in Chapter 2 pgs 54-57.

3.2.6 Statistical analyses
The significance of differences between treatment means was tested by two way ANOVA for
a randomised block design and where appropriate post hoc Dunnett’s test. Shapiro-Wilk W
tests revealed that the standardised residuals of all the outcome variables were normally

distributed. Data are presented as means (SD).

The Shapiro-Wilk W test was used to confirm that the difference between paired fresh and
cryopreserved colonocytes had a normal distribution. Student's paired t-test was then used to
assess the significance of differences in DNA damage between fresh and cryopreserved

colonocytes. Pearson’s product moment correlation coefficient was used to determine the
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correlation between fresh and cryopreserved colonocytes. All statistical analyses were
conducted on SPSS Release 17.0 (2008) and a P value of <0.05 was set as the critical level of

significance.

3.3 Results

One cohort of three pigs was excluded from all analyses because two pigs within the cohort
developed diarrhoea just before the end of the intervention period. The mean intake of basal
diet did not differ among treatment groups and the broccoli and carrot groups consumed
similar amounts of their allocated vegetables (Table 3.1). The broccoli group gained 4.6%
more weight than the control group (P=0.014) and the carrot group gained 3.1% more weight

(P=0.055), but the difference was only significant for the broccoli group.

3.3.1 Plasma concentrations of vitamins
Neither vegetable supplement significantly increased plasma concentrations of retinol (pooled
mean 0.34 ug/ml, SD 0.068), ascorbic acid (pooled mean 59.9 uM, SD 13.45), a-tocopherol
(pooled mean 1.43 pg/ml, SD 0.295) or y-tocopherol (pooled mean 0.026 pg/ml, SD 0.0126)

relative to the control group (Table 3.2).

3.3.2 Colonocyte DNA damage
DNA damage was measured in colonocytes prepared on post mortem days (fresh) and in
colonocytes isolated on post mortem days and subsequently stored at -196°C prior to analysis
(cryopreserved). Analysis of fresh colonocytes revealed that raw broccoli consumption caused
a significant 54% increase in DNA strand breakage in comparison to the control group (Fig.

3.1A, P<0.001). A similar 51% increase was seen in cryopreserved colonocytes (Fig. 3.1B,
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P<0.001). The consumption of raw carrot did not significantly alter the number of DNA

strand breaks in fresh or cryopreserved colonocytes (Fig 3.1A & Fig 3.1B).

Table 3.1 Mean values (SD) of weight gain and daily intake of basal diet, broccoli and carrots over the
12 d experimental period.

Treatment Basal diet Broccoli Carrot Body weight gain
gld g/d g/d kg

Raw broccoli 1085 (120.8) 600 (0) _ 5.6 (2.59)

Carrot 1085 (120.8) _ 578 (49.6) 5.2(2.27)

Control 1085 (120.8) _ 4.2 (1.80)

Basal diet, Rowett standard grower feed (see Chapter 2, Table 2.1 for composition). Two way ANOVA
(for a randomised block design) and post hoc Dunnett's test were used to assess statistical difference in
weight gain. An asterisk within a column indicates that the vegetable supplemented group differs
significantly from the control group (P<0.05), n=>5 for each diet group in all cases.

Table 3.2 Mean (SD) plasma concentration of vitamins in groups of pigs fed cereal diets
unsupplemented (control) or supplemented with 600 g/d of raw broccoli (cv Monaco) or raw carrots
(cv. Nairobi) for 12 d.

Treatment Retinol Ascorbic acid  a-tocopherol  y-tocopherol

pg/ml uM pg/ml pg/ml

Raw broccoli  0.36 (0.104)  70.1(10.64)  1.40(0.477)  0.029 (0.0079)
Carrot 0.34(0.051) 53.0(15.20)  1.38(0.183)  0.031 (0.0036)

Control 0.32(0.043)  56.6 (9.29) 1.51(0.176)  0.019 (0.0196)

Two way ANOVA (for a randomised block design) was used to assess the significance of differences
between treatment group means, n=>5 for each diet group in all cases.
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The distribution pattern of DNA damage expressed as the number of cells in the five comet
classes (from undamaged class 0 to maximally damaged class 4) varied significantly among
diet groups (Tables 3.3A & B). Freshly prepared colonocytes isolated from pigs fed raw
broccoli contained 79% fewer undamaged class 0 comets (P=0.01) and 129 % more class 3
(P=0.026) and 50% more maximally damaged class 4 comets (P=0.007) than those isolated
from pigs fed the control diet (Table 3.3A). Colonocytes isolated from pigs fed raw carrot also
contained significantly less undamaged class O comets, than the control group (P=0.049). A
similar distribution pattern of DNA damage was observed in cryopreserved colonocytes,
except that there were no significant differences among treatment groups in the number of
class 3 comets and the number of class 0 comets in the raw carrot group was not significantly

different to the control group (Table 3.3B).

When colonocytes from all treatment groups were pooled, a paired t test revealed no
difference in the amount of DNA damage between freshly prepared and cryopreserved
colonocytes (mean 229 (SD 52.4) vs. 226 (SD 49.2), P=0.558). There was a moderate
significant positive correlation between DNA damage measured in fresh and cryopreserved

colonocytes (r=0.6, P=0.018, Fig 3.2).
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Fig. 3.1 The effect of raw broccoli and raw carrots on the level of DNA damage in (A) fresh and (B)
cryopreserved colonocytes. The animals (five per treatment group) were fed cereal diets
unsupplemented (control) or supplemented with 600 g of raw broccoli (cv. Monaco) or raw carrots (cv.
Nairobi) for 12 d. Results are expressed as mean values (in arbitrary units, scored 0-400) for each
treatment group and standard deviations represented by vertical bars. Two way ANOVA (for a
randomised block design) and post hoc Dunnett's test were used to assess statistical difference.
“Treatment groups with an asterisk differ significantly from the control group (P<0.05).
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Table 3.3 Comet classes in (A) freshly prepared and (B) cryopreserved colonocytes isolated from pigs
fed one of the following diets: cereal diet unsupplemented (control), or cereal diet supplemented with
600 g/d of raw broccoli or raw carrot for 12 d.

A
Treatment Comet Classes
0 1 2 3 4
Raw broccoli ) N N
7 (3.74) 13.2 (5.02) 13.7 (3.57) 23.7 (8.50) 42.4 (8.73)

Raw carrot .

20.5 (11.02) 18.2 (3.36) 12.3 (3.52) 15.1 (6.75) 33.9 (10.50)
Control

32.7 (7.90) 18.3 (2.42) 10.7 (1.96) 10.2 (3.73) 28.1 (6.14)
B
Treatment Comet Classes
0 1 2 3 4

Raw broccoli 10.2 (7.10)" 12.1 (3.80) 10.2 (2.47) 16.5 (4.07) 51.0 (9.31)
Raw carrot 21.5 (6.08)" 15 (1.56) 10.0 (1.14) 15.4 (2.47) 38.2 (8.39)
Control 33.2 (5.52) 15.1 (1.50) 9.6 (2.20) 13.6 (3.21) 28.5 (3.59)

In tables A and B, results are expressed as the number of colonocytes in each class of damage and are
the mean (SD) of 3 slides (each containing 2 gels) for each animal and 5 animals in each treatment
group. Two way ANOVA (for a randomised block design) and post hoc Dunnett's test were used to
assess statistical difference. Within a column an asterisk indicates a significant difference between a
treatment group and the control group (P<0.05).
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Fig 3.2 The correlation between DNA damage measured in freshly prepared colonocytes and
cryopreserved colonocytes. Cryopreserved colonocytes were stored at -196°C prior to analysis.
Colonocytes were isolated from pigs fed an unsupplemented cereal diet (control) or 600 g/d of raw
broccoli or carrots for 12 d.

3.4 Discussion

In the experiment reported in Chapter 2, the consumption of raw broccoli caused an increase
in DNA damage in colonocytes, although earlier work had shown that raw broccoli protected
colonocytes against DNA damage (Ratcliffe et al. 1999; Ratcliffe et al. 2000). The reason for
the disparity is unclear, but it was suggested that different cultivars of broccoli might have
different biological effects. To investigate this possibility, the present experiment fed a
different cultivar of broccoli. In agreement with the experiment reported in Chapter 2, raw
broccoli consumption caused an increase in DNA damage. Furthermore, the magnitude of the
effect was larger than that reported in Chapter 2 (cv. Monaco 54% increase over control pigs
vs. cv. Marathon 14% increase over control pigs, calculated from data for fresh colonocytes,
i.e. colonocytes analysed on the day of isolation). This may indicate that Monaco broccoli
contains higher levels of the genotoxic compound(s) than Marathon broccoli. However, in

Chapter 2 it was argued that the genotoxic effect of Marathon broccoli might have been
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partially masked by the high amount of damage that occurred during the isolation of the
colonocytes. Colonocytes isolated from control pigs in the present experiment exhibited much
less DNA damage than control pigs in the previous experiment (fresh colonocytes 183 versus
289; cryopreserved colonocytes 189 versus 209). Whilst acknowledging that different groups
of pigs may have different basal levels of DNA damage, the large differences suggest that less
damage occurred during the isolation process. This may in part explain the greater apparent

genotoxicity of Monaco broccoli in the present experiment.

Raw carrot consumption failed to protect colonocytes against DNA damage. It was proposed
that the fermentative activity of the microflora would release carotenoids from the vegetable
matriX, allowing the released carotenoids to protect colonocytes against DNA damaging free
radicals by acting as extra-cellular antioxidants in the lumen of the colon. The lack of
protection against DNA damage may indicate that the carotenoids did not become available to
quench free radicals generated by the faecal matrix, or that the dose supplied by 600 g/d of
raw carrots was ineffective. In a human study, carrot juice (330 ml/d) failed to influence the
level of malonaldehyde in the faeces (a measure of lipid peroxidation) despite causing a large
increase in the concentration of carotenoids in the faeces (Briviba et al. 2004). The authors
suggested that carotenoids in the faeces were not solubilised and were therefore unable to
quench reactive species at the sites of lipid peroxidation. It is possible that the failure of raw
carrot consumption to protect against DNA damage in the present experiment was due to poor
solubility of carotenoids in faeces. It is also possible that raw carrot fragments reaching the
colon were resistant to breakdown by the microflora, resulting in carotenoids and other

bioactive compounds remaining trapped within the vegetable matrix.

Recently, raw carrot consumption was shown to reduce the ability of AOM to induce
preneoplastic lesions in rat colon. However, rather than carotenoids, falcarinol (a
polyacetylene) appeared to be the compound responsible for the protective effect (Kobaek-
Larson et al. 2005). It is uncertain how falcarinol protects against chemically induced colon
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cancer, but it is probably not through an antioxidant effect (Kobaek-Larson et al. 2005; Young
et al. 2007). So, antioxidant mechanisms may not be responsible for driving the inverse
association between carrot consumption and CRC that has been seen in some epidemiological

studies (Steinmetz & Potter 1993; Franceshi et al. 1997).

Most experimental studies have found that consumption of cruciferous vegetables is
associated with protection against colon cancer (see Chapter 1 for a review), so it is worth
reflecting whether an increase in DNA damage detected by the comet assay could be
interpreted as a chemoprotective effect. The standard comet assay used in the present
experiment and the experiment in Chapter 2 is a non-specific marker of DNA damage that
detects strand breaks that are present at cell isolation and alkali labile sites that are converted
to strand breaks under the alkaline conditions of the assay (Collins et al. 1997; Moller, 2006).
Both strand breaks and alkali labile sites can be present because of exposure to genotoxins or
as transient intermediates during nucleotide and base excision repair processes (Collins et al.
1997). Therefore, theoretically an increase in DNA strand breaks could actually represent an
increase in DNA repair (Collins et al. 1997). However, the level of repair occurring in vivo at
any one time would be very low if detectable at all and is very unlikely to account for the 50%
increased level of DNA damage found in the pigs consuming raw broccoli in this experiment
or even the smaller increase in DNA damage found in the experiment reported in Chapter 2
(Personal communication, A Collins). In the present experiment and the experiment reported
in Chapter 2, colonocytes isolated from pigs fed the control diet contained substantial amounts
of DNA damage. This may indicate that some DNA damage occurred during the cell isolation
process. It is possible that the large amount of damage in colonocytes from pigs fed raw
broccoli resulted from the colonocytes being more sensitive to damage during the isolation
process. The implication of this is unclear. However, it is worth noting that putative dietary
anti-carcinogens generally increase the resistance of isolated cells to damage by compounds

such as H,O, (Duthie et al. 1996; Riso et al. 1999; Boyle et al. 2000) although it is uncertain
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whether such cells would be protected from mechanical damage and other types of stress

encountered during isolation.

Some evidence indicates that GLS breakdown products can induce apoptosis (Gamet-
Payrastre et al. 2000; Bonnesen et al. 2001). It is possible that the increase in DNA damage in
this experiment reflects cells undergoing apoptosis but it is very unlikely. During apoptosis,
fragmentation of DNA typically results in the formation of nucleosome oligomers. During the
comet assay such small pieces of DNA would be expected to disappear during the cell lysis or
electrophoresis steps (Collins, 2004). So, if the increased strand breaks cannot be explained
away as reflecting an increase in repair or an induction of apoptosis then this experiment and
the one reported in Chapter 2 suggests that large quantities of raw broccoli damage the DNA

in colonocytes.

What is the implication of raw broccoli inducing DNA damage? It has been argued that the
strand breaks detected by the comet assay are normally repaired within a few hours, before
cells replicate and any mutation becomes fixed (Faust et al. 2004). However, it is logical to
assume that the greater the amount of DNA damage, the greater the likelihood that some
damage may go unrepaired. Also, it is worth noting that known carcinogens, including diet
derived heterocyclic amines such as 1Q typically produce positive results in the comet assay in
vivo, whereas anti-carcinogens generally do not (Anderson et al.1998; Kassie et al. 2002; Park

et al. 2003).

In the present experiment, fresh and cryopreserved colonocytes exhibited similar levels of
total DNA damage. This contrasts with the experiment reported in Chapter 2 where freshly
analysed colonocytes had significantly more DNA damage than cryopreserved colonocytes.
This may reflect improved colonocyte isolation techniques in the present experiment. The

finding of no significant difference in DNA damage between fresh and cryopreserved
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colonocytes is consistent with the study of Duthie et al. (2002) who reported no effect of

cryopreservation on DNA damage in lymphocytes.

Despite being relatively rich sources of carotenoids and tocopherols (FSA, 2002), neither
vegetable supplement increased the plasma concentration of retinol or o and y-tocopherol.
This can probably be explained by the high level of fortification of the pig's basal diet with
retinol and o-tocopherol (see Chapter 2 for further discussion) and possibly the low
bioavailability of p-carotene from raw vegetables. Pigs consuming diets supplemented with
raw broccoli exhibited a modest non-significant increase in plasma ascorbic acid. The lack of
significance may partly reflect a lack of statistical power to detect a modest increase due to the
small numbers of animals in each treatment group. An exploratory analysis of all 6 cohorts of
pigs including the cohort removed from all analyses because they developed diarrhoea
revealed a significantly higher plasma ascorbic acid concentration in the raw broccoli group

than in the control group (data not shown).

In conclusion, the feeding of 600 g/d of raw broccoli (cv. Monaco) led to a significant
increase in DNA damage in colonocytes, whereas a similar quantity of raw carrots (cv.
Nairobi) had no significant effect. The finding of an increase in DNA damage was consistent
with the experiment reported in Chapter 2 and raises doubts as to whether the consumption of
large quantities of raw broccoli is advisable. The standard comet assay used in this experiment
provides no information as to the mechanism by which raw broccoli exerted its genotoxic
effect. Further investigation into the effect of raw broccoli consumption on colonocyte DNA

damage is warranted to clarify potential mechanisms of action.
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Chapter 4

Effect of broccoli and carrot supplemented diets on
hepatic and colonic phase Il enzymes

4.1 Introduction

The induction of phase Il enzymes may be an important mechanism through which
cruciferous vegetables protect against chemically induced colonic cancer (Talalay & Fahey
2001; also see review in Chapter 1). In rodents, diets high in freeze-dried raw broccoli (20-
25% wi/w) have been shown to induce phase Il enzymes in a variety of tissues (Aspry &
Bjeldanes 1983; Keck et al. 2003; Hwang & Jeffery 2004). This has been attributed to
broccoli being a rich source of the aliphatic GLS, glucoraphanin, which on hydrolysis can
form sulforaphane, a potent inducer of phase Il enzymes (Zhang et al. 1992; Keck et al.
2003). However, the glucoraphanin content of different cultivars of broccoli is known to vary
considerably (Kushad et al. 1999). Therefore, different cultivars of broccoli may differ in their

ability to induce phase Il enzymes.

The specific product(s) formed from the breakdown of GLS depends on a number of factors,
including the presence of active plant myrosinase and a cofactor protein, ESP (Bones &
Rossiter 1996; Matuesheki et al.2004). In the UK, a substantial quantity of vegetables is sold
frozen (Mintel, 2007). The commercial preparation of frozen broccoli involves a blanching
step that probably inactivates ESP and myrosinase (Matusheski et al. 2004; Grandison, 2006;
Sarikamis et al. 2006; also see Chapter 2). In the absence of active plant myrosinase, the GLS
in frozen broccoli may be hydrolysed in the colon by the resident microflora. The identity of
the compounds formed in vivo from the microbial hydrolysis of GLS has not been completely
resolved but appears to include nitriles, amines, small amounts of ITC and probably other, yet

to be identified metabolites (Shapiro et al. 1998; Getahun & Chung 1999; Combourieu et al.
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2001; Cheng et al. 2004). Except for ITC, it is uncertain whether these compounds induce

phase 11 enzymes.

In a recent rodent study, carrot consumption reduced the ability of AOM to induce
preneoplastic lesions in the colon (Kobaek-Larson et al. 2005). The mechanisms through
which carrots exert chemoprotection remain relatively unexplored, but may include the
induction of phase Il enzymes. No studies appear to have investigated whether carrot
consumption can induce phase Il enzymes in the colon, but there is some evidence of a
modest capacity to induce these enzymes in the liver (Bradfield et al. 1985; Anilakumar et al.

2000).

Most studies in rodents that have investigated the ability of vegetables to induce phase Il
enzymes have incorporated vegetables into experimental diets at levels far in excess of what
might be realistically consumed by humans (see for example Keck et al. 2003). Also,
vegetables were fed as freeze-dried powders, whereas humans eat whole vegetables. This
experiment aimed to explore whether proportionally lower intakes of whole broccoli and

carrots induce phase Il enzymes in the liver and colon of pigs.

It was hypothesised that:
e raw broccoli would induce phase 1l enzymes, but the potency of different cultivars of
broccoli would differ
e Dblanch-freezing would alter the ability of broccoli to induce phase 1l enzymes
e raw carrot would induce phase Il enzymes but it would be less potent than raw

broccoli.
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The objectives of this experiment were to:

e prepare cytosolic samples from frozen porcine hepatic and colonic tissue and analyse
them for glutathione S-transferase (GST) and quinone reductase (QR) activity

o compare the effects of two different cultivars of raw broccoli (cv. Marathon and cv.
Monaco) on GST and QR activity, and to correlate any effect with differences in their
GLS content

e compare the effect of raw broccoli and broccoli that had been prepared to replicate
commercially frozen broccoli on GST and QR activity.

e investigate whether raw carrots induce GST and QR activity.

4.2 Materials and Methods

4.2.1 Chemicals

All chemicals were purchased from Sigma Aldrich Company Ltd, (St Louis, USA), Fisher
Scientific Supplies (Loughborough, UK) or BDH Laboratory supplies (Poole, UK), except for
glucoraphanin which was obtained from The Royal Veterinary and Agricultural University

(KVL), Frederiksberg, Denmark.

4.2.2 Animals and Diets

This experiment used tissue collected from the Landrace x Large White pigs described in the
materials and methods section of Chapters 2 and 3. Very briefly, pigs were fed either a cereal
diet with no vegetables (control) or: experiment (1) a cereal diet supplemented with 600 g/d of
raw broccoli (cv. Marathon) or blanched-frozen broccoli (cv. Marathon); experiment (2) a
cereal diet supplemented with 600 g/d of raw broccoli (cv. Monaco) or raw carrot (cv.

Nairobi) for 12 d and then killed on day 13.
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4.2.3 Collection of liver samples

The entire liver was removed from each pig and excess connective tissue was removed. The
liver was then chopped into smaller pieces, placed in labelled plastic freezer bags, rapidly
frozen in liquid N, and stored at -80°C until use. Sections of the lower left lobe were used for

preparation of cytosolic fractions for GST and QR analysis.

4.2.4 Collection of colon tissue
The entire colon from the ileocaecal junction to the rectum was removed. A section of colon
from the mid point moving proximal was excised and its contents were gently removed. The
section of colon was then further divided into smaller pieces weighing approximately 10 g.
Each piece of colon was flushed with distilled water to remove any remaining faeces, placed

in a labelled freezer bag, rapidly frozen in liquid N, and stored at -80°C until use.

4.2.5 Analytical Methods

4.2.5.1 Preparation of hepatic cytosols

Hepatic cytosolic fractions were prepared as described by Nijhoff & Peters (1992), with minor
modifications. Sections of liver (approximately 6 g) in plastic bags were defrosted under cold
running water. All subsequent steps were conducted at 0-4°C or on ice. Defrosted liver
segments were rinsed with ice cold homogenising buffer (0.25 M sucrose, 20 mM Tris, 1 mM
dithiothreitol (DTT), adjusted to pH 7.4 with 12 M HCI) blotted dry, minced with scissors and
rapidly transferred to homogenising buffer (4 ml/g of tissue). Liver segments were
homogenised with one 45-60 sec burst of a rotor stator homogeniser (8000 rpm; Status X620,
CAT, Germany). Homogenates were centrifuged at 10,000 g x 20 min (ALC PK121R,
Cologno Monzese, Italy). The resulting supernatants were removed and centrifuged at

100,000 g x 60 min (Beckman Coulter LE-70 ultracentrifuge, Fullerton, USA). The fat layer
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was aspirated and the supernatants (cytosolic fractions) were divided into 0.5 ml aliquots,

snap frozen in liquid nitrogen and stored at -80°C until use.

Liver samples from experiment 2 were prepared in the same way except they were

homogenised with a different homogeniser (Janke & Kunkel, Ultra-turrax T25, Germany).

4.2.5.2 Preparation of colonic cytosols for glutathione S-transferase analysis

Colonic cytosolic fractions were prepared as described by Nijhoff & Peters (1992), with minor
modifications. For each pig a section of tissue from the same location within the mid colon
was defrosted under cold running water. All subsequent steps were conducted at 4°C or on ice.
Colons were cut longitudinally and their lumens rinsed with homogenising buffer (0.25 M
sucrose, 20 mM Tris, 1 mM DTT, adjusted to pH 7.4 with 12 M HCI). Mucosae were
removed by gentle scraping of the exposed luminal wall with a glass microscope slide.
Scrapings of mucosal cells were homogenised in ice-cold homogenising buffer (4 ml/g of
tissue) by 10-12 strokes of a motor driven (Status R100C, CAT, Germany) Potter-Elvehjem
Teflon/glass homogeniser (1000 rpm). Homogenates were centrifuged at 10, 000 g x 20 min
(ALC PK121R, Cologno Monzese, ltaly). The resulting supernatants were diluted 1:4 with
PBS to provide a volume sufficient for ultra-centrifugation in the available rotor (Beckman
Coulter, Type 70Ti) and centrifuged at 100, 000 g x 60 min (Beckman Coulter LE-70
ultracentrifuge, Fullerton, USA). The supernatants (cytosolic fractions) were then divided into

0.5 ml aliquots rapidly snap frozen in liquid N, (BOC) and stored at -80°C until use.

4.2.5.3 Preparation of colonic cytosols for quinone reductase analysis

Colonic cytosolic fractions for quinone reductase determination were prepared in the same
way as those for GST analysis except for the following modifications. Colons were allowed to
thaw in KCl-potassium phosphate buffer (0.15 M KCI, 0.25 M KH,PO,/K,;HPQO,, pH 7.25) at

4°C, lumens were rinsed with 1.15% KCI and scrapings of mucosal cells were homogenised in
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KCl-potassium phosphate buffer (4 ml/g of tissue). Post mitochondrial supernatants were

diluted 1:3 with PBS before ultra-centrifugation.

4.2.5.4 Protein determination of hepatic and colonic cytosols

Protein was determined by the colorimetric method of Lowry et al. (1951) as modified by
Ohnishi & Barr (1978). The assay is a two-step procedure that uses two reagents, a diluted
Biuret solution and the Folin-Ciocalteu reagent (Table 4.1, reagent B and C). In the first step,
Cu2" ions in the Biuret solution, bind to peptide bonds producing a light blue copper-protein
complex. In the second step, the copper-protein complex reduces the phosphotungstic and
phosphomolybdic acids contained in the Folin-Ciocalteau phenol reagent resulting in the
development of a strong blue colour. Tyrosine and tryptophan residues in the protein also

contribute to the reduction (Holme & Peck 1998).

Table 4.1 Composition of protein reagents

Reagent A Reagent B Reagent C
In a final volume of 1 litre: Reagent A diluted 1 vol to 7 vol Undiluted Folin- Ciocalteau
1.5 g CuSO45H,0 with 2.3% Na,COs3 solution

6 g KNaC4H,0¢4H,0

30 g NaOH

Protein standards were prepared over the range 50-400 pg/ml from bovine serum albumin
(BSA) diluted in PBS. Then 1 ml of cytosol, (diluted in PBS, 200 x dilution for liver, 40 x
dilution for colon), standard or blank (PBS) was added to each test tube. Following this, 4 ml
of reagent B was added to each test tube, which was immediately mixed on a vortex mixer for
5 sec. After 10 min, 0.125 ml of undiluted Folin-Ciocalteau solution was added to each tube
and it was immediately mixed on a vortex mixer for 5 sec. After 30 min, the contents were
mixed again and partially transferred to a semi-micro cuvette (BDH, Poole Dorset, UK).

Absorbance was measured and recorded at 750 nm and 25°C (Unicam 8700 series UV/VIS
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spectrophotometer, Cambridge, UK). Protein standards were measured in duplicate, and

cytosol samples were measured in triplicate.

The determination of protein content in colonic samples prepared for GST analysis needed a
minor modification to account for the contribution of the homogenising buffer (0.25 M
sucrose, 20 mM Tris, 1 mM DTT, pH 7.4) to final colour development. This was achieved by
preparing a blank containing the homogenising buffer (diluted in PBS to the same
concentration as the colonic samples, a 40 x dilution) and analysing it in triplicate alongside
colonic samples. The mean absorbance value of the homogenising buffer blank was then
subtracted from the mean sample values. The effect of the homogenising buffer was below the

limit of detection in the more dilute liver samples (200 x dilution in PBS).

The Lowry reaction is inherently non-linear (Ohnishi & Barr 1978; Peterson, 1979). The
protein standards were plotted on a log-log scale to produce a linear standard curve (r>>0.995;
see Appendix, Fig A.2, pg 153). Samples were log transformed and protein concentration was
determined by linear regression (see Appendix A.2.1, pg 153). Calculated values were then
anti-log transformed and the resulting value was multiplied by the appropriate dilution factor
to give the protein concentration of the cytosolic fraction. The mean intra-assay coefficient of

variation (cv) and inter-assay cv were <4% and <6%.

4.2.5.5 Validation of protein assay
To check the validity of calculating protein content using a log transformed standard curve, a
series of samples was analysed in triplicate at three different concentrations and values were

compared; the calculated values differed by less than 2%.
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4.2 5.6 Glutathione S-transferase determination

GST was determined spectrophotometrically at 25°C with 1-chloro-2, 4-dinitrobenzene
(CDNB) as substrate according to the method of Habig et al. (1974) with minor modifications.
The assay measures the change in absorbance of CDNB when it conjugates with glutathione,
to form S-2, 4-dinitrophenylglutathione. The reaction was initiated by the addition of 0.1 ml
of cytosol to a UV grade Kartell brand semi-micro cuvette (Fisher Scientific Supplies,
Loughborough, UK) containing 0.1 ml glutathione (final concentration 5 mM) and 0.8 ml
reaction mixture (final concentration 0.1 M KH,PO,/K,HPO, pH 6.5, and 1 mM CDNB, 2%
ethanol). The glutathione and reaction mixtures were incubated separately at 25°C prior to
use. Cytosolic fractions were diluted in PBS to ensure assay linearity (a 100 x dilution for
liver and 5 x dilution for colon). The linear increase in absorbance at 340 nm was recorded for
3 min (Unicam 8700 series UV/VIS spectrophotometer, Cambridge, UK) and GST activity
was calculated using the molar extinction coefficient of 9.6 mM/cm and expressed as nmol of
product formed/min/mg cytosolic protein. GST activity was corrected by the subtraction of an
appropriate blank (see Appendix A2.2, pg 154). The mean within day assay cv was < 3% and

between day cv was < 6%.

4.2.5.7 Quinone reductase determination

Quinone reductase activity was determined by the spectrophotometric method of Ernster
(1967), as modified by Benson et al. (1980), using 2, 6-dichlorophenolindophenol (DPIP) as
the electron acceptor and NADPH as the electron donor. The assay measures the reduction of
DPIP in the presence and absence of dicumoral, an inhibitor of quinone reductase. On
reduction, DPIP decolourises, and the rate of the reaction can be measured as a linear decrease
in absorption. The portion of the reaction that is inhibited by dicumoral is a reasonably

selective measure of quinone reductase activity (Lind et al. 1990).
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The reaction was initiated by the addition of 10 ul of 12 mM DPIP to a Fisher brand semi-
macro cuvette (Fisher Scientific Supplies, Loughborough, UK) containing 0.3 ml of cytosol
(100 x dilution for liver, 20 x dilution for colon) and 2.65 ml of the reaction mixture (final
concentrations: 25 mM Tris, 0.7 mg BSA, 0.01% Tween 20, 5 uM FAD, 0.2 mM NADPH).
The rate of reaction was measured as a linear decrease in absorbance at 600 nm over 90 sec
(Unicam 8700 series UV/VIS Spectrophotometer, Cambridge, UK). Activity was measured in
triplicate in the presence and absence of dicumarol (10 uM). Quinone reductase activity was
calculated from the dicumarol sensitive portion of the assay, using a molar extinction
coefficient of 21 mM/cm and expressed as nmol of product formed/min/mg cytosolic protein
(see Appendix A.2.3, pg 154). The mean within day assay cv was < 3% and mean between

day assay cv was < 7%.

4.2.5.8 Analysis of the GLS content of broccoli

Whole broccoli heads collected during experiment 2 (see Chapter 3 for details) were freeze-
dried prior to GLS analysis. From each broccoli head, a representative 50 g was sampled and
placed in liquid N, (BOC). Samples were then freeze-dried for 5-7 d. Freeze-dried samples
were ground to a fine powder by 10-12 short bursts of a mini-grinder (Revel model
CCM101CH, UK). The resulting powder was then stored in airtight containers, in a box with

desiccant at —20°C prior to extraction.

4.2.5.9 Extraction of GLS

GLS were extracted from the freeze-dried broccoli and analysed using a method adapted from
Minchinton et al. (1982) and the European Community (1990) as described by
Rungapamestry et al. (2006 & 2008). Freeze-dried broccoli (1 g) or glucoraphanin standard in
a freeze-dried watercress matrix (1 g) were added to a heat resistant test tube containing 15 ml
of boiling methanol and 200 pl of an internal standard of benzyl GLS (12.5 mM). The blank

consisted of methanol and internal standard. The tube was capped, mixed and incubated in a
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water bath for 15 min at 80°C. The tube was then cooled for 10 min at room temperature and
centrifuged at 2500 g x 5 min at 22°C. The supernatant was removed and stored at room
temperature. The remaining pellet was resuspended in 10 ml of 70% methanol and incubated
for 15 min at 80°C, allowed to cool at room temperature (10 min) and then centrifuged at 2500
g x 5 min at 22°C. The resulting supernatant was pooled with the first supernatant. The pooled
supernatants were transferred to a round bottom flask and the methanol was removed by
rotary evaporation (5-10 min at 60°C). The resulting aqueous residue was transferred to a
volumetric flask and made up to a volume of 10 ml by the addition of distilled water.

Samples were then transferred to scintillation vials for on-column desulfation

4.2.5.10 Desulfation

Prepared columns of DEAE-Sephadex A-25 were prewashed with 0.5 M pyridine acetate
buffer. The GLS extracts (4 ml) were then added through the columns. The columns were
washed with 0.02 M pyridine acetate buffer and then a 0.2% aryl sulfatase solution was added.
The columns were allowed to stand overnight (12 h) at room temperature and

desulfoglucosinolates were eluted with 2 ml of distilled H,O and collected into HPLC vials.

4.2.5.11 Analysis of desulfoglucosinolates by reverse-phase HPLC

Each extract of desulfoglucosinolates was separated according to their hydrophobic nature by
reverse-phase HPLC. The equipment used consisted of an Agilent 1110 Series HPLC system
(Waldbronn, Germany) with a LiCrosphere RP-18 encapped column, 250 mm x 4 mm and
particle size 5 um (Merck, Darmstadt) and a diode array detector set at 228 nm. The mobile
phase (water and acetonitrile) was pumped through the column at a flow rate of 1 ml/min
starting with 100% water rising to 20% acetonitrile at 46 min for 8 min and descending to

100% water at 58 min for a further 7 min (Rungapamestry et al. 2006 & 2008).
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Individual GLS were quantified using ChemStation Rev. A.10.02 and identified by comparing
their retention time with experimentally determined published response factors (see Appendix
A.2.4, pg 155 for a sample calculation; EU, 1997). A standard curve of glucoraphanin
prepared in a freeze-dried watercress matrix (0-20 pmol/g of dry matter, r’=0.9905) was
constructed to check the linearity of the assay over the analytical range. The cv for extraction

and analysis of total GLS from broccoli was 5.2% (n=6) (Rungapamestry et al. 2008).

4.2.6 Statistical Analysis
Data are presented as means (SD). The significance of differences between treatment means
was tested by two way ANOVA for a randomised experimental block design. Standardised

residuals for each outcome variable were normally distributed (Shapiro-Wilk W test).

All statistical analyses were conducted on SPSS Release 17.0 (2008) and a P value of <0.05

was used as the critical level of significance.
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4.3 Results

4.3.1 Experiment 1
The raw and blanched-frozen broccoli (cv. Marathon) diets failed to significantly increase
hepatic GST (pooled mean 2167 (SD 438.4) nmol/min/mg of protein) and QR (pooled mean
160 (SD 72.2) nmol/min/mg of protein) or colonic GST (pooled mean 131 (SD 21.4)
nmol/min/mg of protein) and QR (pooled mean 124 (SD 28.8) nmol/min/mg of protein)

activities (Tables 4.2A & B).

4.3.2 Experiment 2
Raw Monaco broccoli and raw carrot (cv. Nairobi) supplemented diets also had no significant
effect on hepatic GST (pooled mean 1808 (SD 628.4) nmol/min/mg of protein) and QR
(pooled mean 202 (SD 74.3) nmol/min/mg of protein) or colonic GST (pooled mean 136 (SD
22.9) nmol/min/mg of protein) and QR (pooled mean 207 (SD 58.5) nmol/min/mg of protein)
activities (Tables 4.2A & B). Analysis of the GLS content of the raw broccoli (cv. Monaco)
revealed that indolyl GLS predominated. Glucobrassicin was present in the greatest
concentrations accounting for approximately 57% of the total content of GLS. Other GLS
present in substantial amounts were the indolyl GLS, neoglucobrassicin, and 4-
methoxyglucobrassicin, and the aliphatic GLS, glucoraphanin accounting for 15%, 10% and

10% respectively of the total GLS content (Table 4.3).
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Table 4.2 Glutathione S-transferase and quinone reductase activity in cytosolic preparations from the
liver (A) and colonic mucosa (B) of groups of pigs fed cereal diets unsupplemented (control) or
supplemented with broccoli or carrots for 12 d.

A

Experiment 1 Glutathione S-transferase ~ Quinone Reductase
nmol/min/mg protein nmol/min/mg/protein

Raw Broccoli (cv. Marathon) 2109 (549.2) 160 (89.2)

Blanched-Frozen Broccoli 2178 (546.9) 171 (56.5)

Control 2213 (254.7) 149 (94.3)

Experiment 2

Raw Broccoli (cv. Monaco) 1915 (541.7) 194 (69.6)

Raw Carrots (cv. Nairobi) 1731 (524.6) 222 (71.4)

Control 1777 (889.6) 191 (93.1)

B

Experiment 1 Glutathione S-transferase ~ Quinone reductase
nmol/min/mg protein nmol/min/mg protein

Raw Broccoli (cv. Marathon) 120 (15.7) 134 (25.9)

Blanched-Frozen Broccoli 138 (23.2) 131 (27.1)

Control 135 (24.5) 107 (30.8)

Experiment 2

Raw Broccoli (cv. Monaco) 145 (34.8) 189 (96.1)

Raw Carrots (cv. Nairobi) 138 (14.0) 236 (74.5)

Control 126 (14.0) 194 (25.3)

In tables A and B, results are expressed as means (SD). Hepatic and colonic GST activity was
determined in triplicate. Hepatic and colonic quinone reductase activity was determined in triplicate in
the presence and absence of dicumarol. Two way ANOVA (for a randomised block design) was used to
assess significance of differences; n=5 in each diet group in all cases.
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Table 4.3 Glucosinolate content of broccoli (cv. Monaco)

Glucosinolate umol/g DM
Glucoraphanin 0.99 (1.82)
Glucobrassicin 4.32 (0.52)
Neo-glucobrassicin 1.12 (0.31)

4- methoxy-glucobrassicin ~ 0.76 (0.21)
Other glucosinolates 0.42

Total Glucosinolates 7.61 (2.55)

Values are means (SD), n=5; DM=dry matter.

4.4 Discussion

The induction of phase Il enzymes has been identified as an important mechanism by which
broccoli may confer protection against cancer (Talalay & Fahey 2001). Furthermore, in rodent
studies, the degree of induction has been shown to be greater in the colon than liver, leading to
the suggestion that broccoli may be especially protective towards colon cancer (Keck et al.
2003). However, in this experiment, 600 g/d of raw or blanched-frozen broccoli had no effect
on the activity of GST or QR in the liver or colon of pigs. The most likely explanation for this
disparity is the proportionally lower level of broccoli fed in this study in comparison to the
published rodent studies. Rodent studies reporting an induction of phase 1l enzymes, fed diets
containing 20-25% (w/w) freeze-dried raw broccoli (Aspry & Bjeldanes 1983; Ramsdell &
Eaton 1988; Keck et al. 2003; Hwang & Jeffery 2004). If the broccoli in the present
experiment was freeze-dried before being incorporated into the diet of the pigs, it would
equate to an approximately 5% (w/w) broccoli diet. So, the lack of effect may simply indicate
that higher intakes of broccoli are required to invoke a significant induction of phase Il
enzymes. Whilst the level of broccoli fed in the present study was proportionally lower than
the rodent studies it was still high in comparison to normal human intakes. An average serving
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size of broccoli is 85 g, and estimates of total daily intakes of cruciferous vegetables in human
populations range from less than 20 g/d in some Southern European populations to 100 g/d in
Chinese populations (MAFF 1994; Chiu et al. 2003; IARC, 2004). The pigs used in the
present experiment weighed approximately 50 to 60% of an average human adult. Scaled up
to a 70 kg human male, the level of intake in the present study would equate to over 1 kg of

broccoli per day, far in excess of the habitual intake of human populations.

There is some support in the literature for the argument that only very high intakes of broccoli
significantly induce GST enzymes. In a study that found an induction of hepatic GST activity
in rodents fed a 25% (w/w) broccoli diet, a 10% (w/w) broccoli diet failed to have any
significant effect (Aspry & Bjeldanes 1983). Furthermore, in a human study, the consumption
of 300 g/d of steamed broccoli for 5 d had no effect on the content of GST-a in plasma or
GST activity in plasma or saliva (Steinkellner et al. 2000). Also, in a more recent human
study, the consumption of a standard broccoli soup or a high GLS broccoli soup (both
prepared to maximise sulforaphane production) failed to upregulate the expression of GST
genes in the gastric mucosa, 6 hours post consumption. The high GLS soup did however,

upregulate a small number of other XME genes (Gasper et al. 2007).

Other factors that may have contributed to the present experiment failing to detect an
induction of phase 11 enzymes include the form in which the broccoli was fed, the cultivar fed,
tissue storage before analysis, the method used to kill the pigs, the composition of the basal
diet, and species differences in the inducibility of phase Il enzymes. Raw and blanched-frozen
may not be the optimal state in which to consume broccoli to induce phase 1l enzymes. The
induction of phase Il enzymes by broccoli has been largely attributed to the effects of
sulforaphane, the breakdown product of the aliphatic GLS, glucoraphanin (Zhang et al. 1992).
Recent evidence indicates that when raw broccoli is homogenised in water, the main
breakdown product formed is sulforaphane nitrile rather than sulforaphane (Mithen et al.
2003; Matusheski et al. 2004). While sulforaphane is a potent inducer of phase Il enzymes, it
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appears that sulforaphane nitrile is not (Matusheski & Jeffery 2001; Basten et al. 2002). The
preferential formation of sulforaphane nitrile rather than sulforaphane may have contributed to
the lack of effect of the raw broccoli on phase Il enzyme induction. However, there is some
evidence to indicate that the release of sulforaphane from raw broccoli may be higher in vivo
than in vitro. Keck et al. (2003) measured the excretion of sulforaphane mercapturic acid (SF-
MA) in the urine of rats fed raw broccoli containing pre-hydrolysed glucoraphanin and raw
broccoli containing intact glucoraphanin, and found a five times greater excretion of SF-MA
in the rats fed raw broccoli containing intact glucoraphanin. This appears to indicate that the
formation of sulforaphane from raw broccoli is greater in vivo than when raw broccoli is
homogenised in vitro. Furthermore, they found that on a mole for mole basis, intact raw
broccoli was a more potent inducer of phase Il enzymes than purified sulforaphane (Keck et
al. 2003). So far, no single in vivo study appears to have measured the release of sulforaphane
from raw broccoli and broccoli prepared in a manner that would, based on data from
homogenising broccoli, be expected to maximise sulforaphane production. However, one
study that fed human volunteers meals containing broccoli, which had been lightly cooked to
inactivate ESP, but retain myrosinase activity (mode of preparation that maximises
sulforaphane production in vitro) reported a similar proportion of glucoraphanin excretion as
SF-MA as another study that fed raw broccoli (20 vs. 24.9%, Conaway et al. 2000;
Rungapamestry et al. 2007). So it is currently unclear whether broccoli prepared to optimise
the conversion of glucoraphanin to sulforaphane in vitro, actually leads to any greater
conversion of glucoraphanin to sulforaphane in vivo. It is also worth noting that even if it

does, humans do not typically prepare broccoli in such a manner.

As discussed in Chapter 2, the blanching step used in the preparation of the frozen broccoli
almost completely inactivated myrosinase. After the consumption of broccoli containing
inactivated myrosinase, it is commonly assumed that most GLS reach the colon intact
(Johnson, 2002). However, there is some evidence that limited degradation of GLS may occur
in the stomach and small intestine, and that small quantities of GLS may be absorbed intact
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from the proximal Gl tract (Maskell & Smithard 1994; Michaelson et al. 1994). In the colon,
the endogenous microflora may hydrolyse GLS, resulting in the generation of some ITC
(Shapiro et al. 1998; Getahun & Chung 1999). This would be expected to result in a localised
exposure of the colonic epithelium to ITC, and might be expected to result in the induction of
phase Il enzymes in the colon. However, a variety of in vitro studies have found that amines
or nitriles are the major compounds formed from the microbial hydrolysis of GLS, with ITC
only constituting a small proportion of the products (Combourieu et al. 2001; Krul et al.
2002). Although these studies in vitro may not necessarily model what occurs in vivo, they
suggest that the colonic epithelium of the pigs fed the blanched-frozen broccoli may have

been exposed to only small quantities of ITC.

The two cultivars of broccoli fed in the present experiment were supplied by the local
supermarket and therefore were representative of the type of broccoli consumed by the
general public, at least in North East Scotland. In contrast, studies showing an induction of
phase Il enzymes in the colon of rats used a cultivar of broccoli (cv. Majestic) that was
selected because of its high content of glucoraphanin (7.03 pmol/g DM v. 0.99 umol/g for the
Monaco broccoli in the current work; Keck et al. 2003; Hwang & Jeffery 2004). Furthermore,
the broccoli was grown on an experimental plot and freeze-dried immediately after harvest. In
contrast, a number of days may pass between harvest and delivery of commercial broccoli to
the supermarket, during which time substantial losses of GLS may occur (Vallejo et al. 2003).
An objective of this study was to analyse the two cultivars of broccoli for their content of GLS
and to relate any differences to their ability to induce phase Il enzymes. Previously,
differences in GLS content have been shown to correlate with the ability of different cultivars
to induce phase 1 enzymes in rodents (Vang et al. 2001). Unfortunately, a freezer breakdown
meant that the Marathon cultivar was lost before a successful analysis could be completed.
Analysis of the Monaco cultivar revealed a low total content of GLS in comparison to a
published mean value based on the analysis of 50 cultivars of broccoli (7.61 v 12.8
umol/g/DM Kushad et al. 1999). It is possible that this may have been the result of the
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broccoli being stored for an extended period prior to analysis, or may simply indicate that
Monaco broccoli available in supermarkets in North East Scotland is low in GLS. Also, rather
than glucoraphanin being the predominant GLS, the indole GLS, glucobrassicin was present
in the greatest concentration. Reports in the literature also indicate that glucobrassicin is
typically the major GLS present in Marathon broccoli (Vallejo et al. 2002 & 2003). On
hydrolysis, glucobrassicin forms 13C, DIM or ascorbigen (McDanell et al. 1988). While these
compounds have some ability to induce phase Il enzymes, they appear to be more potent
inducers of phase | enzymes (Shertzer & Sainsbury 1991; Bonnesen et al. 1999). Therefore,
the cultivars of broccoli fed in the present experiment may not have had the optimal GLS

profile to induce phase Il enzymes.

Freezing and long-term storage of body tissues may result in the loss of activity of some XME
(Reinke & Stohs 1976). In the present experiment, liver and colon tissue was frozen and
stored at -80°C for 4 to 18 months before cytosolic fractions were prepared for the analysis of
phase Il enzyme activities. Samples of tissue were frozen because it was not logistically
possible to prepare cytosolic fractions on the days that the pigs were killed. The time lapse
between the tissues being frozen and their subsequent analysis for phase Il enzyme activities
reflects the time needed to develop/establish the various enzyme analysis techniques. If
freezing and storage leads to a loss of QR and GST activity in the liver and colon this may
have contributed to the lack of affect of the broccoli diets in the present experiment. There
appears to be no studies that have investigated the effect of freezing and storage on QR
activity, so a negative effect cannot be ruled out. However, GST activity in rat liver and
kidney does not appear to be significantly affected when tissue is frozen in liquid N, and
stored for 1 month at -70°C (Jung et al. 1993). Also, GST activity is stable in cytosolic
fractions stored at -20°C and -70°C for up to 2 years (Peters et al. 1997). No studies appear to
have investigated the effect of freezing on the stability of phase Il enzymes in colonic tissue.
However, a number of researchers have detected dietary induction of GST or QR activity in
cytosolic fractions prepared from frozen colonic tissue (Nijhoff et al.1993; van Lieshout et al.
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1996; Keck et al. 2003). So, it appears unlikely that freezing and storing liver and colon tissue

before the preparation of cytosolic fractions results in a substantial loss of GST or QR activity.

Another possible confounding factor in the present experiment was the method of killing. The
pigs were sedated and anaesthetised with Zoletil® and Somulose® before being killed by
exsanguination. Ideally drugs should not be administered to animals when the induction of
XME is being investigated, because they may induce or inhibit the enzymes that are being
measured (Gibson & Skett 1986). Zoletil® and Somulose® were used in previous work
conducted before this project to investigate the effect of broccoli on DNA damage (Ratcliffe
et al. 1999; Ratcliffe et al. 2000). Because other aspects of this project (see Chapters 2 & 3)
were a continuation of that work, the killing procedure had to be kept the same. In the present
experiment, Zoletil® was administered intramuscularly approximately thirty minutes before
death and Somulose® was then administered intravenously immediately prior to death, by
exsanguination. No studies appear to have investigated whether either drug induces or inhibits
GST or QR, but if they do, the short time lapse between the first drug administration and the
removal and freezing of tissue samples (approx 30-40 min) would have precluded any
substantial effect. In studies investigating the administration of large doses of prototypic
inducers, maximal induction of XME activity typically takes 16-24 h, with no increase seen in
the first few hours (Gozukara et al. 1984; personal communication with P. Guengerich).
However, to confirm whether the drugs affected GST and QR activity, a second control group
of pigs killed without the use of any drugs should have been included in this experiment. In
theory literature values for GST and QR activity in pigs could provide a rough indication as to
whether the drug administrations caused a large degree of induction or inhibition of GST and
QR. However, no literature values for QR activity in pigs exist, and reported values for GST
vary over 40,000 fold and thus provide little useful information (Desille et al. 1999; Diaz &
Squires 2003; Szotakova et al. 2004). Of note, other investigators have used the anaesthetic,
ketamine/xylazine prior to killing by cervical dislocation and still observed large inductions of
QR activity in the colon and liver of rats fed broccoli (Hwang & Jeffery 2004).
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It has been argued that a non-enzyme inducing control diet should be fed when investigating
the effects of inducing compounds on the XME system (McDanell & McLean 1984). In one
study, a standard chow diet was shown to have similar potency as a 25% (w/w) broccoli diet
to increase hepatic GST activity (towards CDNB, the surrogate substrate used in the present
study) above the level found in rats fed a purified diet (Ramsdell & Eaton 1988). The basal
diet fed in the present experiment was a cereal based diet consisting of 43% (w/w) wheat,
25% (w/w) soya, 23% (w/w) barley and small amounts of other ingredients, including
supplemental vitamins and minerals (see Chapter 2, pg 52, Table 2.1 for full composition). In
rodents, wheat and soya have been shown to have opposing effects on hepatic GST activity
(Mirsalis et al. 1993; Helsby et al. 2000). Mirsalis et al. (1993) found that adding soya flakes
(8 and 25% w/w) to the diet of rats induced hepatic GST activity; whereas Helsby et al.
(2003) found that the addition of wheat bran (20% w/w) inhibited hepatic GST activity. The
consumption of a basal diet containing substantial quantities of ingredients with contrasting
abilities to modulate the activity of XME may have obscured a possible enzyme inducing
effect of the vegetable treatments. However, humans consume diets that contain numerous
dietary components that may also have contrasting abilities to modulate XME, so it could be
argued that if broccoli can only induce phase 1l enzymes when added to a purified or semi-
purified diet, then the induction of phase Il enzymes is unlikely to be an important
mechanism, whereby, broccoli confers protection against CRC in humans consuming mixed

diets.

Mechanistic studies have shown that GLS breakdown products induce phase Il enzymes via
the antioxidant responsive element (ARE), and possibly in the case of indolyl compounds, via
the xenobiotic responsive element (see Chapter 1, pgs 21-22). Studies comparing the
regulatory region of GSTal have found some differences in both the number and sequence of
AREs among different species (Friling et al. 1990; Rushmore et al. 1993). Such differences
could cause species differences in the response of phase Il enzymes to the feeding of
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cruciferous vegetables. The regulatory regions of porcine QR and GST enzymes do not appear
to have been sequenced. However, it is possible that the phase Il enzymes of pigs may have
lower inducibility than those of rodents. If so, this could have contributed to the lack of effect

of the broccoli diets in the present experiment.

Given the lack of effect of the broccoli diets, the failure of raw carrots to induce phase Il
enzymes is not particularly surprising. In a study comparing the relative ability of extracts of
different vegetables to induce QR activity in murine Hepa 1clc7 cells, carrot was a much
poorer inducer than broccoli (Prochaska et al. 1992). Also, in rodents, diets containing
proportionally 4 times greater amounts of raw carrot than the present study have been shown
to have only a very modest and variable ability to induce GST activity in the liver (Bradfield

et al. 1985; Anilakumar et al. 2000).

In summary, 600 g/d of raw carrots and raw or blanched-frozen broccoli failed to induce GST
and QR activity in the colon and liver of pigs. A number of confounding factors may have
reduced the ability of the present experiment to detect an induction of phase Il enzymes.
However, the most likely explanations for finding no effect is that the diets supplied too low a
level of enzyme inducing compounds, or that the compounds supplied, failed to reach the
target tissues in sufficient quantities to exert an effect. As the level of vegetables consumed
would equate to an average human intake of approximately 1 kg/d, it seems unlikely that the
addition of raw carrot, raw broccoli or blanched-frozen broccoli to the human diet is likely to
exert chemoprotection through an induction of GST or QR activity in the liver or colon.
Although caution should be taken in extrapolating these findings to humans, it is worth noting
that the premise that broccoli protects against cancer through the induction of phase Il
enzymes is built almost entirely on evidence from in vitro studies, and from rodent studies that
fed unrealistically high intakes of specific cultivars of broccoli, known to be rich in

glucoraphanin.
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Chapter 5

Effect of vegetable supplementation on fermentation and the
microbial populations in the colon of pigs

5.1 Introduction

The colonic microflora is a complex ecosystem consisting of at least several hundred bacterial
species (Goldin et al. 1994). These bacterial species exhibit a wide range of xenobiotic
metabolising enzyme (XME) activities, many of which appear able to convert dietary derived
pro-carcinogens into carcinogens (Rowland, 1996). Certain bacterial species such as
Bacteroides and E. coli have high xenobiotic metabolising activity, whereas others, such as
Lactobacilli and Bifidobacteria, have relatively low activity (Rowland et al. 1985; Saito et al.
1992). Modifying the composition of the microflora in favour of those species with low

xenobiotic metabolising activity may offer some protection against CRC (Rowland, 1996).

The fermentation of non-digestible carbohydrates by the microflora produces short-chain fatty
acids (SCFA) (Cummings, 1984). SCFA may modify CRC risk by influencing the
proliferation, differentiation and apoptosis of colonic epithelial cells (Augeron & Laboisse
1984; Gamet et al. 1992; Hague & Paraskeva 1995). Also, an increased production of SCFA
can lower luminal pH (Cummings & MacFarlane 1991). A reduction in luminal pH may
protect against colon cancer by decreasing the activity of a number of potentially pro-
carcinogenic bacterial XME enzymes, such as 7a-hydroxylase and nitroreductase (Ballongue

et al. 1997).

The main exogenous substrates for microbial growth are believed to be dietary carbohydrates
that resist digestion in the upper gastrointestinal tract (e.g. non-starch polysaccharides,

resistant starch and oligosaccharides) and become available for fermentation in the colon
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(Cummings et al. 1989). These non-digestible carbohydrates may modify the composition of
the colonic microflora (Rowland & Tanaka 1993; Canzi et al. 1994; Rao et al. 1994; Silvi et
al. 1999). For example, a diet containing the dietary fibre, guar gum (10% w/w), has been
shown to increase counts of bifidobacteria in the caecal contents of rats (Canzi et al. 1994).
Also, in some studies, an increased consumption of various isolated non-digestible
carbohydrates has been shown to alter the profile, or increase the concentration of SCFA, or

both (Mclintyre et al. 1991; Younes et al. 1997; Bird et al. 2007).

An alternative approach to studying the effect of isolated non-digestible carbohydrates is to
investigate the effect of consuming foods that are naturally rich in such compounds.
Vegetables typically contain substantial quantities of dietary fibre (Anderson & Bridges
1988). Only a few studies appear to have investigated the effect of vegetable consumption on
the colonic microflora or SCFA production. Diets supplemented with raw and processed
broccoli exerted minor effects on the colonic microflora of pigs, but tended to increase the
ratio of lactobacilli to coliforms (Ratcliffe et al. 1999; Kemble, 2000; Ratcliffe et al. 2000). In
another study, freeze-dried Brussels sprouts (incorporated into the diet at a level of 10% w/w)
altered the faecal microbial diversity and profile of SCFA in the caecum of human flora

associated rats (Humblot et al. 2005).

In addition to being a rich source of non-digestible carbohydrates, vegetables typically contain
a range of phytoalexins. Many of these, such as the oxygenated terpimoids present in carrots,
and certain ITC present in cruciferous vegetables exhibit potent anti-microbial activity in vitro
(Batt et al. 1983; Park et al. 2000). Whether such compounds exhibit anti-microbial activity in

vivo remains largely unexplored, but it is a possibility.

The aims of this experiment were to investigate whether adding broccoli or carrots to the diets
of pigs could modify the composition of the colonic microflora, alter SCFA production, or

both. It was hypothesised that the vegetable supplements would increase the amount of
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fermentable carbohydrate and anti-microbial compounds entering the colon, leading to a

change in the composition of the colonic microflora, and an increased production of SCFA.

The objectives of this experiment were to:

e collect digesta samples from the colon of pigs fed different experimental diets

e enumerate the major bacterial groups present in the digesta of pigs fed different

experimental diets

¢ investigate whether any of the experimental diets altered the composition of the

colonic microflora

¢ investigate the effect of the experimental diets on colonic fermentation by measuring

the concentration of SCFA present in the colonic contents.

5.2 Materials and Methods

5.2.1 Chemicals
All media and supplements were purchased from Oxoid, Basingstoke, Hampshire, UK, except
for: vancomycin, which was purchased from Sigma-Aldrich Chemicals, Poole, Dorset, UK;
metaphosphoric acid which was purchased from BDH laboratories, Poole, Dorset, UK; acetic
acid, propionic acid, n-butyric acid and sulphuric acid which were purchased from Fisher

Scientific, Loughborough, UK.
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5.2.2 Animals and Diets
The pigs used in this study were those described in experiments 1 and 2. For comprehensive
details of the animals, diet, and experimental design see the Materials and Methods sections of
Chapters 2 and 3. In both experiments the control groups consumed a cereal diet (600 g/d). In
experiment 1, the treatment groups consumed the control diet supplemented with raw (600
g/d) or blanched-frozen (600 g/d) broccoli (cv. Marathon). In experiment 2, the diets of the
treatment groups were supplemented with raw broccoli (cv. Monaco; 600 g/d) or raw carrot
(cv. Nairobi; 600 g/d). In both experiments the pigs were fed the experimental diets for 12 d

and then killed on the morning of day 13.

5.2.3 Sample collection
At post-mortem, two samples of digesta (approx 5 g) from the mid-colon were collected from
each pig, one for microbial analysis and one for short-chain fatty acid (SCFA) analysis. After
collection, each sample was rapidly transferred to sealable plastic containers and placed inside
an anaerobic jar (Oxoid, Basingstoke, UK). A gas generating kit (Oxoid, Basingstoke) was
used to create anaerobic conditions inside the jar. Samples were then transported to the lab for
immediate processing. Microbial analysis was carried out immediately. Samples for SCFA
analysis were diluted 1:1 (w/v) with reverse osmosis purified water and mixed by vortex to
homogeneity (determined visually). Samples were then strained through a double layer of
muslin. An internal standard (0.2 ml of 1% wi/v 2-ethyl-n-butyric acid) and 0.4 ml of 21.5%
(w/v) metaphosphoric acid solution (21.5 g MPA, 2.2 ml concentrated sulphuric acid made up
to 100 ml with distilled water) were added to 2 ml of each sample. Samples were then mixed

by vortex and stored at —80°C until analysis.

5.2.4 Bacteriological Counts

For each animal the following agar were used: MacConkey no. 3, De Man, Rogosa, Sharpe

(MRS), Wilkins-Chalgren Anaerobe (WCA) agar with 10% defibrinated horse blood,
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Columbia agar with 5% defribrinated sheep blood, and kanamycin-vancomycin agar with 10%

defibrinated horse blood. These were prepared as outlined below:

5.2.4.1 MacConkey no.3

MacConkey no.3 (51.5 g) was added to 1 litre of distilled water, autoclaved for 15 minutes at

121°C, allowed to cool to 45°C, and then poured into sterile Petri dishes.

5.2.4.2 DeMan Rogosa and Sharpe (MRS)
MRS (62 g) was added to 1 litre of distilled water, autoclaved for 15 minutes at 121°C,

allowed to cool to 45°C, and then poured into sterile Petri dishes.

5.2.4.3 Wilkins-Chalgrin Anaerobe (WCA) agar with 10% defibrinated horse blood

WCA (43 g) was added to 900 ml of distilled water, autoclaved at 121°C for 15 minutes. The
agar was left to cool to 48°C in a water bath, then 100 ml of sterile defribinated horse blood
was added aseptically, and the resulting solution was mixed by inversion and poured into

sterile Petri dishes.

5.2.4.4 Columbia agar with 5% defibrinated sheeps blood

Columbia agar (39 g) was added to 950 ml of water, autoclaved at 121°C for 15 minutes. The
agar was allowed to cool to 48°C in a water bath, then 50 ml of sterile defribrinated sheep
blood was added, and the resulting solution was mixed by inversion and poured into sterile

Petri dishes.

5.2.4.5 Kanamycin-Vancomycin agar with 10% defibrinated horse blood

The kanamycin-vancomycin agar was prepared as outlined by Draser & Roberts (1991). First,
23.5 g of brain-heart infusion agar was added to 450 ml of distilled water and autoclaved at
121°C for 15 minutes. The agar was left to cool to 48°C in a water bath, then 5 ml of
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Kanamycin (10 mg/ml), 3.75 ml of vancomycin (1 mg/ml), and 50 ml of defribrinated horse
blood was added aseptically, the agar was mixed by inversion and the resulting solution was

poured into sterile Petri dishes.

5.2.4.6 Incubation times and enumeration technique

Each faecal sample was serially diluted in maximum recovery diluent down to 10 Three
different dilutions (10°°-10"®) were dropped in duplicate with a 50-dropper Pasteur pipette onto
each agar plate, and plates were incubated as described. The media incubated aerobically
were: Columbia agar with 5% defibrinated blood (total aerobes, 39°C, for 48 h), MacConkey
no. 3 agar: (total coliforms, 39°C for 18-24 h; presumptive E.coli, 44°C, for 24 h) and MRS
agar: (aerotolerant lactobacilli, 39°C for 48 h). The media incubated anaerobically were:
kanomycin-vancomycin agar (Bacteroides, 39°C for 96 h), WCA agar with 10% defribrinated

horse blood (total anaerobes, 39°C for 48 h) and MRS agar: (lactobacilli, 39°C, 48 h).

After incubation, the number of colonies of each colony type growing on each media type was
counted. The dilution chosen for enumerating the colonies was the lowest dilution showing

growth that was countable.

5.2.5 SCFA analysis
Samples of digesta collected as outlined in “Sample collection” were allowed to defrost at
room temperature. Defrosted samples were centrifuged at 10,000 g x 10 min. The supernatant
was removed and filtered through a 0.2 micron syringe filter fitted to a HPLC sample vial.
Each digesta sample was then analysed by HPLC. The equipment consisted of a Gilson model
203 HPLC pump (Gilson Incorporated, Middleton, USA), Aminex HPX-87H ion exclusion
column (7.7 mm x 30 cm; Biorad, Richmond, California, USA), a cation H" guard column
(Biorad, Richmond, California, USA), and a Shodex refractive index SE-61 detector (Showa

Denko, Kawasaki, Japan) set to a wavelength of 210 nm. The standard solution consisted of
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acetic acid (5mg/ml), propionic acid (2.5 mg/ml) and n-butyric acid (2.5 mg/ml). The internal
standard was 2-ethyl-n-butyric acid. The mobile phase was 5 mM sulphuric acid, which was
filtered, degassed, and pumped at a flow rate of 0.5 ml/min through the column heated to

48°C.

The peaks were quantified by height using a Kontron 450 data system (Kontron, Munich,

Germany) with reference to the internal standard and standard chromatograms.

5.2.6 Statistical Analysis
Bacterial counts are expressed as logig transformed counts of colony forming units per gram
of colon contents. SCFA concentrations are expressed as mmol/kg of wet weight of digesta.
The significance of differences between treatment means was tested by two way ANOVA (for
randomised block experiments), when a significant effect was found this was followed by post
hoc Dunnett’s test. Standardised residuals for each outcome variable were normally
distributed (Shapiro Wilk W test). In experiment 1, the mean number of E.coli in the two
broccoli groups, was compared against the control group using a linear contrast. All statistical
analyses were conducted on SPSS Release 17.0 (2008) and a P value of <0.05 was set as the

critical level of significance.
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5.3 Results

5.3.1 Experiment 1
Neither broccoli-supplemented diet significantly influenced the total counts of aerobic or
anaerobic bacteria (Table 5.1A). An initial ANOVA revealed a significant effect of the diets
on presumptive E. coli numbers (P=0.049), but a post hoc Dunnett’s test produced differences
of marginal statistical significance (raw broccoli versus control P=0.060; blanched-frozen
broccoli versus control P=0.052). Further analysis, using linear contrasts produced substantive
evidence that mean number of E. coli in the two groups of pigs fed the broccoli diets differed
from the number of E. coli in pigs fed the control diet (P=0.017). No other significant changes
were found in the composition of the flora, although, there was a trend towards a reduction in
total coliforms (P=0.065) and an increase in the lactobacilli to coliform (L:C) ratio (P=0.065;
Table 5.1A). The total concentration of SCFA and the ratio of individual SCFA were not

significantly altered by either of the broccoli supplemented diets (Table 5.1B).

5.3.2 Experiment 2
The raw broccoli and raw carrot supplemented diets failed to significantly alter the total
counts of aerobic or anaerobic bacteria (Table 5.2A). However, both diets caused a significant
reduction in total coliform and presumptive E. coli numbers and an increase in the L:C ratio;
other bacterial groups were not significantly altered (Table 5.2A). The total concentration of
SCFA and the ratio of individual SCFA were not significantly altered by either diet (Table

5.2B).

116



Table 5.1 Viable counts of bacteria (A) and concentrations of SCFA (B) in digesta from the mid colon
of pigs fed cereal diets unsupplemented (control) or supplemented with raw broccoli (cv. Marathon) or
blanched-frozen broccoli (cv. Marathon) for 12 d.

(A)

Raw broccoli  Blanched-frozen  Control
Total aerobes 8.20 (0.45) 8.34 (0.19) 8.27 (0.37)
Total anaerobes 9.16 (0.20) 9.48 (0.26) 9.27 (0.22)
Bacteroides spp. 8.12 (0.20) 8.36 (0.59) 7.92 (0.56)
Total lactobacilli 8.49 (0.23) 8.44 (0.22) 8.21 (0.40)
Total coliforms 5.90 (0.80) 6.11 (0.72) 7.06 (0.43)
L:C 1.46 (0.22) 1.40 (0.18) 1.17 (0.06)
Presumptive E. coli 5.79 (0.83) 5.75 (0.98) 7.02 (0.50)
Aerotolerant lactobacilli 7.46 (0.76) 7.44 (0.46) 7.57 (0.51)
(B)

Raw broccoli  Blanched-frozen broccoli ~ Control

Acetic acid 19.2 (3.0) 17.2 (3.7) 16.9 (2.5)
Propionic acid 8.4 (1.9) 8.8 (1.4) 7.9 (1.8)
n-butyric acid 4.6 (1.3) 4.3(0.4) 4.7 (1.4)
Total SCFA 32.1(5.9) 30.4 (3.9) 29.6 (4.7)

In table (A), data are the means (SD) of log;o colony forming units per gram of mid colon contents; L:C

= lactobacilli to coliform ratio. In table (B) data represent the means (SD) for the concentrations of
SCFA, expressed as mmol/kg wet weight of digesta. In tables A and B, two way ANOVA (for a

randomised block design) was used to assess significance of differences; n=5 in each diet group in all

cases.
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Table 5.2 Viable counts of bacteria (A) and concentrations of SCFA (B) in digesta from the mid colon
of pigs fed cereal diets unsupplemented (control) or supplemented with raw broccoli (cv. Monaco) and

raw carrots (cv. Nairobi) for 12 d.

(A)
Raw broccoli  Raw carrot Control

Total aerobes 8.01 (0.72) 7.97 (0.56) 8.41 (0.40)
Total anaerobes 9.74 (0.18) 9.65 (0.17) 9.85 (0.17)
Bacteroides spp. 9.10 (0.61) 8.72 (0.51) 9.04 (0.25)
Total lactobacilli 8.80 (0.62) 8.65 (0.41) 8.75 (0.32)
Total coliforms 5.04 (0.67)* 5.38 (0.75) * 7.33 (0.92)
L:C 1.76 (0.21)*  1.63(0.23)**  1.21(0.12)
Presumptive E. coli 482 (0.58)* 533 (0.73)**  6.99 (1.30)
Aerotolerant lactobacilli ~ 7.44 (0.71) 7.36 (0.44) 7.45 (0.36)
(B)

Raw broccoli  Raw carrot Control
Acetic acid 51.0 (17.4) 67.0 (21.0)  52.3(13.4)
Propionic acid  28.7 (14.3) 30.5 (7.6) 30.8 (11.6)
n-butyric acid 10.7 (13.4) 11.8 (14.7) 9.3(9.1)
Total SCFA 90.3 (42.5) 109.4 (32.0)  92.5(31.4)

In table (A), data are the means (SD) of log;, colony forming units per gram of mid colon contents; L:C
= lactobacilli to coliform ratio; *P<0.001 **P=0.002 versus control. In table (B) data represent the
means (SD) for the concentrations of SCFA, expressed as mmol/kg wet weight of digesta. In tables A
and B, n=5 in each diet group in all cases. Two way ANOVA (for a randomised block design) was used

to assess significance of differences, followed where appropriate by post hoc Dunnett’s test.
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5.4 Discussion

In the first experiment presented here, adding raw broccoli and blanched-frozen broccoli to
the diet, resulted in a trend towards an increase in the ratio of lactobacilli to coliforms;
whereas, in the second experiment, raw broccoli and raw carrot supplemented diets both
caused a significant increase in the ratio. These results are broadly in agreement with previous
work of the group that showed a change in the ratio of lactobacilli to coliforms after the
feeding of raw and microwaved broccoli (Kemble, 2000). In the present work, the smaller
effect of the broccoli in the first experiment may have resulted from the feeding of a different
cultivar, or could simply reflect insensitivity and measurement error inherent in the standard
culture techniques used to quantify the microflora. An increase in the ratio of lactobacilli to
coliforms is generally regarded as sign of improved colonic health (Muraldihara et al. 1977).
Also, in animal studies, increases in lactobacilli have been shown to protect against
chemically induced colon cancer (Arimochi et al. 1997; Mclntosh et al. 1999). However, the
observed increase in the ratio in the present experiments was mediated solely through a

decrease in coliform number.

The relevance to CRC risk of the observed suppression in coliforms is uncertain. No studies
have conclusively shown that a specific bacterial group increases the risk of CRC. However,
coliform bacteria, such as E.coli can promote the conversion of proteins to toxic amines and
are a possible source of nitroreductase, azoreductase and B-glucuronidase enzymes that appear
to be able to activate various procarcinogens (Porter & Kennworthy 1969; Chen et al. 1999).
So, a suppression of coliforms may reduce the exposure of the colonic epithelium to toxic and
carcinogenic compounds. It has been suggested that the colonic microflora is a stable
ecosystem that tends to slowly return to its normal composition after a change of diet
(Tannock, 2005). Both experiments reported here were of short duration (12 d), and it is

possible that the observed changes may have disappeared had the study continued for longer.
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The mechanism(s) through which the vegetable supplements suppressed coliform bacteria was
not investigated, but there are a number of possibilities. Carrots are a rich source of 6-
methoxymellein and several acyclic and monocyclic terpimoids, whereas, broccoli contains
GLS, which may form ITCs during processing or after consumption (Holst & Williamson
2004); These compounds all exhibit anti-microbial activity in vitro (Batt et al. 1983; Kurosaki
& Nishi 1983; Amin et al. 1988; Delaquis & Sholberg 1997; Kyung & Fleming 1997, Ward et
al. 1998; Fahey et al. 2002). Interestingly, AITC has been shown to suppress the growth of
pathogenic bacteria including coliforms, but not beneficial species such as lactic acid
producing bacteria (Ward et al. 1998). This appears to be consistent with the effect of broccoli
in the present study. However, only small quantities of AITC are present in broccoli. It is
unknown whether other ITC can exert similar effects, although an anti-bactericidal effect
against Helicobacter pylori has been demonstrated for sulforaphane, the main ITC present in

broccoli (Fahey et al. 2002).

The different anti-microbial compounds present in carrot and broccoli may have been
responsible for the suppression of coliforms, however, the similarity in effect of both
vegetables may indicate a common mechanism. Broccoli and carrots contain substantial
amounts of fermentable fibre (Anderson & Bridges 1988). An increased supply of fermentable
fibre could suppress microbial growth by decreasing the pH of the luminal contents. The pH
of the colonic contents was not measured, but the lack of effect of either diet on SCFA
concentrations appears to point against any large decrease in pH, at least in the mid-colon.
Another possibility is that the vegetable supplements promoted the growth of a bacterial group

that was not measured, and that group competitively suppressed the growth of coliforms.

Because the soluble fibre present in broccoli and carrots has been shown to be highly
fermentable in vitro it was hypothesised that both types of vegetable supplement would
increase SCFA concentrations in vivo (McBurney & Thompson 1990). However, neither
supplement had a significant effect. No other studies appear to have investigated the effect of
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broccoli consumption on colonic SCFA, however, one study has reported on the effect of
another cruciferous vegetable, Brussels sprouts (Humblot et al. 2005). In agreement with the
effect of the broccoli in the present study, Brussels sprouts failed to alter the total
concentration of SCFA (Humblot et al. 2005). A statistically significant shift in SCFA profile
in favour of aceteic acid was observed, but the magnitude of the effect was very small (an 8%
increase relative to control group) and the amount of vegetables fed was proportionally greater

than in the present study (Humblot et al. 2005).

Although no studies appear to have investigated the effect of carrot consumption on SCFA in
vivo, Nyman and associates (1990 & 1994) have investigated the fermentative breakdown and
faecal bulking capacity of blanched carrots in rats. In two separate studies they found large
differences in fermentability, with one batch of carrots being relatively resistant to bacterial
degradation and one batch being relatively easily fermented (47% and 14% of fibre being
recovered in the faeces). They suggested that carrots might differ in fermentability, depending
on storage time, harvest time, and growing conditions. They also suggested that differences in
the size of the plant cell wall structure might determine fermentability, with larger cell walls

being more resistant to bacterial degradation (Nyman et al. 1994).

The failure to detect an increase in SCFA in the present study may indicate that the fibre in
broccoli and carrots is not easily fermented in the colon of pigs. However, weaknesses in the
design of the present study may have masked an effect. SCFA concentrations were only
determined in digesta sampled from the mid-colon. The fermentation of many undigested
dietary substrates occurs predominantly in the caecum and proximal colon (Topping & Clifton
2001). If the broccoli and carrots were rapidly fermented in the caecum or proximal colon,
then the SCFA produced might have been absorbed before the digesta reached the mid colon.
A Dbetter experimental design would have been to measure SCFA concentrations in digesta

collected from regions along the whole of the large intestine.
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In general, studies investigating the effect of adding additional or different fermentable
substrates to the diet of pigs have fed basal diets based on human foods. These have often
included an additional fibre supplement of approximately 60 g/d to ensure laxation, but this is
much less than that normally present in standard commercial pig diets (Topping & Clifton
2001). The basal diet fed in the present study was not analysed for its fibre content, but based
on published values for the fibre content of its ingredients, it probably provided between 120-
150 g of fibre per day (Norvite Feeds, 1995; NRC, 1998). Such a high intake of fibre may
have masked a possible modest effect of the vegetable diets on fermentation, because these

only supplied an additional 14-16 g of fibre per day (FSA, 2002).

In the two experiments reported here, the total concentrations of SCFA found in the digesta of
the pigs were very different, the values in experiment 1 being three fold lower than those
measured in experiment 2 and also much lower than published values (Cummings et al. 1987).
This suggests an analytical problem may have occurred during experiment 1. A possible
explanation is that the wrong concentration of internal standard was added to the digesta

samples when they were being prepared for analysis by HPLC.

In summary, none of the vegetable diets altered the concentration of SCFA within the mid
colon. In the first experiment, there was a trend towards an increase in the ratio of lactobacilli
to coliforms after the feeding of raw and blanched-frozen broccoli (cv. Marathon). In the
second experiment, there was a significant increase in the ratio of lactobacilli to coliforms in
pigs fed supplemental raw carrots (cv. Nairobi) or raw broccoli (cv. Monaco). These changes
were driven solely by a decrease in coliform number, rather than an increase in lactobacilli.
Suppression of coliform bacteria is generally regarded as beneficial however, the relevance of
such a change to protection against CRC is uncertain. It is also unclear how the raw

vegetables exerted their effect.
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Chapter 6

Effect of broccoli and carrot consumption on phase |
enzymes, including an investigation into whether viable
microsomes can be prepared from frozen tissue samples

6.1 Introduction

Previously it was shown that 600 g/d of raw broccoli (cv. Marathon and Monaco) and
blanched-frozen broccoli (cv. Marathon) failed to induce phase Il enzymes in the liver and
colon of pigs (see Chapter 4). A number of explanations for this lack of effect were suggested
including the level of broccoli fed, and the profile of GLS present in the two cultivars of
broccoli. The Monaco cultivar was found to contain low levels of glucoraphanin and relatively
high levels of indolyl GLS (see Chapter 4, pg 101). The GLS content of the Marathon cultivar
was not determined, however, published data indicate that indolyl GLS typically predominate
(Vallejo et al. 2002; Vallejo et al. 2003). Indolyl GLS and their breakdown products appear to
be more potent inducers of phase | enzymes, than of phase Il enzymes (Shertzer & Sainsbury
1991; Bonnessen et al. 1999). In fact, at low levels of intake, they have been shown to induce
the hepatic phase | enzyme, CYP1AL, but have no effect on the hepatic phase 1l enzyme, GST
(Bonnessen et al. 1999). Therefore, it is possible that cultivars of broccoli, which are rich in
indolyl GLS, but low in glucoraphanin may induce certain phase | enzymes at a level of intake
below that required to induce phase Il enzymes. This possibility warrants investigation,
because the selective induction of CYP1A enzymes without a reciprocal induction of
detoxifying phase Il enzymes may disturb the activation/deactivation balance leading to the
increased activation of many chemicals to their carcinogenic or toxic form (loannides et al.

1995).

Few studies have investigated the effect of carrot consumption on phase | enzyme activity. In

an early study, Bradfield et al. (1985) found that a 20% (w/w) carrot diet caused a modest
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induction of hepatic ethoxycoumarin O-deethylase (ECOD; probably mainly reflective of
CYP1AL activity) in mice. However, no studies appear to have investigated the effect of

lower intakes of carrots, in non-rodent animal models.

In animal experiments it is often logistically difficult to prepare microsomes on the day of
tissue removal. Therefore, tissues are often frozen and stored for extended periods before
microsomes are prepared. It is unclear, however, whether microsomal enzymes are stable
during the freezing and storage of tissue. Some researchers have reported that CYP450
enzymes are particularly susceptible to degradation if liver tissue is frozen before microsomes
are prepared, whereas, others have reported no major effect (Reinke & Stohs 1976; Tredger &
Chabra 1976; Bartosek et al. 1980; Pearce et al. 1996). Also, no studies appear to have

reported whether viable microsomes can be prepared from frozen colon tissue.

The first aim of this study was to investigate whether viable microsomes could be prepared
from the frozen liver and colon tissue of pigs. Dependent on viable microsomes being
prepared, the second aim of this study was to determine whether broccoli or carrot
consumption alters the activity of CYP1A enzymes in the liver and colon of pigs. Because
broccoli typically contains substantial quantities of indolyl GLS, which appear to be potent
inducers of CYP1A, it was hypothesised that raw Marathon and Monaco broccoli would
induce CYP1A enzymes in the liver and colon (Shertzer & Sainsbury 1991; Bonnessen et al.
1999; Vallejo et al. 2003). In chapter 2 it was found that blanching and freezing inactivated
the myrosinase in broccoli. Plant-based myrosinase appears to be required for the optimal
hydrolysis of GLS to indoles, so, it was hypothesised that blanched-frozen broccoli would
have a lower ability to induce phase | enzymes than raw broccoli (Holst & Williams, 2004).
High intakes of freeze-dried raw carrot cause a small induction of CYP1AL in rat liver, but it
was hypothesised that the much lower level of carrots fed in the current study would not

induce CYP1A enzymes in pig liver or colon.
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The objectives of this study were:

e To prepare microsomes from liver and colon tissue that had been stored frozen for 12
to 24 months.

e To determine whether freezing and long-term storage causes the conversion of
CYP450 to its inactive CYP420 form.

e To measure ethoxyresorufin O-dealkylation (EROD) and methoxyresorufin O-
dealkylation (MROD) activity in microsomes shown to contain active CYP450.

e To investigate the effect of cultivar and blanch-freezing on the ability of broccoli to
modulate total CYP450 content and EROD and MROD activity.

e To investigate whether raw carrot, a non-GLS containing vegetable with a high

carotenoid content, alters total CYP450 content or EROD and MROD activity.

6.2 Materials and Methods

6.2.1 Chemicals
All chemicals were purchased from either, Sigma Aldrich Company Ltd, (St Louis, USA),

Fisher Scientific Supplies (Loughborough, UK) or BDH Laboratory supplies (Poole, UK).

6.2.2 Animals and diets
A detailed description of the pigs, diet and study design can be found in Chapters 2 and 3
(pgs, 51 to 53 and 76 to 77). Briefly, in both experiments a control group of pigs was fed a
cereal diet. Treatment groups consumed the same cereal diet supplemented with 600 g/d of
vegetables. In experiment 1, the supplemental vegetables consisted of raw broccoli (cv.

Marathon) or blanched-frozen broccoli (cv. Marathon). In experiment 2, the supplemental
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vegetables were raw broccoli (cv. Monaco) or raw carrot (cv. Nairobi). The experimental diets

were fed for 12 d and then pigs were killed on the morning of d 13.

6.2.3 Tissue collection
6.2.3.1 Collection of liver and colon tissue

Sections of liver and colon were removed and processed as described in Chapter 4, pg. 91-92.

6.2.3.2 Preparation of hepatic microsomes

All steps were conducted on ice or at 0-4°C. Sections of liver from the middle of the left lobe
(approximately 6 g) were allowed to defrost in ice-cold homogenising buffer (0.25 M sucrose,
20 mM Tris, 1 mM dithiothreitol (DTT), pH 7.4) to minimise degradation of CYP450 (Pearce
et al. 1996). Defrosted liver segments were then rinsed with ice cold 1.15% (w/v) KCI buffer
(pH 7.4), blotted dry, minced with scissors and rapidly transferred to homogenising buffer (4
ml/g of tissue). Liver segments were homogenised with one 45-60 sec burst of a rotor stator
homogeniser (8000 rpm; Janke & Kunkel, Ultra-turrax T25, Germany). Homogenates were
centrifuged at 10,000 g x 20 min (ALC PK121R, Cologno Monzese, Italy). Supernatants were
removed and centrifuged at 100,000 g x 60 min (Beckman Coulter LE-70 ultracentrifuge,
Fullerton, USA). The resulting supernatants were discarded and a quantity of homogenising
buffer equal to the amount of discarded supernatant was added to the remaining pellet. The
pellet was then re-suspended in the buffer with 6-8 strokes of a motor driven (Status R100C,
CAT, Germany) Potter-Elvehjem Teflon/glass homogeniser (600 rpm). The resulting
homogenate was centrifuged for a further 60 min x 100,000 g. Supernatants were removed
and the remaining pellet was re-suspended in freezing buffer (10 mM Tris, 20% w/v glycerol,
1 mM EDTA, adjusted to pH 7.4 with acetic acid) with 6-8 strokes of the Potter-Elvehjem
Teflon/glass homogeniser (600 rpm). The resulting homogenate was divided into 0.4 ml

aliquots and rapidly snap frozen in liquid N and stored at -80°C until use.
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6.2.3.3 Preparation of colonic microsomes

Colonic microsomes were prepared from sections of colon tissue excised from the mid-colon,
using the method of Fang & Strobel (1978), with minor modifications. All procedures were
conducted on ice or at 0-4°C. Sections of frozen colon were allowed to defrost in ice-cold
Tris-HCI buffer solution (10 mM Tris-HCI, pH 7.4 containing 0.15 M KCI, 10 mM EDTA
and 1 mM DTT). Once defrosted, the colons were flushed with ice cold 1.15% (w/v) KClI, cut
longitudinally and placed on a plastic tray sat on a bed of ice. Their lumens were rinsed with
Tris-HCI buffer solution to remove any residual faecal material and patted dry with paper
tissue. Mucosal cells were gently removed by scraping the exposed luminal surface with a
glass microscope slide. Scrapings of mucosal cells were rapidly weighed and transferred to
Tris-HCI buffer (1 g tissue per 4 ml of buffer). The mucosal cells were washed three times and
recovered by low speed centrifugation (1200 g x 5 min, 4°C). The washed mucosal cells were
resuspended in Tris-HCI buffer solution with added phenylmethylsulfonyl fluoride (0.25 mM,
a protease inhibitor) and homogenised with 10-12 strokes of a motor driven Potter-Elvehjem
Teflon/glass homogeniser (600 rpm). Homogenates were centrifuged at 10,000 g x 20 min
(ALC PK121R, Cologno Monzese, Italy). Supernatants were transferred to ultracentrifuge
tubes and centrifuged for 60 min at 100,000 g (Beckman Coulter LE-70 ultracentrifuge,
Fullerton, USA). Supernatants were discarded and the remaining pellet was resuspended in
Tris-HCI homogenising buffer with 10-12 strokes of a motor driven (Status R100C, CAT,
Germany) Potter-Elvehjem Teflon/glass homogeniser (600 rpm). Homogenates were
transferred to ultracentrifuge tubes and centrifuged for a further 60 min x 100,000 g (Beckman
Coulter LE-70 ultracentrifuge, Fullerton, USA). Supernatants were discarded and the
remaining pellet was resuspended in 1.5 ml of freezing buffer (10 mM Tris, 20% w/v glycerol,
1 mM EDTA, adjusted to pH 7.4 with HCI) and homogenised with 6-8 strokes of a motor
driven Potter-Elvehjem Teflon/glass homogeniser (600 rpm). The resulting homogenate was

divided into 0.5 ml aliquots, snap frozen in liquid N, and stored at -80°C until use. In addition,
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one pooled colonic microsome was prepared by combining three pellets in 1.5 ml of freezing

buffer.

6.2.4 Analytical methods

6.2.4.1 Measurement of cytochrome P450 and haemoglobin concentration

The CYP450 content of 15 microsomal samples was determined by the spectrophotometric
methods of Omura & Sato (1964) and Matsubara et al. (1976). Subsequently, the method of
Matsubara et al. (1976) was used to determine the CYP450 content of the remaining
microsomal samples. Both methods rely on the fact that reduced CYP450 enzymes, when
bound to CO have an absorption maximum at 450 nm (Fowler et al. 2001). The method of
Omura & Sato (1964) measures the reduced-CO versus reduced difference spectra of the
microsomal preparation, whereas the method of Matsubara et al. (1976) measures the
reduced-CO versus the oxidised-CO difference spectra. The latter method compensates for
contamination with haemoglobin. This is useful when microsomes are prepared from large
animals and/or frozen tissue, because these are often contaminated with haemoglobin (Pearce

et al. 1996; Guengerich, 2001).

6.2.4.2 Cytochrome P450 determination by the method of Omura & Sato (1964)

First, 0.3 ml of microsomal sample was diluted to a final volume of 2 ml with 0.1 M
KH,PO4,/K,HPO, (pH 7.4) and divided into two quartz cuvettes (Hellma, CXA140 155). A
baseline was recorded between 400 and 500 nm (Kontron, Uvikon 860, Kontron Instruments,
Watford, UK). The sample cuvette was bubbled for 30-40 sec with CO. A few grains of
sodium dithionite were added to both cuvettes (CYP450 is a ferric haemoprotein that requires
reduction to its ferrous state before it can bind CO). Cuvettes were inverted and after
approximately 60 sec the reduced-CO versus reduced difference spectra were recorded (400-
500 nm). Total CYP450 content was calculated as the change in absorbance at 450 nm relative

to the absorbance at 490 nm (isobestic point), converted to a concentration using the

128



extinction co-efficient of 91 mM/cm (see Appendix A.3.1, pg 156). The concentration of
CYP420 was calculated as previously described by Guengerich (2001) using the extinction

co-efficient of 110 mM/cm (see Appendix A.3.1.1, pg 156-157).

6.2.4.3 Haemoglobin measurement

The haemoglobin content of the microsomes was measured as described by Pearce et al.
(1996). For this analysis, 0.2-0.3 ml of microsomal sample was diluted to a final volume of 2
ml in 0.1 M potassium phosphate buffer (KH,PO,/K,HPO,, pH 7.4) and divided into two
quartz cuvettes. A baseline was recorded between 400 and 500 nm. The sample cuvette was
bubbled with CO for 30-40 sec and spectra were recorded (400-500 nm; haemoglobin is a
ferrous haemoprotein that can bind CO without the addition of sodium dithionite). The
difference in absorbance between 420 nm and 405 nm was used to estimate the content of
haemoglobin in the microsomes. The concentration of haemoglobin was estimated using the
extinction co-efficient of 110 mM/cm to allow comparison with the CYP420 content (see

Appendix A.3.3, pg 158).

6.2.4.4 Cytochrome P450 determination by the method of Matusubara et al. (1976)

The samples used to determine haemoglobin content were also used for this analysis. The
reference cuvette was bubbled for 30-40 sec with CO and 5 pl of 20 mM NADH (prepared in
potassium phosphate buffer) was added (to reduce cytochrome bg). A few grains of sodium
dithionite were added to the sample cuvette (to reduce CYP450 and cytochrome bs), which
was then bubbled for 30-40 sec with CO. Spectra were repeatedly recorded until the 450 nm
peak reached a maximum. Total CYP450 content was calculated as the change in absorbance
at 450 nm relative to the absorbance at 490 nm (isobestic point) converted to a concentration

using the extinction co-efficient of 106 mM/cm (see Appendix A.3.2, pg 157-158).
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6.2.4.5 Determination of CYP1A enzyme activity

The activity of CYP1A enzymes was determined by measuring the O-dealkylation of
ethoxyresorufin and methoxyresorufin. CYP1A mediated O-dealkylation of these two
phenoxazone ethers produces resorufin. The rate of production of resorufin can be determined

by measuring the linear increase in fluorescence (Burke et al. 1985).

6.2.4.5.1 Determination of EROD activity in hepatic microsomes

EROD activity was determined fluorimetrically at 37°C by the method of Burke et al. (1985).
First, 0.2 mg of microsomal protein and 0.25 ml of an NADPH generating system (0.8 mg
NADP, 1.2 mg isocitric acid, 50 ul 0.1M MgSQO,, 1 unit isocitrate dehydrogenase and 0.1 M
Tris-HCI, pH 7.8 to make a volume of 0.25 ml) were added to a Perkin-Elmer fluorimeter
cuvette (B06331107). Tris-HCI buffer (pH 7.8) was added to bring the volume to 1.99 ml and
the cuvette was incubated for 2 min at 37°C in a fluorimeter (Perkin-Elmer LS 55,
Massachusetts USA). After 2 min, the reaction was initiated by adding 10 pl of
ethoxyresorufin (10 pl of a ImM solution in DMSO, final cuvette concentration 5 uM) to the
cuvette and fluorescence was measured and recorded for 10 min. The fluorimeter settings
were: excitation and emission slits 5 nm and excitation wavelengths 530 and 585 nm. After 10
min of linear reaction fluorescence was calibrated by the addition of a standard solution of

resorufin (10 uM in DMSO; see Appendix A.3.4, pg 159 for sample calculation).

6.2.4.5.2 Determination of MROD activity, in hepatic microsomes

MROD activity was determined in the same way as EROD activity except that

ethoxyresorufin was replaced with methoxyresorufin (final cuvette concentration 5 uM).
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6.2.5 Statistical Analysis
Data are presented as means (SD). The significance of differences between treatment means
was then tested by two way ANOVA for a randomised experimental block design.
Standardised residuals for each outcome variable were normality distributed (Shapiro-Wilk W

test).

The haemoglobin and CYP420 data were tested for normality and then the relationship
between haemoglobin and CYP420 content was determined by Pearson's product moment
correlation co-efficient (r) (Altman, 1991). All statistical analyses were conducted on SPSS

Release 17.0 (2008) and a value of P<0.05 was set as the critical level of significance.

6.3 Results

6.3.1 Stability of cytochrome P450 in frozen porcine liver samples
Hepatic microsomes initially scanned for total CYP450 content by the method of Omura &
Sato (1964) contained a peak at 450 nm, but also a substantial, albeit variable second peak at
420 nm (Fig 6.1A). Replicate microsomes contained substantial quantities of haemoglobin
and there was a strong correlation between the haemoglobin and CYP420 content in pairs of
replicate samples (r= 0.97, P<0.001; Fig 6.1A, 6.1B & 6.1C). When microsomes were
scanned for CYP450 content by the method of Matsubara et al. (1976), which compensates

for the presence of haemoglobin, only a small shoulder was evident at 420 nm (Fig 6.1B).

6.3.2 Colonic Samples
No CYP450 or CYP420 could be detected in microsomes prepared from single sections of

frozen colon tissue (Fig 6.3). When a pooled microsome was prepared from the colonic tissue
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of three control pigs, no CYP450 was detected, but a small peak at CYP420 was observed
(Fig 6.4). No EROD or MROD activity could be detected in the microsomes prepared from

single sections of frozen colon tissue or in the pooled microsome.

6.3.3 Treatment effects
6.3.3.1 Experiment 1
The total hepatic content of CYP450 (pooled mean 0.61 (SD 0.099) nmol/mg protein;
P=0.935) and the activities of EROD (pooled mean 107.0 (SD 27.46) pmol/min/mg of
microsomal protein; P=0.683) and MROD (pooled mean 38.2 (SD 7.65) pmol/min/mg of
microsomal protein; P=0.880) were unaffected by raw and blanched-frozen broccoli (cv.

Marathon) consumption (Table 6.1).

6.3.3.2 Experiment 2

Diets supplemented with raw Monaco broccoli and raw carrots (cv. Nairobi) also failed to
alter the total hepatic CYP450 (pooled mean 0.55 (SD 0.081) nmol/mg protein; P=0.610)
content or EROD (pooled mean 71.6 (SD 14.47) pmol/min/mg of microsomal protein;
P=0.313) and MROD activities (pooled mean 25.5 (SD 4.41) pmol/min/mg of microsomal

protein; P=0.349) (Table 6.1).
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Fig 6.1 Cytochrome P450 spectra of a hepatic microsome determined by the method of (A) Omura &
Sato (1964) and (B) Matsubara et al. (1978). (C) The haemoglobin spectra of the same hepatic
microsome. Microsomes were prepared as outlined in the Methods section.
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Fig 6.2 The correlation between CYP420 and haemoglobin content in hepatic microsomes prepared
from young male pigs, n=15. Tissue was stored at -80°C for at least 6 months before microsomes were
prepared, see Methods section for more details.

Fig 6.3 Cytochrome P450 difference spectra of a microsome prepared from a single section of pig
colonic tissue. The colonic tissue was frozen and stored at -80°C for at least 12 months before the
microsome was prepared, see Methods section for more details.
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Fig 6.4 Cytochrome P450 spectra of a pooled colonic microsome prepared from the mucosa of three
pigs. Sections of colonic tissue were frozen and stored for at least 12 months before microsomes were

prepared, see Methods section for more details.

Table 6.1 Cytochrome P450 content and EROD and MROD activity in hepatic microsomes prepared
from young male pigs fed cereal diets, unsupplemented (control) or supplemented with 600 g/d of

broccoli or carrots for 12 d.

Experiment 1 Total CYP450
nmol/mg protein

EROD

pmol/min per mg
microsomal protein

MROD

pmol/min per mg
microsomal protein

Raw Broccoli (cv. Marathon) 0.61 (0.080)
Blanched-frozen Broccoli 0.60 (0.082)
Control 0.61 (0.144)

Experiment 2

Raw Broccoli (cv. Monaco) 0.52 (0.068)
Raw Carrots (cv. Nairobi) 0.57 (0.099)
Control 0.53 (0.058)

106.1 (31.93)
111.6 (33.78)

103.2 (20.82)

78.3 (20.17)
65.0 (13.18)

71.4 (6.43)

38.3 (9.67)
39.1(9.17)

37.2 (4.98)

27.1 (5.85)
25.3 (2.84)

24.0 (4.45)

Values are means (SD), in all cases n=5 in each diet groups. Total CYP 450 content and EROD and
MROD activity were determined in triplicate. Two way ANOVA was used to assess significance of

differences (P>0.05 in all cases).
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6.4 Discussion

The first aim of this study was to determine if viable microsomes could be prepared from
porcine liver and colon tissue that had been stored frozen for 12 to 24 months. Initial scans of
15 hepatic microsomes for CYP450 content by the method of Omura & Sato (1964) revealed
substantial peaks at 420 nm, although the size of this peak was somewhat variable. A peak at
420 nm can reflect degradation of CYP450 to its inactive form, CYP420, and could be
interpreted as evidence that freezing and long-term storage resulted in a substantial loss of
CYP450. However, a peak at 420 nm may also result from contamination of microsomes with

haemoglobin and other proteins, which absorb light at 420 nm (Pearce et al. 1996).

To investigate whether the peak at 420 nm represented a large degree of degradation of
CYP450, or was caused by haemoglobin contamination, microsomes that had previously been
scanned by the method of Omura and Sato (1964) were analysed for haemoglobin content. All
the microsomes contained substantial quantities of haemoglobin. Furthermore, the magnitude
of the haemoglobin peak correlated strongly with the previously measured peak at 420 nm.
When the microsomes were scanned by the method of Matsubara et al. (1976), which
compensates for haemoglobin contamination, there was only a very small shoulder at 420 nm
rather than a substantial peak. This indicates that the microsomes contained little denatured
CYP450, but were heavily contaminated with haemoglobin and possibly other proteins that
absorb light at 420 nm. These findings are consistent with the work of Pearce et al. (1996)
who found microsomes prepared from frozen human liver tissue contained high amounts of

haemoglobin, but little degraded CYP450.

In contrast to liver tissue, it appears impossible to prepare viable microsomes from frozen
colon tissue. When colonic microsomes prepared from single sections of colon tissue were
scanned by carbon dioxide difference spectra, no CYP450 or CYP420 content could be

detected. This was interpreted as indicating that the level of CYP450 or CYP420 in the
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colonic microsomes was below the lower limit of detection of the assay. The assays for
measuring EROD and MROD activity are able to detect very low levels of enzyme activity, so
both assays were conducted on the colonic microsomes, but no activity towards either
substrate was found. A comparison with the data of Fang & Strobel (1978) indicated that they
used approximately 10 times greater amounts of microsomal protein in the sample and
reference cuvettes to detect CYP450 in microsomes prepared from rat colonic tissue. Even
then, they only detected a very small 0.002 increase in absorbance at 450 nm. From the
amount of frozen colon tissue available, it was impossible to produce microsomes for each pig
with such a high content of protein. In an attempt to confirm whether the frozen colon tissue
contained any CYP450 or CYP420, the colon tissue from three pigs was pooled to produce a
microsome with a higher content of protein. When the resulting microsome was scanned by
the method of Matsubara et al. (1976) there was no peak at 450 nm but a small peak at 420
nm, seemingly indicating freezing and/or storage had resulted in the degradation of CYP450
to CYP420. The apparent lack of active CYP450 was further confirmed by analysing the
pooled microsome for EROD and MROD activity; no activity towards either substrate was
found. These results appear to indicate that porcine colonic CYP450s are unstable when colon
tissue is frozen and stored for an extended period before microsomes are prepared. The
contrast with liver CYP450 can probably be explained by the very low level of CYP450
which typically appears to be present in the colon of mammals (see for example Strobel et al.

1980).

All the vegetable diets failed to alter total CYP450 content and CYP1A enzyme activities in
the liver. The failure of the carrot treatment to have any effect on total CYP450 content is
consistent with the study of Bradfield et al. (1985), which found no effect of a 20% (w/w)
carrot diet on the hepatic content of CYP450 in rats. However, in contrast to the present
experiment, Bradfield et al. (1985) reported a small 1.2 fold induction of CYP1Al (as
measured using the in vitro probe ECOD). The present study fed proportionally 4 times lower
amounts of carrots than the study of Bradfield et al. (1985). So, the failure to find any
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induction of CYP1 enzymes may simply indicate that too low a level of inducing compounds

was supplied by the carrot diet.

At least two rodent studies have reported on the effect of broccoli diets on the total CYP450
content of the liver, with contrasting results (Aspry & Bjeldanes 1983; Ramsdell & Eaton
1988). Aspry & Bijeldanes (1983) found a 1.5 and a 1.9 fold increase after the feeding of 10
and 25% (w/w) broccoli diets, whereas Ramsdell & Eaton (1988) found no increase after
feeding a 25% (w/w) broccoli diet. In agreement with the latter study, the present study found
no effect of any broccoli supplement on total CYP450 content. The lack of effect on total
CYP450 content is not particularly surprising because total CYP450 content is not a sensitive
measure of induction of individual CYP450 isoforms. Indeed, substantial induction of
individual CYP1A enzymes may occur without any significant increase in total CYP450

content (Bradfield et al. 1985).

The failure of the broccoli diets to induce hepatic EROD and MROD was more unexpected
because human studies have reported small inductions of hepatic CYP1AZ2 (typically 10-20%)
after the consumption of proportionally 50-60% lower intakes of broccoli (500 g/d in 70-80 kg
adults; Vistisen et al. 1992; Kall et al. 1996). Furthermore, one of the studies fed Marathon
broccoli, which is the same cultivar as one of the broccolis fed in the present study (Kall et al.
1996). Whilst differences in growing conditions and post-harvest storage and processing can
mean that the same cultivar of broccoli may vary substantially in its content of GLS,
published data indicate that Marathon broccoli is typically rich in the relevant indolyl GLS
required for CYP1A induction (Vallejo et al. 2002; Vallejo et al. 2003). It is possible that the
disagreement between the present study and the human studies may reflect differences in the
methods of measuring enzyme induction, or species differences. The human studies
determined hepatic CYP1A2 activity by measuring the in vivo metabolism of a defined dose
of caffeine. In humans, hepatic CYP1A2 is believed to be responsible for 95% of the
metabolism of caffeine, therefore an increase in specific caffeine metabolites in the urine is
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thought to reflect an increase in hepatic CYP1A2 activity (Kalow & Tang 1993). In contrast,
the present study measured CYP1Al and CYP1A2 ex vivo, in liver microsomes using the
probes, ethoxyresorufin and methoxyresorufin. Using these probes in liver microsomes may
not be directly comparable with the non-invasive measurement of the metabolism of caffeine.
Also, although ethoxyresorufin and methoxyresorufin are thought to be fairly selective probes
for the measurement of CYP1ALl and CYP1A2 in rats, selectivity for pig CYP1Al and
CYP1A2 has not been confirmed (Nerurkar et al. 1993; Van der Burght et al. 2000). It is
possible that other CYP450 enzymes in pig liver may contribute to EROD and MROD
activity, meaning that both probes may not have the specificity and sensitivity to detect a
small dietary induction of CYP1A enzymes. Among all of the CYP450 enzymes, the CYP1A
family are generally believed to be the most conserved across species (Lewis, 2001).
However, some small differences in the inducibility of CYP1A have been reported in different
species (Parkinson, 1996). It is possible the genes that encode pig CYP1A enzymes, are less

sensitive to induction by GLS breakdown products than the corresponding human genes.

Other possible explanations for the present study failing to detect an induction of hepatic
CYP1A include those discussed in Chapter 4 as reasons for finding no induction of phase Il
enzymes, i.e. the amount and form in which the broccoli was fed, the composition of the basal
diet and the method used to kill the pigs. As many of the arguments are similar only additional
points specifically relevant to this study will be discussed here. As already discussed, freezing
liver tissue and storing it frozen prior to the preparation of microsomes appeared to result in
substantial contamination with haemoglobin, but seemingly little inactivation of CYP450.
Contamination with haemoglobin would be expected to decrease the specific activity for
EROD and MROD because of its contribution to the protein content of the microsomes.
Pearce et al. (1996) have previously reported a 20-40% decrease in the specific activity of a
range of microsomal enzymes prepared from frozen/stored sections of human liver versus
microsomes prepared from unfrozen sections of the same livers. The microsomes in which

haemoglobin was measured in the current study showed variable levels of contamination. This
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would be expected to lead to a variable decrease in specific enzyme activity, which may have

masked a small induction by the vegetable diets.

In Chapter 4 it was acknowledged that the drugs used to sedate and anaesthetise the pigs
before death may have masked a small induction of phase Il enzymes by the vegetable
treatments. It was argued that the short time lapse between administration of both drugs and
removal of tissues probably provided too little time for any substantial degree of enzyme
modulation. The same argument is relevant to this experiment, however, there is also evidence
that Zoletil® administered at the dose used in the present study does not affect the total
CYP450 content or CYP1A1/2 activities, even if administered 24 h before death. Wong et al.
(1996) investigated the effect of increasing doses (20 to 120 mg/kg body weight) of Zoletil®
(referred to by the US trade-name, Telazol®) on various cytochrome P450 enzymes in adult
Long Evans male rats. Zoletil® had no effect on total CYP450 content, or on EROD activity,
except for a modest 1.5 fold induction at the highest dose (120 mg/kg body weight). In this
study, pigs were exposed to a 10 fold lower dose (mean dose 12.3 = 1.35 mg/kg body weight)
of Zoletil® than the level shown to induce EROD activity in rats, and much less time elapsed
between administration and tissue removal (approximately 40 m versus 24 h). This suggests
that if pigs and rats respond similarly, then the single dose of Zoletil® used in this study
would be unlikely to have masked any effect of the vegetable supplements on the measured
CYP enzymes. No studies have directly studied whether Somulose® modulates CYP450
enzymes. However, its main active ingredient, secobarbital, has been shown to cause a modest
1.5 fold induction of EROD activity when incorporated into the diets of rats at a concentration
of 500 ppm for 15 d (Rice et al. 1994). However, given the relative modest induction after
prolonged exposure, it seems unlikely that the single dose used in the present study
approximately 10 min before the removal of the livers would have invoked any substantial
effect. Although it is unlikely that drug administration resulted in any substantial enzyme
induction, the presence of the drugs in the liver microsomes could have interfered with the
enzyme assays. No investigation into this possibility was conducted. A possible approach
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would have been to prepare some liver microsomes from pigs killed by a non-pharmaceutical
method and to spike them with various concentrations of Zoletil® and Somulose® to

investigate any interaction with the enzyme assays.

In summary, this study found that after freezing and long-term storage, viable microsomes
could be prepared from porcine liver tissue, but not from colon tissue. The lower stability of
CYP450 in the colon can probably be explained by the very low levels that are present. None
of the vegetable treatments altered the content of CYP450 in the liver or the activity of
enzymes measured by the EROD and MROD assays. This was despite the fact that one of the
cultivars of raw broccoli (cv. Monaco) had previously being shown to contain relatively high
levels of indolyl GLS (see Chapter 4), which are potent inducers of CYP1A activity in
rodents. The most likely explanations for failing to detect an increase in CYP1A activity in the
current work are that variable contamination of the microsomes with haemoglobin masked a
modest induction, or that higher intakes of broccoli and indolyl GLS are required to induce

CYP1A activity in pigs consuming a cereal based basal diet.
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Chapter 7

General Discussion and Conclusion

7.1 General Discussion

Cruciferous vegetables and many of their bioactive constituents have been shown to inhibit
chemically induced colon cancer in rodents. However, prospective cohort studies investigating
the association between intakes of cruciferous vegetables and CRC have found little evidence
of protection (see Chapter 1). In Chapter 1, it was speculated that one of the factors
responsible for this disparity could be the failure of many epidemiological studies to consider
the effect of processing. Processing can alter the content and bioavailability of bioactive
compounds present in cruciferous vegetables (Price et al. 1998; Vallejo et al. 2002; Conaway
et al. 2000). So, variation in the degree of processing that cruciferous vegetables undergo
prior to consumption may mean that individuals with apparently similar levels of intake are
exposed to different levels and types of bioactive compounds. Failing to consider this may
misclassify a subject’s exposure to bioactive compounds and attenuate any association
between cruciferous vegetable intake and risk of CRC. Few experimental studies have
investigated how processing alters the biological actions of cruciferous vegetables. However,
blanching has been shown to remove the ability of raw Brussels sprouts to inhibit DMH
induced ACF and homogenisation and microwave cooking have been shown to eliminate the
ability of raw broccoli to protect colonocytes from DNA damage (Ratcliffe et al. 1999;

Ratcliffe et al. 2000; Smith et al. 2003a).

The primary aim of the work described in this thesis was to further test the hypothesis that raw
broccoli protects DNA in colonocytes from damage and that processing removes this

protective effect. The secondary aims were to investigate possible mechanisms through which
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raw broccoli confers protection and to determine whether a non-cruciferous raw vegetable
also protects colonocyte DNA from damage. However, the studies produced surprising results.
In two pig experiments, different cultivars of raw broccoli increased DNA damage in
colonocytes, whereas, blanched-frozen broccoli and raw carrot exerted no significant effect
(see Chapters 2 & 3). The reason for the disagreement with the previous work of the group is

uncertain, but it is possible that the broccoli differed in some important aspect (see Chapter 2).

Despite the fact that the induction of phase Il enzymes has previously been hypothesised to be
a major mechanism through which broccoli confers protection against CRC, diets
supplemented with raw and blanched-frozen broccoli failed to increase the activity of GST or
QR in hepatic and colonic tissue (Keck et al. 2003; see Chapter 4). Although these results
contrast with those of most animal studies, they are consistent with two studies in humans that
failed to find any effect of consuming 200-300 g/d of steamed broccoli on the content of GST
a in plasma or total GST activity in plasma and saliva (Steinkellner et al. 2000; Riso et al.
2009a). The disagreement between studies can probably be explained by the proportionally
higher intakes of broccoli fed in the rodent studies (see Chapter 4). Collectively, these data
appear to indicate that the substantial induction of detoxification enzymes is unlikely to occur

at levels of broccoli consistent with habitual human intakes.

All the vegetable supplemented diets tended to suppress the growth of coliform bacteria in the
colonic contents of the pigs, leading to an increase in the ratio of lactobacilli to coliforms (see
Chapter 5). An increase in the ratio of lactobacilli to coliforms is normally considered
beneficial to gut health (Muraldihara et al. 1977), but in the current work similar significant
increases occurred after the consumption of raw broccoli (cv. Monaco), which increased DNA
damage in colonocytes and raw carrots (cv. Nairobi), which had no significant effect on DNA
damage. So, it appears that the changes in the colonic microflora were independent of the
effects on DNA damage. Nevertheless, suppression of coliform bacteria may be expected to
reduce the activity of certain bacterial XME such as B-glucuronidase that have been
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implicated in the conversion of pro-carcinogens to carcinogens within the colonic lumen
(Hughes & Rowland 2003). Therefore, it may be interest to explore whether the suppression
of coliform bacteria by carrots and broccoli is associated with an inhibition of bacterial XME.
In the current work, standard microbiological culture techniques were used to enumerate a
limited number of bacterial groups. The use of 16s rRNA based molecular methods may be
useful to provide a greater overview of the effect of vegetable consumption on the colonic

microflora.

In the work described in Chapter 6, an attempt was made to identify a possible mechanism
through which raw broccoli damaged colonocyte DNA. The broccoli fed in the current work
appeared to be rich in indolyl GLS (see Chapter 4 and 5 for more details). On hydrolysis
indolyl GLS form a range of breakdown products that are potent inducers of CYP450
enzymes (Shertzer & Sainsbury 1991; Bonnessen et al. 2001). In certain circumstances, the
induction of CYP450 enzymes can increase the production of ROS and cause oxidative DNA
damage (Park et al. 1996; Paolini et al. 2004). So it was decided to measure the activity of
CYP1A enzymes in the colonic mucosa and liver. Raw broccoli failed to alter CYP1A activity
(as measured by the probes ethoxyresorufin and methoxyresorufin) in liver microsomes.
Unfortunately, attempts to measure CYP1A in the colonic mucosa proved unsuccessful
because viable microsomes could not be prepared from the available frozen tissue samples
(see Chapter 6). . The effect of raw broccoli consumption on the activity of colonic CYP1A
enzymes could be clarified with further studies using microsomes prepared from non-frozen

colonic tissue.

As discussed in Chapters 2 and 3, colonocytes isolated from the pigs on the control diets
contained a substantial number of class 4 comets. This suggests that damage occurred during
the isolation process. There is a possibility that raw broccoli consumption increased the
susceptibility of colonocytes to DNA damage during isolation rather than increasing levels in
situ. The implication of this is unclear, but as discussed in Chapter 3, putative dietary
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anticarcinogens generally increase the resistance of isolated cells to damage by compounds
such as H,0,, although it is uncertain whether this would translate into protection against
other types of stress encountered during isolation. In retrospect, it may have been worth
exploring alternative isolation techniques to see whether colonocytes could have been
consistently isolated with less DNA damage. If such a method could be identified or
developed, the current experiments should be repeated to confirm the effect of raw broccoli
consumption. It may also be of interest to confirm the effects of blanched-frozen broccoli and
raw carrot because it is possible that the high background level of DNA damage may have
masked a modest genotoxic or protective effect. The standard comet assay used in the present
study provides little information as to the cause of the strand breaks. However, various
adaptations to the comet assay can increase its specificity. The inclusion of the lesion specific
enzymes to detect oxidised purines (formamidopyrimidine glycosylase) and pyrimidines
(endonuclease 1) might be useful for exploring whether raw broccoli also increases the
number of oxidised bases in colonocyte DNA (Collins, 2004). In the present work, DNA
damage was measured in a section of tissue derived from the mid-colon. Because some
epidemiological evidence indicates that vegetables only protect against distal colon cancer,
future studies could establish whether the effect of raw broccoli varies in different regions of

the colon (Koushik et al. 2007).

If the results of the current studies are accepted as evidence that raw broccoli damages DNA
in vivo, the important questions to ask are, would a high intake of raw broccoli cause DNA
damage in the colonocytes of humans? And does DNA damage measured by the comet assay

indicate an increased the risk of CRC? It is difficult to answer either of these questions.

Pigs were chosen as the animal model for the current work because they have a number of
advantages over the more commonly used rat model. Their larger size makes dissection and
collection of tissues, digesta and body fluids easier. Other advantages include greater

similarities with human digestive and absorptive capacities, comparable ingesta transit times
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and the fact that they do not practise coprophagy (Kidder & Manners 1978; Millar & Ullray
1987; Topping & Clifton 2001). However, the pig also has several disadvantages that limit the
direct extrapolation of the current findings to humans. Pigs tend to bolt rather than chew their
food (Bird et al. 2000). The pig colon constitutes 48% of the total volume of their
gastrointestinal tract, whereas in humans the colon accounts for approximately 17% (Topping
& Clifton 2001). Also, the microflora of the pig colon is grossly different to humans and
contains cellulolytic bacteria such as C.herbivorans that are highly effective at degrading
plant cell walls (Yen, 2001). Such differences would be expected to have influenced the extent
to which bioactive compounds were liberated from raw broccoli and possibly the type of
metabolites formed in the colonic lumen. Because of these differences, direct testing in
humans is needed to establish whether the consumption of high intakes of raw broccoli

damages DNA in human colonocytes.

Direct replication of the current studies in humans would, however, be difficult. Recruiting
healthy volunteers to undergo colonic biopsies at the start and end of a short intervention
would be challenging and compliance may be expected to be poor. Other approaches may be
of use in determining whether raw broccoli is genotoxic to human colonocytes. Juice prepared
from raw broccoli and blanched-frozen broccoli could be incubated with human colon cell
lines. Such studies could not however, account for the role that microbial metabolism may
have played in mediating the genotoxic effect of raw broccoli in the current work. If the
genotoxic component is present in the luminal contents, a possible ex vivo approach could be
to test the genotoxicity of faecal water samples from humans consuming raw broccoli.
Initially, a pig experiment duplicating the current studies would be needed to establish
whether faecal water samples and digesta water samples collected from different sites along
the colon are genotoxic to a colon cell line. The testing of both digesta from along the colon
and excreted faeces would be necessary because any compound exerting a genotoxic effect in
the mid-colon could be absorbed within the colon and therefore be absent from the faeces. If
the experiment confirmed that faecal water from pigs consuming raw broccoli was genotoxic
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then human studies could be conducted, although, designing a study to administer raw

broccoli at quantities thought to be genotoxic may presents ethical concerns.

The comet assay as employed in the current work detects strand breaks and abasic sites that
are converted to strand breaks under the alkali conditions of the assay. Strand breaks resulting
from exposure to genotoxins may promote chromosomal aberrations and abasic sites could
have mutagenic potential (Brendler-Schwaab et al. 2005). However, the comet assay has not
yet been validated as a cancer biomarker and there no prospective data to indicate whether an
increase in DNA damage detected by the standard comet assay translates into an increased
risk of cancer in humans (Moller, 2006). The comet assay does appear to be able to
discriminate between known carcinogens and non-carcinogens in rodents (Sasaki et al. 2000).
It is also able to detect increased damage in humans exposed to antineoplastic alkylating
agents, which are known carcinogens (Moller, 2006). Overall, such data are suggestive that
increased DNA damage detected by the comet assay indicates potential carcinogenicity and
possibly increased future risk of cancer. At the very least it is difficult to interpret the increase

in DNA damage caused by raw broccoli in the current work as a beneficial effect.

Other than the work of the group before this project, no studies appear to have investigated the
effect of raw broccoli consumption on basal levels of DNA damage in colonocytes. However,
juice prepared from raw garden cress juice has been reported to decrease the background level
of DNA damage in the colon of rats (Kassie et al. 2003). The different effect of garden cress
juice and broccoli could reflect a species difference in response, or may be explained by
variations in the content of bioactive compounds such as GLS (glucotropaeolin predominates
in garden cress whereas glucobrassicin and glucoraphanin are the main GLS in broccoli) or
the form of feeding, juice versus intact raw tissue (Kushad et al. 1999; Kassie et al. 2003).
Although the current work appears to be the first report of cruciferous vegetables increasing
DNA strand breakage in colonocytes, detrimental effects have been observed in a small
number of other experimental studies (Kassie et al. 1996; Kassie & Knasmuller 2000; Murata
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et al. 2000; Sorensen et al. 2001; Canistro et al. 2004; Paolini et al. 2004; Visanji et al. 2004).
For example, AITC, PEITC and juices prepared from raw cruciferous vegetables have all been
shown to produce positive results in a battery of genotoxicity and mutagenicity tests in
bacterial and mammalian cells (Kassie et al. 1996; Kassie et al. 2000). Also, in rodents, an
extract prepared from cooked Brussels sprouts has been shown to increase the levels of 8-oxo-
dG in the liver, and ITC and indoles have occasionally been shown to promote or even initiate
cancer, although the effects appear to be tissue specific (Owagi et al. 2001; Sorensen et al.

2001; see pgs 30-31 for a discussion of the possible tumour promoting effects of 13C).

In contrast to these negative findings, the majority of experimental studies have reported that
cruciferous vegetables and various GLS breakdown products exert a range of anticarcinogenic
actions such as, the induction of detoxification enzymes, cell cycle arrest, the promotion of
apoptosis and protection against chemically induced colon cancer (See Chapter 1 or IARC,
2004 for reviews). It appears that whether cruciferous vegetables and GLS breakdown
products exert beneficial or detrimental effects depends on the test system, dose, duration of
exposure, and in the cases of in vivo studies possible how the vegetables are processed prior to

feeding.

Most studies performed in vitro and in animal models have used unrealistically high doses of
vegetables, GLS or GLS breakdown products. This makes extrapolation to humans difficult.
Furthermore, work in cell culture cannot account for bioavailability or any metabolites
produced by the colonic microflora. Arguably, an intriguing aspect of the current work is that
it found a detrimental effect of raw broccoli consumption on colonocyte DNA at a level of
intake that whilst greater than normal human intakes is substantially lower than levels
commonly shown to induce chemoprotective effects in animal studies. To produce
information that may be of more relevance to humans, future mechanistic work in animals

needs to use realistic doses of GLS or vegetables.

148



The studies described in this thesis fed 600 g/d of raw broccoli. The original rationale was that
this was consistent with public health recommendations to consume at least 5 portions of fruit
and vegetables per day (a large portion being 120 g). However, it is unlikely that any human
would habitually consume such quantities of raw broccoli. So, from a public health
perspective it may not be particularly important that such quantities could be genotoxic to
colonocytes. It is more important to know whether intakes of raw broccoli consistent with
normal human intakes damage DNA in colonocytes. Future studies could feed graded intakes
of broccoli encompassing levels consistent with habitual human intakes and levels shown to
be genotoxic in the present study. This could include feeding broccoli on non-consecutive
days because humans rarely consume the same vegetables each day. Such studies could
provide information on the dose response relationship and help to clarify whether the
consumption of raw broccoli at normal levels of intake is likely to be a public health concern.
It is uncertain which constituent(s) of raw broccoli were responsible for its genotoxic effect
however it could be common to all crucifers. Therefore, it would be of interest to test whether
other raw cruciferous vegetables and combinations of cruciferous vegetables damage

colonocyte DNA.

Although humans may be unlikely to habitually consume 600 g/d of raw broccoli, it is
possible that some people in the population may be exposed to similar quantities of bioactive
components through the consumption of either, supplements, concentrated food sources, or
enriched food products. For example, broccoli sprouts containing 10 times greater amounts of
glucoraphanin than standard broccoli are currently commercially available, as are a range of
supplements containing substantial quantities of indole-3-carbinol, sulforaphane and quercetin
(Fahey et al. 1997). The results of the present study indicate that relatively high intakes of
phytochemicals may have unpredictable detrimental effects and suggest that the use of
supplements and enriched food products may be unwise until we have a fuller understanding

of their possible effects.
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Ideally studies in humans are needed to clarify whether raw broccoli or other cruciferous
vegetables influence risk of CRC. However, intervention studies are difficult because there are
few reliable short-term biomarkers of risk and as discussed earlier, accessing tissue in healthy
volunteers is challenging. Studies investigating the effect of cruciferous vegetables on tissue
biomarkers in humans are sparse. Cooked Brussels sprouts (300 g/d) have been shown to
cause a minor induction of GST isoenzymes in the rectal mucosa; however whether this would
confer protection against CRC is uncertain (Nijhoff et al. 1995; see Chapter 1 pg 19). No
studies appear to have measured the effect of cruciferous vegetable intake on DNA damage in
human colonic DNA, however a small number of studies have assessed DNA damage in
lymphocytes or measured the urinary excretion of 8-oxodG (a possible marker of whole body
oxidative stress). Typically these studies have demonstrated that modest intakes of raw and
cooked cruciferous vegetables (85-300 g/d) protect against DNA damage (Verhagen et al.
1995; Verhagen et al. 1997; Murashima et al. 2004; Gill et al. 2007; Hoelzl et al. 2008; Riso
et al. 2009b). In a review of cruciferous vegetables and cancer it was suggested that protective
effects seen in lymphocytes in these studies should translate into protection against DNA
damage in the colon (Boyd et al. 2009). However, it is difficult to reconcile this argument
with the knowledge that many ingested compounds accumulate to different extents in different
tissues and that many compounds including ITC appear to exhibit organ specific genotoxicity
and carcinogenicity (Deng et al. 1998; Owaga et al. 2001; Sorensen et al.2001). There is a
need to clarify whether effects seen in lymphocytes reflect effects seen in tissues that are the
site of major human diseases, such as the colon. Further studies in animals could measure
DNA damage in lymphocytes and a number of organs to determine whether changes in
lymphocytes are correlated with effects in other tissues. This would aid the interpretation of

effects observed in lymphocytes and the design of future human intervention studies.
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7.2 Conclusion

In conclusion, the work reported in this thesis appears to be the first to report that raw broccoli
consumption increases DNA damage in colonocytes. Interestingly, this effect occurred at a
level of intake below that normally shown to exert chemoprotective effects in other animal
studies. The mechanism through which raw broccoli exerted its effect and the compounds
responsible are unknown. Future studies are needed to confirm whether raw broccoli is
genotoxic to human colonocytes and to identify the genotoxic component(s) and possible

mechanisms of action.

It seems that whether cruciferous vegetables, GLS and their various breakdown products exert
beneficial or detrimental effects may depend on the test system, dose, and duration and mode
of feeding. In humans, the outcome of any exposure may also be modified by the genotype of
the individual (see Chapter 1 pgs 34-38). Given the degree of uncertainty around the dose and
frequency required to exert beneficial or detrimental effects, and the possibility that effects in
different tissues may vary, it appears premature to make specific public health

recommendations regarding the optimal intake of cruciferous vegetables to prevent CRC.
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Appendix

Standard curves and calculations

A.1 Chapter 2

0.15 0.2 0.25 0.3 0.35
-0.01

-0.02

y=-0.2x - 0.0005

R?=0.9975
-0.03

-0.04

-0.05

rate of decline in abs/min at 227 nm

-0.06

-0.07
Units of myrosinase

Fig A.1 Representative myrosinase standard curve. The curve was constructed by measuring the rate at
which different concentrations of isolated myrosinase catalyse the decomposition of sinigrin, see
Methods section of Chapter 2 (pg 51) for further details.

Al.1 Calculation of myrosinase activity in a sample of raw broccoli (Chapter 2, pg51)

Mean rate of decline in absorbance = -0.03045/min
Unknown x= (y-b)/m
= (-0.03045-0.0005)/-0.2003

= (-0.02994)/-0.2003
=0.149696 units per 100 ul of broccoli homogenate
= 0.149696 x 10 = 1.49696 units per ml of homogenate.

=1.49696 x 5 (dilution factor) = 7.485 units of myrosinase/g of plant material.
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A.2 Chapter 4

0.5 1 15 2 2.5 3
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log(10) abs @ 750 nm
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0.7 - R? = 0.9966
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log(10) protein stds (0-300 ug/ml)

Fig A.2 Representative, protein standard curve. The curve was constructed from bovine serum
albumin. The Lowry assay is inherently non-linear (see Chapter 4, pg 94) so standard curves were
constructed from log transformed data, see Methods section, Chapter 4 (pgs 93-94).

A.2.1 Calculation of protein concentration (Chapter 4, pgs 93-94)

The absorbance values for each liver or colonic cytosolic preparation were log transformed
and protein concentrations were determined by linear regression. The resulting values were
back transformed.

Example:
Mean absorbance of a hepatic cytosolic preparation = 0.324
Log;, =-0.48945
Unknown = (y-b)/m
= (-0.48945- -2.0468)/0.7825
=1.9902
= antilog 1.9902 = 97.77 pug/ml

=97.77 x 200 (dilution factor) = 19554 pg/ml = 19.554 mg/ml
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A.2.2 Calculation of GST activity (Chapter 4, pg 95)

GST activity was calculated in each hepatic and colonic cytosolic preparation using the
following equation:

AAbs/min sample-AAbs/min blank X total cuvette volume X dilution factor = enzyme activity

9.6 (ext. coefficient) sample volume
0.28300 - 0.01723 X 10000 X 200  =55.37 umol/ml/min
9.6 100
Specific enzyme activity = enzyme activity X 1 = pumol/min/mg protein

mg of protein

= 55.37 X 1  =2.832 pmol/min/mg/protein
19.554

Expressed as nmol/min/mg protein = 2.832 x 1000 = 2832 nmol/min/mg protein

A.2.3 Calculation of QR activity (Chapter 4, pg 95)

QR activity was determined in each hepatic and colonic cytosolic preparation in triplicate in
the presence and absence of dicumoral. Dicumoral is a reasonably specific inhibitor of
quinone reductase.

Mean Aabs/min without dicumorol - mean Aabs/min with dicumoral = dicumoral sensitive Aabs/min

= 0.1074 - 0.0172 = 0.0902/min

Dicumoral sensitive Aabs/min - Aabs/min blank X total cuvette volume X dilution factor = enzyme

21 (molar ext. coefficient) sample volume activity
= 0.0902 - 0.009 X 3010 X 100 = 3.8795
21 300
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Specific enzyme activity = enzyme activity X 1
mg of protein

pmol/min/mg protein

1
.00
e}
\'
©
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X
[ERN

1]

0.1984 pmol/min/mg protein

Expressed as nmol/min/mg protein = 0.1984 X 1000 = 198.4 nmol/min/mg protein

A.2.4. Calculation of glucosinolates separated by reverse phase HPLC (Chapter

The concentration of each individual desulphated GLS in the broccoli extracts was
calculated using the equation shown below. GLS concentrations are expressed as
umol/g DM. Benzyl GLS is the internal standard.

[Individual GLS] = peak area of GSL x [benzyl GLS] x response factor of GLS relative to benzylGLS
peak area of benzyl GLS x weight of extracted sample

Worked example for glucoraphanin

[glucoraphanin] = 730.9897 x 4.9667 x 1.13 = 4102.585 = 1.102 pmol/g DM
3716.729 x 1.0012 3721.189
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A.3 Chapter 6
A3.1 Calculation of total CYP450 in hepatic microsomes by the method of

Omura & Sato (1964; Chapter 6, pgs 128-129)

Fig A.3 Representative CYP450 spectra determined by the method of Omura & Sato (1964; see

Chapter 6, pgs 128-129)
Total CYP450 content was determined by calculating the change in absorbance at 450 nm
relative to 490 nm. The peak was measured with a ruler and converted into an absorbance

value by adjusting for the scale of the y axis.
nmol/mg protein

CYP450 content = (A450 - A490) X dilution factor X _ 1
0.091 protein
= _0.0648 X 6.667 X _ 1 = 0.533nmol/mg protein
0.091 8.91
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A.3.1.1 Calculation of CYP420 content in hepatic microsomes (Chapter 6, pg
129)

The change in absorbance at 420 nm relative to 490 nm was determined for each spectra as
shown in Fig A.3. Total CYP420 content was then estimated using the following formula:

nmol of P450 per ml x (-0.041) = (AAs20 — Asgo) theoretical

= 07121 X (-0.041) =-0.0292

(AA 420 — Asgo) Observed - (AAdgg — Asgp) theoretical = nmol of P420

0.0491 - (-0.0292) = 0.0783

0.0783/0.110 = 0.7118 nmol P420 per ml

x dilution factor (6.667) x (1/mg protein)

= 4.745 X (1/8.91) = 0.532 mg CYP420/mg protein
(Guengerich, 2001)

A.3.2. Calculation of total hepatic microsomal CYP450 measured by the method
of Matsubara et al. (1976; Chapter 6, pg 129)

Total CYP450 content measured using the method of Matsubara et al. (1976) was calculated
as described in A.3.1 for the method of Omura & Sato (1964) except that a different extinction
co-efficient was used.

E /| 0.0842 |\

Fig A.3.1 Representative CYP450 spectra determined by the method of Matsubara et al. (1976; see
Chapter 6, pg 129)
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CYP450 content = (A450 - A490) X dilutionfactor X _ 1 = nmol/mg protein

0.106 mg of protein

= 0.0642 X 6.667 X 1 = 0.453 nmol/mg protein
0.106 8.91

A.3.3 Estimation of haemoglobin content of a microsome (Chapter 6, pg 129)

Haemoglobin was determined as described by Pearce et al. (1996) by calculating the change
in absorbance from 405 to 420 nm. This was derived from each haemoglobin spectra as shown
below. The peak was measured with a ruler and converted into an absorbance value by
adjusting for the scale of the y axis.

0.0612 \

Fig A.3.2 Representative haemoglobin spectra (see Chapter 6, pg 129)

Haemoglobin = (A420 - A405) X dilution X 1 = nmol equivalents/mg protein
content 0.110 factor mg of protein
= 0.0612 X 6.667 X 1 = 0.416 nmol equivalents/mg protein
0.110 8.91
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A.3.4 Calculation of EROD and MROD activity in hepatic microsomes (Chapter
6, pg 130)

EROD and MROD activities were calculated using the same formula, shown below:

Rate of increase in fluorescence = 8.831/min

Y nM of resorufin = Z fluorescence units

(0.1 nM of resorufin = 65.811 fluorescence units)

nM/unit= Ynm resorufin = 0.1 =0.00152 nM/unit
Z fluorescence units 65.811
Fluorescence units in sample/min x nM/unit = nM/min
8.831 x 0.00152 =0.01342 nM/min
Specific enzyme activity = enzyme activity X 1 = nM/min/mg protein

mg of protein
0.01342 X 1 = 0.0671 nM/min/mg protein

0.2

Results are expressed as pmol/min/mg protein i.e. 0.0671 x 1000 = 67.1 pmol/min/mg prot

(Fowler et al. 2001)

159



REFERENCES

Aaltonen LA, Peltomaki P, Leach FS, Sistonen P, Pylkkanen L, Mecklin JP, Jarvinen H,
Powell SM, Jen J, Hamilton SR, Jarvinen H, Powell SM, Jen J, Hamilton SR,
Petersen GM, Kinzler KW, Vogelstein B & de la Chapelle A (1993) Clues to the
pathogenesis of familial colorectal cancer. Science 260, 812—6.

Altman DG (1991) Practical statistics for medical research. London, UK: Chapman Hall

Amin M, Kurosaki F & Nishi A (1988) Carrot phytoalexin alters the membrane permeability
of Candida albicans and multilamellar liposomes. Journal of General Microbiology
134, 241-246.

Amon M, Dobeic M, Misselbroook TH, Pain BF, Phillips VR & Sneath RW (1995) A farm
scale study on the use of de-odorase® for reducing odour and ammonia emisssions
from intensive fattening piggeries. Bioresource Technology 51, 163-169.

Anderson JW & Bridges SR (1988) Dietary fiber content of selected foods. American Journal
of Clinical Nutrition 47, 440-447.

Anderson D, Yu TW & McGregor DB (1998) Comet assay responses as indicators of
carcinogen exposure. Mutagenesis 13 539-555.

Anilakumar KR, Khanum F, Sudarshanakrishna KR, Viswanathan KR & Santhanam K (2000)
Effect of dehydrated carrot on the antioxidant enzymes and micronuclei formation in
rats challenged with dimethylhydrazine. Nutrition Research 20, 893-897.

Arikawa AY & Gallaher DD (2008) Cruciferous vegetables reduce the morphological markers
of colon cancer risk in dimethylhydrazine-treated rats. The Journal of Nutrition 138,

526-532.

160



Arimochi H, Kinouchi T, Kataoka K, Kuwahara T & Ohnishi Y (1997) Effect of intestinal
bacteria on formation of azoxymethane-induced aberrant crypt foci in the rat colon.
Biochemical and Biophysical Research Communications 238, 753-757.

Aspry KE & Bjeldanes LF (1983) Effects of dietary broccoli and butylated hydroxanisole on
liver-mediated metabolism of benzo[a]pyrene. Food and Chemical Toxicology 21,
133-142.

Audet I, Laforest JP, Martineau GP & Matte JJ (2004) Effect of vitamin supplements on some
aspects of performance, vitamin status, and semen quality in boars. Journal of Animal
Science 82, 626-633.

Augeron C & Laboisse CL (1984) Emergence of permanently differentiated cell clones in a
human colonic cancer cell line after treatment with sodium butyrate. Cancer Research
44, 3961-3969.

Babbs CF (1990) Free-radicals and the etiology of colon cancer. Free Radical Biology and
Medicine 8, 191-200.

Baker SJ, Preisinger AC, Jessup JM, Paraskeva C, Markowitz S, Wilson JK, Hamilton S &
Vogelstein B (1990) p53 gene mutations occur in combination with 17p allelic
deletions as late events in colorectal tumorigenesis. Cancer Research 50, 7717-7722.

Ballongue J, Schumann C & Quignon P (1997) Effects of lactulose and lactitol on colonic
microflora and enzymatic activity. Scandinavian Journal of Gastroenterology 32, 41-
44,

Barber TD, McManus K, Yuen KW, Reis M, Parmigiani G, Shen D, Barret I, Nouhi Y,
Spencer F, Markowitz S, Velculescu VE, Kinzler KW, Vogelstein B, Lengauer C &
Hieter P (2008) Chromatid cohesion defects may underlie chromosome instability in
human colorectal cancers. Proceedings of the National Academy of Sciences of the
United States of America 105, 3443-8.

Barrett JE, Klopfenstein CF & Leipold HW. (1998) Protective effects of cruciferous seed

meals and hulls against colon cancer in mice. Cancer Letters 127, 83-88.

161



Bartosek 1, Dolfini E, Ghersa P, Guaitani A, Villa P & Villa S (1980) Preservation of rat
hepatic microsomal enzyme activities: effect of low temperature and freeze-drying.
Journal of Pharmacological Methods. 3, 191-200.

Basten GP, Bao YP & Williamson G (2002) Sulforaphane and its glutathione conjugate but
not sulforaphane nitrile induce UDP-glucuronosyl transferase (UGT1Al) and
glutathione transferase (GSTAL) in cultured cells. Carcinogenesis 23, 1399-1404.

Batt C, Soberg M & Ceponis M (1983) Effect of volatile components of carrot seed oil on
growth and aflatoxin production by Aspergillus parasiticus, Journal of Food Science
48, 762-764.

Benner M, Geerts RFR, Linnemann AR, Jongen WMF, Folstar P & Cnossen HJ (2003) A
chain information model for structured knowledge management: towards effective
and efficient food product improvement. Trends in Food Science and Technology 14,
469-477.

Benson AM, Hunkeler MJ & Talalay P (1980) Increase of NAD(P)H:quinone reductase by
dietary antioxidants: Possible role in protection against carcinogenesis and toxicity.
Proceedings of the National Academy of Sciences 77, 5216-5220.

Bingham SA, Gill C, Welch A, Day K, Cassidy A, Khaw KT, Sneyd MJ, Key TJA, Roe L &
Day NE (1994) Comparison of dietary assessment methods in nutritional
epidemiology - Weighed records v 24-h recalls, food-frequency questionnaires and
estimated-diet records. British Journal of Nutrition 72, 619-643.

Bingham SA (2000) Diet and colorectal cancer prevention. Biochemical Society Transactions
28, 12-16.

Bingham S, Day NE, Luben R, Ferrari P, Slimani N, Norat T, Clavel-Chapelon F, Kesse E,
Nieters A, Boeing H, Tjonneland A, Naska A, Vineis P, Tumino R, Krogh V, Bueno-
de-Mesquita HB, Peeters PHM, Berglund G, Hallmans G, Lund E, Skeie G, Kaaks R
& Riboli E. (2003) Dietary fibre in food and protection against colorectal cancer in
the Euroopean Prospective Investigation into Cancer and Nutrition (EPIC): an
observational study. The Lancet 361, 1496-1501.

162



Bird AR, Hayakawa T, Marsono Y, Gooden JM, Record IR, Correll RL & Topping DL
(2000) Coarse Brown Rice Increases Fecal and Large Bowel Short-Chain Fatty Acids
and Starch but Lowers Calcium in the Large Bowel of Pigs. Journal of Nutrition 130,
1780-1787.

Bird AR, Vuarani M, Brown | & Topping DL (2007) Two high-amylose maize starches with
different amounts of resistant starch vary in their effects on fermentation, tissue and
digesta mass accretion, and bacterial populations in the large bowel of pigs. British
Journal of Nutrition 97, 134144,

Bodmer WF, Bailey CJ, Bodmer J, Bussey HJ, Ellis A, Gorman P, Lucibello FC, Murday VA,
Rider SH, Scambler P, Sheer D, Solomon N & Spurr NK (1987) Localization of the
gene for familial adenomatous polyposis on chromosome 5. Nature 328, 614-6.

Bogers RP, Brug J, van Assema P & Dagnelie PC (2004) Expalining fruit and vegetable
consumption:the theory of planned behaviour and misconception of personal intake
levels. Appetite 42, 157-166.

Boland CR & Goel A (2005) Somatic evolution of cancer cells. Seminars in Cancer Biology
15, 436-450.

Bones AM & Rossiter JT (1996) The myrosinase-glucosinolate system, its organisation and
biochemistry. Physiologia Plantarum 97, 194-208.

Bonnesen C, Stephensen PU, Andersen O, Sorensen H & Vang O. (1999) Modulation of
cytochrome P-450 and glutathione S-transferase isoform expression in vivo by intact
and degraded indolyl glucosinolates. Nutrition and Cancer-an International Journal
33, 178-187.

Bonnesen C, Eggleston IM & Hayes JD (2001) Dietary indoles and isothiocyanates that are
generated from cruciferous vegetables can both stimulate apoptosis and confer
protection against DNA damage in human colon cell lines. Cancer Research 61,
6120-6130.

Booth C & Potten CS (2000) Gut instincts: thoughts on intestinal epithelial stem cells. Journal
of Clinical Investigation 105, 1493-1499.

163



Bouhnik Y, Raskine L, Simoneau G, Vicaut E, Neut C, Flourié B, Brouns F & Bornet FR
(2004) The capacity of nondigestible carbohydrates to stimulate fecal bifidobacteria in
healthy humans: a double-blind, randomized, placebo controlled, parallel-group, dose-
response relation study. American Journal of Clinical Nutrition 80, 1658-1664.

Bourquin LD, Titemeyer EC & Fahey GC (1993) Vegetable fiber fermentation by human
fecal bacteria: cell wall bacteria disappearance and short chain fatty acid production
during in vitro fermentation and water-holding capacity of unfermented residues.
Journal of Nutrition 123, 860-869.

Boyd LA, Gill C, Borkowski T & Rowland | (2009) Glucosinolates and cruciferous
vegetables. In: Chemoprevention of cancer and DNA damage by dietary factors pp.
685-698 [Kasmuller S, DeMarini DM, Johnson IT & Gerhausser, editors] Weinheim:
Wiley-VCH.

Boyle SP, Dobson VL, Duthie SJ, Kyle JAM & Collins AR (2000) Absorption and DNA
protective effects of flavonoid glycosides from an onion meal. European Journal of
Nutrition 39, 213-223.

Bradfield CA, Chang Y & Bjeldanes LF (1985) Effects of commonly consumed vegetables on
hepatic xenobiotic-metabolizing enzymes in the mouse. Food and Chemical
Toxicology 23, 899-904.

Brendler-Schwaab SY, Schmezer P, Liegibel U, Weber S, Michalek K, Tompa A and Pool-
Zobel BL (1994) Cells of different tissues for in vitro and in vivo studies in
toxicology: compilation of isolation methods. Toxicology in Vitro, 8, 1285-1302.

Brendler-Schwaab S, Hartman A, Pfuhler S & Speit G (2005) The in vivo comet assay: use
and status in genotoxicity testing. Mutagenesis 20, 245-54.

Briviba K, Schnabele K, Rechkemmer G & Bub A (2004) Supplementation of a diet low in
carotenoids with tomato or carrot juice does not affect lipid peroxidation in plasma
and feces of healthy men. Journal of Nutrition 134, 1081-1083.

Bronner CE, Baker SM, Morrison PT, Warren G, Smith LG, Lescoe MK, Kane M, Earabino
C, Lipford J, Lindblom A, Tannergard P, Bollag RJ, Godwin AR, Ward DC,

164



Nordenskj&osol;ld M, Fishel R, Kolodner R & Liskay RM (1994) Mutation in the
DNA mismatch repair gene homologue hMLH1 is associated with hereditary non-
polyposis colon cancer. Nature 368, 258-61.

Brown MS (1976) Effects of freezing on fruit and vegetable structure. Food Technology 30,
106-109, 114.

Bueno de Mesquita HB, Ferrari P, Riboli E and the EPIC Working Group on Dietary Patterns
(2002) Plant foods and the risk of colorectal cancer in Europe: preliminary findings.
In Nutrition and Lifestyle: Opportunities for Cancer Prevention, IARC Scientific
Publication 156, 89-95 [Riboli E and Lambert R, editors]. Lyon: IARC Press.

Bunz F, Dutriaux A, Lengauer C, Waldman T, Zhou S, Brown JP, Sedivy JM, Kinzler KW &
Vogelstein B (1998) Requirement for p53 and p21 to sustain G2 arrest after DNA
damage. Science 282, 1497-1501.

Burke MD, Thompson S, Elcombe CR, Halpert J, Haaparanta T & Mayer RT (1985) Ethoxy-,
pentoxy- and benzyloxyphenoxazones and homolgues: a series of substrates to
distinguish  between different induced cytochromes P-450. Biochemical
Pharmacology 34, 3337-3345.

Caderini G, Giannini A, Lancioni L, Luceri C, Biggeri A & Dolara P (1995) Characterisation
of aberrant crypt foci in carcinogen-treated rats: association with intestinal
carcinogenesis. British Journal of Nutrition 71, 763-769.

Campbell SL, Khosravi-Far R, Rossman KL, Clark GJ & Der CJ (1998) Increasing
complexity of Ras signalling. Oncogene 17, 1395-1412.

Canistro D, Della Croce C, lori R, Barillari J, Bronzetti G, Poi G, Cini M, Caltavuturo L,
Perocco P & Paolini M (2004) Genetic and metabolic effects of gluconasturtiin, a
glucosinolate derived from cruciferae. Mutation Research-Fundamental and
Molecular Mechanisms of Mutagenesis 545, 23-35.

Canzi E, Tinarelli A & Brighenti F, Testolin G, Brusa T, Del Puppo ED & Ferrari A (1994)

Influence of long-term feeding of different purified dietary fibres on caecal microflora

165



composition and its metabolising activity on bile acids. Nutrition Research 14, 1549-
1559.

Cappell MS (2008) Pathophysiology, clinical presentation, and management of colon cancer.
Gastroenterology Clinics of North America 37, 1-24.

Chapkin RS, Fan YY & Lupton JR (2000) Effect of diet on colonic-programmed cell death:
molecular mechanism of action. Toxicology Letters 112-113, 411-414.

Chen RM, Wu JJ, Lee SC, Huang AH & Wu HM (1999) Increase of intestinal
Bifidobacterium and suppression of coliform bacteria with short-term yogurt
ingestion. Journal of Dairy Science 82, 2308-2314.

Cheng DL, Hashimoto K & Uda Y (2004) In vitro digestion of sinigrin and glucotropaeolin
by single strains of Bifidobacterium and identification of the digestive products. Food
and Chemical Toxicology 42, 351-7.

Chiu BC, Ji BT, Dai Q, Gridley G, McLaughlin JK, Gao YT, Fraumeni JF Jr & Chow WH
(2003) Dietary factors and risk of colon cancer in Shanghai, China. Cancer
Epidemiology, Biomarkers and Prevention 12, 201-208.

Cho E, Smith-Warner SA, Spiegelman D, Beeson WL, van den Brandt PA, Colditz GA,
Folsom AR, Fraser GE, Freudenheim JL, Giovannucci E, Goldbohm RA, Graham S,
Miller AB, Pietinen P, Potter JD, Rohan TE, Terry P, Toniolo P, Virtanen MJ, Willett
WC, Wolk A, Wu K, Yaun SS, Zeleniuch-Jacquotte A & Hunter DJ (2004) Dairy
foods, calcium, and colorectal cancer: a pooled analysis of 10 cohort studies. Journal
of the National Cancer Institute 96, 1015-22.

Chung FL, Conaway CC, Rao CV & Reddy BS (2000) Chemoprevention of colonic aberrant
crypt foci in Fischer rats by sulforaphane and phenethyl isothiocyanate.
Carcinogenesis 21, 2287-2291.

Chung WY, Chung JKO, Szeto YT, Tomlinson B & Benzie IFF (2001) Plasma ascorbic acid:
measurement, stability and clinical utility revisited. Clinical Biochemistry, 34, 623-
627.

Cohen GM (1997) Caspases: the executioners of apoptosis. Biochemical Journal 326, 1-16.

166



Cohn SM, Birnbaum EH & Friel CM (2009) Chapter 56 Colon: anatomy and structural
anomalies. In Textbook of Gastroenterology 5" Ed, pp. 1368-1385 [Yamada T editor,
Allpers DH, Kalloo AN, Kaplowitz N, Owyang C, Powell DW associate editors].
UK:Wiley-Blackwell.

Colditz GA, Cannuscio CC & Frazier AL (1997) Physical activity and reduced risk of colon
cancer: implications for prevention. Cancer, Causes and Control 8, 649-667.

Collins AR, Dobson VL, Dusinska M, Kennedy G & Stetina R (1997) The comet assay: What
can it really tell us? Mutation Research-Fundamental and Molecular Mechanisms of
Mutagenesis 375, 183-193.

Collins AR (2004) The comet assay for DNA damage and repair - Principles, applications,
and limitations. Molecular Biotechnology 26, 249-261.

Combourieu B, Elfoul L, Delort AM & Rabot S (2001) Identification of new derivatives of
sinigrin and glucotropaeolin produced by the human digestive microflora using H-1
nmR spectroscopy analysis of in vitro incubations. Drug Metabolism and Disposition
29, 1440-1445.

Conaway CC, Getahun SM, Liebes LL, Pusateri DJ, Topham DKW, Botero-Omary M &
Chung FL (2000) Disposition of glucosinolates and sulforaphane in humans after
ingestion of steamed and fresh broccoli. Nutrition and Cancer 38, 168-178.

Costabile A, Klinder A, Fava F, Napolitano A, Fogliano V, Leonard C, Gibson GR & Tuohy
KM (2008) Whole-grain wheat breakfast cereal has a prebiotic effect on the human
gut microbiota: a double-blind placebo-controlled crossover study. British Journal of
Nutrition 99, 110-120.

Cramer DW & Lifford KL (2007) Chapter 4, Epidemiology for the gynecologist. In Berek and
Novak's gynecology. 14" Edition, pp. 55-74 [JS Berek & E Novak, editors]
Philadelphia, USA : Lippincott, Williams & Wilkins.

Crivelli G, Bassi M & Buonocore C (1971) Influence of freezing rate and storage on some
modifications in carrots and summer squashes. Proceedings of the XIII International
Congress of Refrigeration, 3, 327-334.

167



Cummings JH (1984) Microbial digestion of complex carbohydrates in man. Proceedings of
the Nutrition Society 43, 35-44.

Cummings JH, Pomare EW, Branch WJ, Naylor CP & Macfarlane GT (1987) Short chain
fatty acids in human large intestine, portal, hepatic and venous blood. Gut 28, 1221-7.

Cummings JH, Gibson GR & MacFarlane GT (1989) Quantitative estimates of fermentation
in the hind gut of man. Acta Veterinaria Scandinavica, 86, S76-82.

Cummings JH & MacFarlane GT (1991) The control and consequences of bacterial
fermentation in the human colon. Journal of Applied Bacteriology, 70, 443-459.

Delaquis PJ & Sholberg PL (1997) Antimicrobial activity of gaseous allyl isothiocyanate.
Journal of Food Protection, 60, 943-947.

Deng XS, Tuo J, Poulsen HE & Loft S (1998) Prevention of oxidative DNA damage in rats by
Brussels sprouts. Free Radical Research 28, 323-333.

Department of Health (1998) Report on Health and Social Subjects 48. Nutritional aspects of
the development of cancer: report of the Working Group on Diet and Cancer of the
Committee on Medical Aspects of Food and Nutrition Policy. London: The Stationary
Office.

Desille M, Corcos L, L'Helgoulac’h A, Fremond B, Campion JP, Guillouzo A & Clement B
(1999) Detoxifying activity in pig livers and hepatocytes intended for xenotherapy.
Transplantation 68, 1437-1443.

DeSouza S & Eitenmiller RR (1986) Effects of processing and storage on the folate content of
spinach and broccoli. Journal of Food Science 51, 626-628.

Diaz GJ & Squires EJ (2003) Phase Il in vitro metabolism of 3-methylindole metabolites in
porcine liver. Xenobiotica 33, 485-498.

Dragsted LO, Krath B, Ravn-Haren G, Vogel UB, Vinggaard AM, Bo Jensen P, Loft S,
Rasmussen SE, Sandstrom TB & Pedersen A (2006) Biological effects of fruit and

vegetables. Proceedings of Nutrition Society 65, 61-67.

168



Draser BS & Roberts AK (1991) Methods for the study of anaerobic microflora. In Anaerobic
microbiology: a practical approach, pp.183-200 [Levett, PN, editor]. Oxford UK:
Oxford University Press.

Duthie SJ, Ma AG, Ross MA & Collins AR (1996) Antioxidant supplementation decreases
oxidative DNA damage in human lymphocytes. Cancer Research 56, 1291-1295.

Duthie SJ, Johnson W & Dobson VL (1997) The effect of dietary flavonoids on DNA damage
(strand breaks and oxidised pyrimidines) and growth in human cells. Mutation
Research 390, 141-151.

Duthie G (1999) Determination of activity of antioxidants in human subjects. Proceedings of
the Nutrition Society 58, 1015-1024.

Duthie SJ, Pirie L, Jenkinson AM & Narayanan S (2002) Cryopreserved versus freshly
isolated lymphocytes in human biomonitoring: endogenous and induced DNA
damage, antioxidant status and repair capability. Mutagenesis 17, 211-214.

Eberhardt MV, Kobira K, Keck AS, Juvik JA & Jeffery EH (2005) Correlation analyses of
phytochemical composition, chemical, and cellular measures of antioxidant activity of
broccoli (Brassica oleracea L. Var. italica). Journal of Agricultural and Food
Chemistry 53, 7421-7431.

el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, Lin D, Mercer WE,
Kinzler KW & Vogelstein B (1993) WAF1, a potential mediator of p53 tumour
suppression. Cell 75, 817-825.

Erdman JW Jr, Bierer TL, Gugger ET (1993) Absorption and transport of carotenoids. Annals
of the New York Academy of Sciences 691, 76-85.

Ernster L (1967) DT Diaphorase. Methods in Enzymology 10, 309-317.

Elfoul L, Rabot S, Khelifa N, Quinsac A, Duguay A & Rimbault A (2001) Formation of allyl
isothiocyanate from sinigrin in the digestive tract of rats monoassociated with a
human colonic strain of Bacteroides thetaiotaomicron. FEMS Microbiology Letters

197, 99-103.

169



Epplein M, Wilkens LR, Tiirikainen M, Dyba M, Chung FL, Goodman MT, Murphy SP,
Henderson BE, Kolonel LN & Le Marchand L (2009) Urinary isothiocyanates:
Glutathione S-transferase M1, T1, and P1 polymorphisms; and risk of colorectal
cancer: The Multiethnic Cohort Study. Cancer Epidemiology, Biomarkers and
Prevention 18, 314-320.

Esteller M (2005) Aberrant DNA methylation as a cancer-inducing mechanism. Annual
Review of Pharmacology and Toxicology 45, 629-656.

European Community (1990) Qil seeds - determination of glucosinolates. High performance
liquid chromatography. Official Journal of the European Communities No L 170, 28-
34.

Fahey JW, Zhang Y & Talalay P (1997) Broccoli sprouts: An exceptionally rich source of
inducers of enzymes that protect against chemical carcinogens. Proceedings of the
National Academy of Science USA 94, 10367-10372.

Fahey JW, Haristoy X, Dolan PM, Kensler TW, Scholtus I, Stephensen KK, Talalay P &
Lozniewski A (2002) Sulforaphane inhibits extracellular, intracellular, and antibiotic-
resistant strains of Helicobacter pylori and prevents benzo[a]pyrene induced stomach
tumours. Proceedings of the National Academy of Sciences. 99, 7610-7615.

Fang WF & Strobel HW (1978) The drug and carcinogen metabolism system of rat colon
microsomes. Archives of Biochemistry and Biophysics 186, 128-138.

Faust F, Kassie F, Knasmuller S, Boedecker RH, Mann M & Mersch-Sundermann V (2004)
The use of the alkaline comet assay with lymphocytes in human biomonitoring
studies. Mutation Research-Reviews in Mutation Research 566, 209-229.

Fearon ER & Vogelstein B (1990) A genetic model for colorectal tumourigenesis. Cell 61,
759-767.

Ferlay J, Bray F, Pisani P and Parkin DM (2004) GLOBOCAN 2002: Cancer Incidence,
Mortality and Prevalence Worldwide. IARC CancerBase, No 5. version 2.0. IARC

Press, Lyon.

170



Fernandez PP, Prestamo G, Otero L & Sanz PD (2006) Assessment of cell damage in high-
pressure-shift frozen broccoli: comparison with market samples. European Food
Research and Technology 224, 101-107.

Fishel R, Lescoe MK, Rao MR, Copeland NG, Jenkins NA, Garber J, Kane M & Kolodner R
(1993) The human mutator gene homolog MSH2 and its association with hereditary
nonpolyposis colon cancer. Cell 75, 1027-1038.

Flood A, Velie EM, Chaterjee N, Subar AF, Thompson FE, Lacey JV, Schairer C, Troisi R &
Schatzkin A (2002) Fruit and vegetable intakes and the risk of colorectal cancer in the
Breast Cancer Detection Demonstration Project follow-up cohort. American Journal
of Clinical Nutrition 75, 936-943.

Fodde R (2002) The APC gene in colorectal cancer. European Journal of Cancer 38, 867-
871.

Food Standards Agency (2002) McCance and Widdowson's The Composition of Foods. Sixth
summary edition. Cambridge, UK: Royal Society of Chemistry.

Fowler BA, Haash MC, Kleinow KM, Squibbs KS & Wallace-Hayes A (2001) Organelles as
tools in toxicology. In Principles and Methods of Toxicology 3™ Edition pp. 1585-
1624 [Wallace-Hayes A, editor] Philadelphia: Taylor Francis.

Franceschi S, Favero A, LaVecchia C, Negri E, Conti E, Montella M, Giacosa A, Nanni O &
Decarli A (1997) Food groups and risk of colorectal cancer in Italy. International
Journal of Cancer 72, 56-61.

Friling RS, Bensimon A, Tichauer Y & Daniel V (1990) Xenobiotic-inducible expression of
murine glutathione S-transferase Ya subunit gene is controlled by an electrophile-
responsive element. Proceedings of the National Academy of Sciences of the United
States of America 87, 6258-62.

Frydoonfar HR, McGrath DR, Spigelman AD (2002) Inhibition of proliferation of a colon
cancer cell line by indole-3-carbinol. Colorectal Disease 4, 205-207.

Frydoonfar HR, McGrath DR, Spigelman AD (2004) Sulforaphane inhibits growth of a colon
cancer cell line. Colorectal Disease 6, 28-31.

171



Galgano F, Favati F, Caruso M, Peitrafesa A & Natella S (2007) The influence of processing
and preservation on the retention of health-promoting compounds in broccoli. Journal
of Food Science 72, S130-S135.

Gamet L, Daviaud D, Denis-Pouxviel C, Remesy C & Murat JC (1992) Effects of short-chain
fatty acids on growth and differentiation of the human colon-cancer cell line HT29.
Interantional Journal of Cancer 52: 286-289.

Gamet-Payrastre L, Li P, Lumeau S, Cassar G, Dupont MA, Chevolleau S, Gasc N, Tulliez J
& Terce F (2000) Sulforaphane, a naturally occurring isothiocyanate, induces cell
cycle arrest and apoptosis in HT29 human colon cancer cells. Cancer Research 60,
1426-1433.

Gamet-Payrastre L (2006) Signaling pathways and intracellular targets of sulforaphane
mediating cell cycle arrest and apoptosis. Current Cancer Drug Targets 6, 135-145.

Gasper AV, Al-janobi A, Smith JA, Bacon JR, Fortun P, Atherton C, Taylor MA, Hawkey CJ,
Barrett DA & Mithen RF (2005) Glutathione S-transferase M1 polymorphism and
metabolism of sulforaphane from standard and high-glucosinolate broccoli. American
Journal of Clinical Nutrition 82, 1283-1291.

Gasper AV, Traka M, Bacon JR, Smith JA, Taylor MA, Hawkey CJ, Barrett DA & Mithen
RF (2007) Consuming broccoli does not induce genes associated with xenobiotic
metabolism and cell cycle control in human gastric mucosa. Journal of Nutrition 137,
1718-24.

Getahun SM & Chung FL. (1999) Conversion of glucosinolates to isothiocyanates in humans
after ingestion of cooked watercress. Cancer Epidemiology Biomarkers & Prevention
8, 447-451.

Gibson GG & Skett P (1986) Introduction to drug metabolism. London, UK: Chapman and
Hall.

Gill CIR, Halder S, Boyd LA, Bennett R, Whitefold J, Butler M, Pearson JR, Bradbury | &

Rowland IR (2007) Watercress supplementation in diet reduces lymphocyte DNA

172



damage and alters blood antioxidant status in healthy adults. American Journal of
Clinical Nutrition 68, 1081-1087.

Giovannucci E, Rimm EB, J SM, Colditz GA, Ascherio A & Willet WC (1994) Aspirin use
and the risk for colorectal cancer and adenoma in male health professionals. Annals of
Internal Medicine 121, 214-246.

Giovannucci E (2001) An updated review of the epidemiological evidence that cigarette
smoking increases risk of colorectal cancer. Cancer, Epidemiology, Biomarkers and
Prevention 10, 725-731.

Giovannucci E (2002) Epidemiologic studies of folate and colorectal neoplasia: a review.
Journal of Nutrition 8, 2350S-5S.

Goel A, Arnold CN, Niedzwiecki D, Chang DK, Ricciardiello L, Carethers JM, Dowell JM,
Wasserman L, Compton C, Mayer RJ, Bertagnolli MM & Boland CR (2003)
Characterisation of sporadic colon cancer by patterns of genomic instability Cancer
Research 63, 1608-14.

Goldin BR (1986) In Situ Bacterial Metabolism and Colon Mutagens. Annual Review of
Microbiology 40, 367-393.

Goldin BR, Lichtenstein AH & Gorbach SL (1994) Chapter 38: Nutritional and Metabolic
Roles of Intestinal Flora. In Modern nutrition in health and disease 8" Edition, pp.
569-582 [ME Shils, JA Olson and M Shike, editors]. Philadelphia, USA: Lea &
Febiger.

Goldstein NS, Bhanot P, Odish E & Hunter S (2003) Hyperplastic-like colon polyps that
preceded microsatellite unstable adenocarcinomas. American Journal of Clinical
Pathology 119, 778-796.

Goodrich RM, Anderson JL & Stoewsand GS (1989) Glucosinolate changes in blanched
broccoli and brussel sprouts. Journal of Food Processing and Preservation 13, 275-

280.

173



Gozukara EM, Fagan J, Pastewka JV, Guengerich FP & Gelboin HV (1984) Induction of
cytochrome P-450 mRNAs quantitated by in vitro translation and
immunoprecipitation. Archives of Biochemistry and Biophysics 232, 660-669.

Grady WM (2004) Genomic instability and colon cancer. Cancer and Metastasis Reviews 23,
11-27.

Granado F, Olmedilla B, Herrero C, Perez-Sacristan B, Blanco | & Blazquez S (2006)
Bioavailability of carotenoids and tocopherols from broccoli: In vivo and in vitro
assessment. Experimental Biology and Medicine 231, 1733-38.

Grandison AS (2006) Post harvest handling and preparation of foods for processing. In Food
Processing Handbook, pp. 1-31 (Brennan JG, editor). Weinheim, Germany: Wiley-
Vch.

Guengerich FP & Shimada T (1998) Activation of procarcinogens by human cytochrome
P450 enzymes. Mutation Research-Fundamental and Molecular Mechanisms of
Mutagenesis 400, 201-213.

Guengerich FP (2001) Analysis and characterisation of enzymes and nucleic acids. In
Principles and Methods of Toxicology 3™ Edition pp. 1625-1688 [Wallace-Hayes A,
editor] Philadelphia: Taylor Francis.

Guo D, Schut HA, Davis CD, Snyderwine EG, Bailey GS & Dashwood RH (1995) Protection
by  chlorophyllin  and indole-3-carbinol ~ against  2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (Phip)-induced DNA adducts and colonic aberrant
crypts in the F344 rat. Carcinogenesis 16, 2931-2937.

Habig WH, Pabst MJ & Jakory WB (1974) Glutathione S-transferases. The Journal of
Biological Chemistry 249, 7130-7139.

Haenszel W & Kurihara M (1968) Studies of Japanese migrants: I. Mortality from cancer and
other diseases among Japanese in the United States. Journal of the National Cancer
Institute 40, 43-68.

Hagiwara A, Yoshino H, Ichihara T, Kawabe M, Taman S, Aoki H, Koda T, Nakamura M,
Imaida K, ITO N & Shirai T (2002) Prevention by natural food anthocyanins, purple

174



sweet potatocolor and red cabbage color, of 2-amino-1-methyl-6-phenylimidazo[4.5-
blpyridine  (Phip)-associated colorectal carcinogenesis in rats with 1,2-
dimethylhydrazine. The Journal of Toxicological Sciences 27, 57-68.

Hague A & Paraskeva C (1995) The short-chain fatty acid butyrate induces apoptosis in
colorectal tumour cell lines. European Journal of Cancer Prevention, 4, 359-364.

Hall PA, Coates PJ, Ansari B & Hopwood D (1994) Regulation of cell number in the
mammalian gastrointestinal tract - the importance of apoptosis. Journal of Cell
Science 107, 3569-3577.

Halliwell B, Zhao K & Whiteman M (2000) The gastrointestinal tract: A major site of
antioxidant action? Free Radical Research 33, 819-830.

Haubruck H & McCormick F (1991) Ras p2l: Effects and regulation. Biochimica et
Biophysica Acta 1072, 215-229.

Hayes JD & Pulford DJ (1995) The glutathione S-Transferase supergene family: Regulation
of GST and the contribution of the isoenzymes to cancer chemoprotection and drug
resistance. Critical Reviews in Biochemistry and Molecular Biology 30, 445-600.

Hayes JD & McMahon M (2001) Molecular basis for the contribution of the antioxidant
responsive element to cancer chemoprevention. Cancer Letters 174, 103-111.

He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, Morin PJ, Vogelstein B &
Kinzler KW (1998) Identification of c-MYC as a target of the APC pathway. Science
281, 1509-1512.

Helsby NA, Zhu ST, Pearson AE, Tingle MD & Ferguson LR (2000) Antimutagenic effects
of wheat bran diet through modification of xenobiotic metabolising enzymes.
Mutation Research 454, 77-88.

Herman JG, Umar A, Polyak K, Graff JR, Ahuja N, Issa JP, Markowitz S, Wilson JK,
Hamilton SR, Kinzler KW, Kane MF, Kolodner RD, Vogelstein B, Kunkel TA &
Baylin SB (1998) Incidence and functional consequences of hMLH1 promoter
hypermethylation in colorectal carcinoma. Proceedings of the National Academy of
Sciences of the United States of America 95, 6870-5.

175



Hess D, Keller HE, Oberlin B, Bonfanti R & Schuep W (1991) Simultaneous determination of
retinol, tocopherols, carotenoids and lycopene in plasma by means of high-
performance liquid chromatography on reversed phase. International Journal for
Vitamin and Nutrition Research 61, 232-238.

Hodgson E & Akunda A (2001) Carcinogenesis. In Introduction to Toxicology, pp. 343-395
[Hodgson E and Smart RC, editors]. New York, USA: Wiley.

Hoelz C, Glatt H, Meini W, Sontag G, Haidinger G, Kundi M, Simic T, Chakraborty A,
Bicher J, Ferk F, Angelis K, Nersesyan A & Knasmuller S (2008) Consumption of
Brussels sprouts protects peripheral human lymphocytes against 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP) and oxidative DNA-damage: results of a
controlled human intervention trial. Molecular Nutrition and Food Research 52, 330-
341.

Holme DJ & Peck H (1998) Analytical Biochemistry 3 Ed, Edinburgh, UK: Pearson
Education Limited.

Holst B & Williamson G (2004) A critical review of the bioavailability of glucosinolates and
related compounds. Natural Product Reports 21, 425-447.

Howard LA, Wong AD, Perry AK & Klein BP (1999) B-carotene and ascorbic acid retention
in fresh and processed vegetables. Journal of Food Science 64, 929-936.

Hsing AW, McLaughlin JK, Chow WH, Schuman LM, Chien HTC, Gridley G, Bielke E,
Wacholder S & Blot WJ. (1998) Risk factors for colorectal cancer in a prospective
study among US white men. International Journal of Cancer 77, 549-553.

Hudson EA, Howells LM, Gallacher-Horley B, Fox LH, Gescher A & Manson MM (2003)
Growth-inhibitory effects of the chemopreventive agent indole-3-carbinol are
increased in combination with the polyamine putrescine in the SW480 colon tumour
cell line. BMC Cancer 3:2. Epub 2003 Jan 14.

Hughes R & Rowland | (2003) Nutritional and microbial metabolism of carcinogenesis. In
Gut flora, nutrition, immunity and health pp.208-236 [Fuller R & Peridigon G,
editors] Oxford, UK: Wiley Blackwell.

176



Humblot C, Bruneau A, Sutren M, Lhoste EF, Dore J, Andrieux C & Rabot S (2005) Brussels
sprouts, inulin and fermented milk alter the faecal microbiota of human microbiota-
associated rats as shown by PCR-temporal temperature gradient gel electrophoresis
using universal, Lactobacillus and Bifidobacterium 16S rRNA gene primers. British
Journal of Nutrition 93, 677-684.

Hwang ES & Jeffery EH (2004) Effects of different processing methods on induction of
quinone reductase by dietary broccoli in rats. Journal of Medicinal Food 7, 95-99.

lacopetta B (2002) Are there two sides to colorectal cancer? International Journal of Cancer
101, 403-408.

IARC (2003) Fruit and vegetables. IARC Handbooks of cancer prevention No.8 [Vainio H &
Bianchini F, editors] Lyon: IARC Press.

IARC (2004) Cruciferous vegetables, isothiocyanates and indoles. IARC Handbooks of
cancer prevention No.9 [Vainio H & Bianchini F, editors] Lyon: IARC Press.
loannides C, Lewis DFV & Parke DV (1995) Mechanisms of chemical carcinogenesis and
molecular parametric analysis in the safety and evaluation of chemicals. In Drugs,
Diet and Disease, Volume 1: Mechanistic Approaches to Cancer, pp. 3-46 [loannides

C and Lewis DFV, editors] New York, USA: Ellis Horwood.

lonov Y, Peinado MA, Malkhosyan S, Shibata D & Perucho M (1993) Ubiquitous Somatic
Mutations in Simple Repeated Sequences Reveal a New Mechanism For Colonic
Carcinogenesis. Nature 363, 558-561.

Jass JR, Biden KG, Cummings MC, Simms LA, Walsh M, Schoch E, Meltzer SJ, Wright C,
Searle J, Young J & Leggett BA (1999) Characterisation of a subtype of colorectal
cancer combining features of the suppressor and mild mutator pathways. Journal of
Clinical Pathology 52, 455-460.

Jass JR, Barker M, Fraser L, Walsh MD, Whitehall VL, Gabrielli B, Young J & Leggett BA
(2003) APC mutation and tumour budding in colorectal cancer. Journal of Clinical

Pathology 56, 69-73.

177



Jass JR (2007) Classification of colorectal cancer based on correlation of clinical,
morphological and molecular features. Histopathology 50, 113-130.

Jeffery EH & Stewart KE (2004) Upregulation of quinone reductase by glucosinolate
hydrolysis products from dietary broccoli. In Quinones and Quinone Enzymes, Pt B.
pp. 457-469. Methods in Enzymology. Vol. 382

Johnson IT (2002) Glucosinolates: bioavailability and importance to health. International
Journal of Vitamins and Nutrition Research 72, 26-31.

Johnson IT (2007) Phytochemicals and cancer. Proceedings of the Nutrition Society 66, 207-
215.

Johnson IT & Lund E (2007) Review article: nutrition, obesity and colorectal cancer.
Alimentary Pharmacology & Therapeutics 26, 161-181.

Jung K, Kuhler S, Klotzek S, Becker S & Henke W (1993) Effect of storage-temperature an
the activity of superoxide-dismutase, catalase, glutathione-peroxidase, glutathione-
reductase and glutathione-S-transferase in rat-liver and kidney homogenates. Enzyme
& Protein 47, 149-155.

Kall MA, Vang O & Clausen J (1996) Effects of dietary broccoli on human in vivo drug
metabolising enzymes: evaluation of caffine, oestrone and chlorzoxazone metabolism.
Carcinogenesis 17, 793-799.

Kalow W & Tang BK (1993) The use of caffeine for enzyme assays: a critical appraisal.
Clinical Pharmacology and Therapeutics. 53, 503-514.

Kambara T, Simms LA, Whitehall VJL, Spring KJ, Wynter CVA, Walsh MD, Barker MA,
Arnold S, McGivern A, Matsubara N, Tanaka N, Higuchi T, Young J, Jass JR &
Leggett BA (2004) BRAF mutation is associated with DNA methylation in serrated
polyps and cancers of the colorectum. Gut 53, 1137-1144.

Kane MF, Loda M, Gaida GM, Lipman J, Mishra R, Goldman H, Jessup JM & Kolodner R
(1997) Methylation of the hMLH1 promoter correlates with lack of expression of
hMLH1 in sporadic colon tumors and mismatch repair defective human tumor cell
lines. Cancer Research 57, 808-11.

178



Kassie F, Parzefall W, Musk S, Johnson I, Lamprecht G, Sontag G & Knasmuller S (1996)
Genotoxic effects of crude juices from Brassica vegetables and juices and extracts
from phytopharmaceutical preparations and spices of cruciferous plants origin in
bacterial and mammalian cells. Chemico-Biological Interactions 102, 1-16.

Kassie F & Knasmuller S (2000) Genotoxic effects of allyl isothiocyanate (AITC) and
phenethyl isothiocyanate (PEITC). Chemico-Biological Interactions 127, 163-180.

Kassie F, Rabot S, Uhl M, Huber W, Qin HM, Helma C, Schulte-Hermann R & Knasmuller S
(2002) Chemoprotective effects of garden cress (Lepidium sativum) and its
constituents  towards  2-amino-3-methyl-imidazo[4,5-f]quinoline  (1Q)-induced
genotoxic effects and colonic preneoplastic lesions. Carcinogenesis 23, 1155-1161.

Kassie F, Uhl M, Rabot S, Grasl-Kraupp B, Verkerk R, Kundi M, Chabicovsky M, Schulte-
Hermann R & Knasmuller S (2003a) Chemoprevention of 2-amino-3-
methylimidazo[4,5-f]quinoline (1Q)-induced colonic and hepatic preneoplastic lesions
in the F344 rat by cruciferous vegetables administered simultaneously with the
carcinogen. Carcinogenesis 24, 255-261.

Kassie F, Laky B, Gminski R, Mersch-Sundermann V, Scharf G, Lhoste E & Kansmuller S.
(2003b) Effects of garden and water cress juices and their constituents, benzyl and
phenethyl isothiocyanates, towards benzo(a)pyrene-induced DNA damage: a model
study with the single cell gel electrophoresis/Hep G2 assay. Chemico-Biological
Interactions 142, 285-296.

Keck AS, Qiao QY & Jeffery EH (2003) Food matrix effects on bioactivity of broccoli-
derived sulforaphane in liver and colon of F344 rats. Journal of Agricultural and
Food Chemistry 51, 3320-3327.

Kemble RJT (2000) Antioxidants and natural anticancer agents in the large bowel and the
influence of microbial fermentation. PhD The Robert Gordon University.

Kern SE, Pietenpol JA, Thiagalingam S, Seymour A, Kinzler KW & Vogelstein B (1992)
Oncogenic forms of p53 inhibit p53-regulated gene expression. Science. 256, 827-
830.

179



Kidder DE & Manners MJ (1978) Digestion of carbohydrates. In: Digestion in the Pig, pp.
96-149 Bristol, UK: Scientechnica.

Kim DJ, Shin DH, Ahn B, Kang JS, Nam KT, Park CB, Kim CK, Hong JT, Kim YB, Yun
YW, Jang DD & Yang KH. (2003) Chemoprevention of colon cancer by Korean food
plant components. Mutation Research-Fundamental and Molecular Mechanisms of
Mutagenesis 523, 99-107.

Kinzler KW & Vogelstein B (2002) Colorectal Tumours. In The Genetic Basis of Human
Cancer, 2™ Edition, pp. 583-612 [Kinzler KW & Vogelstein B, editors]. USA:
McGraw-Hill.

Kissen R, Rossiter JT & Bones AM (2009) The 'mustard oil bomb': not so easy to assemble?!
Localisation, expression and distribution of the components of the myrosinase
enzyme system. Phytochemical Reviews 8, 69-86.

Kobaek-Larsen M, Christensen LP, Vach W, Ritskes-Hoitinga J, Brandt K (2005) Inhibitory
effects of feeding with carrots or (-)-falcarinol on development of azoxymethane-
induced preneoplastic lesions in the rat colon. Journal of Agricultural and Food
Chemistry 53, 1823-27.

Kohlmeier L & Su L (1997) Cruciferous vegetables consumption and colorectal cancer risk:
meta-analysis of the epidemiological evidence. FASEB 11, A369.

Kolm RH, Danielson VH, Zhang Y, Talalay P & Mannervik B (1995) Isothiocyanates as
substrates for human glutathione S-transferases:structure-activity studies. Biochemical
Journal 311, 453-459,

Koushik A, Hunter DJ, Spiegelman D, Beeson WL, van den Brandt PA, Buring JE, Calle EE,
Cho E, Fraser GE, Freudenheim JL, Fuchs CS, Giovannucci EL, Goldbohm RA,
Harnack L, Jacobs DR Jr, Kato I, Krogh V, Larsson SC, Leitzmann MF, Marshall JR,
McCullough ML, Miller AB, Pietinen P, Rohan TE, Schatzkin A, Sieri S, Virtanen
MJ, Wolk A, Zeleniuch-Jacquotte A, Zhang SM & Smith-Warner SA (2007) Fruits,
vegetables, and colon cancer risk in a pooled analysis of 14 cohort studies. Journal of
the National Cancer Institute 99, 1471-83.

180


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kobaek-Larsen%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Christensen%20LP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Vach%20W%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ritskes-Hoitinga%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Brandt%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

Kranenberg O (2005) The KRAS oncogene: Past, Present and Future. Biochimica et
Biophysica Acta 1756, 81-82.

Krul C, Humblot C, Philippe C, Vermeulen M, van Nuenen M, Havenaar R & Rabot S (2002)
Metabolism of sinigrin (2-propenyl glucosinolate) by the human colonic microflora in
a dynamic in vitro large-intestinal model. Carcinogenesis 23, 1009-1016.

Kurilich AC, Tsau GJ, Brown A, Howard L, Klein BP, Jeffery EH, Kushad M, Wallig MA &
Juvik JA (1999) Carotene, tocopherol, and ascorbate contents in subspecies of
Brassica oleracea. Journal of Agricultural and Food Chemistry 47, 1576-1581.

Kurosaki F & Nishi A (1983) Isolation and antimicrobial activity of phytoalexin 6-
methoxymellein from cultured carrot cells. Phytochemistry 22, 669-672.

Kushad MM, Brown AF, Kurilich AC, Juvik JA, Klein BP, Wallig MA & Jeffery EH (1999)
Variation of glucosinolates in vegetable crops of Brassica oleracea. Journal of
Agricultural and Food Chemistry 47, 1541-1548.

Kyung KH & Fleming HP (1997) Antimicrobial activity of sulfur compounds derived from
cabbage. Journal of Food Protection. 60, 67-71.

Lampe JW (1999) Health effects of vegetables and fruit: assessing mechanisms of action in
human experimental studies. American Journal of Clinical Nutrition 70, 475S-490S.

Lampe JW & Peterson S. (2002) Brassica, biotransformation and cancer risk: Genetic
polymorphisms alter the preventive effects of cruciferous vegetables. Journal of
Nutrition 132, 2991-2994.

Leach FS, Nicolaides NC, Papadopoulos N, Liu B, Jen J, Parsons R, Peltomé&ki P, Sistonen P,
Aaltonen LA, Nystrom-Lahti M, Guan XY, Zhang J, Meltzer PS, Yu JW, Kao FT,
Chen DJ, Cerosaletti KM, Fournier REK, Todd S, Lewis T, Leach RJ, Naylor SL,
Weissenbach J, Mecklin JP, Jarvinen H, Petersen GM, Hamilton SR, Green J, Jass J,
Watson P, Lynch HT, Trent JM, de la Chapelle A, Kinzler KW & Vogelstein B
(1993) Mutations of a mutS homolog in hereditary nonpolyposis colorectal cancer.

Cell 75, 1215-25.

181



Lengauer C, Kinzler KW, Vogelstein B (1997) Genetic instability in colorectal cancers.
Nature 386, 623-7.

Lewis DFV (2001) Guide to cytochrome P450 structure and function. Taylor & Francis
Group. London.

Li F, Hullar MA, Schwarz Y & Lampe JW (2009) Human Gut Bacterial Communities Are
Altered by Addition of Cruciferous Vegetables to a Controlled Fruit- and Vegetable-
Free Diet. Journal of Nutrition 139, 1685-1691.

Lin HJ, Probst-Hensch NM, Louie AD, Kau IH, Witte JS, Ingles SA, Frankl HD, Lee ER &
Haile RW (1998) Glutathione transferase null genotype, broccoli and lower
prevalence of colorectal adenomas. Cancer Epidemiology, Biomarkers & Prevention
7, 647-652.

Lin J, Zhang SM, Cook NR, Rexrode KM, Liu S, Manson JE, Lee IM & Buring JE (2005)
Dietary intakes of fruit, vegetables, and fiber and risk of colorectal cancer in a
prospective cohort of women (United States). Cancer, Causes and Control 16, 225-
33.

Lind C, Cadenas E, Hochstein P & Ernster L (1990) DT-Diaphorase: purification, properties,
and function. Methods in Enzymology 186, 287-301.

Livny O, Refien R, Levy I, Madar Z, Faulks R, Southon S & Schwartz B (2003) B-carotene
bioavailability from differently processed carrot meals in human ileostomy
volunteers. European Journal of Nutrition 42, 338-345.

Logan CY & Nusse R (2004) The Whnt signaling pathway in development and disease. Annual
Review of Cell and Development Biology 20, 781-810.

Lowry OH, Rosebrough NJ, Farr AL & Randall RJ (1951) Protein measurement with the
Folin phenol reagent. Journal of Biological Chemistry 193, 265-275.

Lynch HT & de la Chapelle A (2003) Hereditary Colorectal Cancer. The New England

Journal of Medicine 348, 919-932.

182



Maclintyre A, Young, GA, Taranto T, Gibson PR & Ward PB (1991) Different fibers have
different regional effects on luminal contents of rat colon. Gastroenterology 101,
1274-1281.

Mahan DC & Saif LJ (1983) Efficacy of vitamin C supplementation for weanling swine.
Journal of Animal Science 56, 631-639.

Mahan DC, Ching S, Dabrowski K. (2004) Developmental aspects and factors influencing the
synthesis and status of ascorbic acid in the pig. Annual Review of Nutrition 24, 79-
103.

Mékinen MJ (2007) Colorectal serrated adenocarcinoma. Histopathology 50, 131-150.

Mangels AR, Holden JM, Beecher GR, Forman MR & Lanza E (1993) Carotenoid content of
fruits and vegetables: an evaluation of analytical data. Journal of the American
Dietetic Association 93, 284-296.

Markowitz S, Wang J, Myeroff L, Parsons R, Sun L, Lutterbaugh J, Fan RS, Zborowska E,
Kinzler KW, Vogelstein B, Brattain M & Wilson JKV (1995) Inactivation of the type
Il TGF-beta receptor in colon cancer cells with microsatellite instability. Science 268,
1336-1338.

Maskell | & Smithard R (1994) Degradation of glucosinolates during in-vitro incubations of
rapeseed meal with myrosinase (Ec-3.2.3.1) and with pepsin (Ec- 3.4.23.1)
hydrochloric-acid, and contents of porcine small-intestine and cecum. British Journal
of Nutrition 72, 455-466.

Matsubara T, Koike M, Touchi A, Tochino Y & Sugeno K (1976) Quantitative determination
of cytochrome P-450 in rat liver homogenate. Analytical Biochemistry 75, 596-603.

Matusheski NV & Jeffery EH (2001) Comparison of the bioactivity of two glucoraphanin
hydrolysis products found in broccoli, sulforaphane and sulforaphane nitrile. Journal
of Agricultural and Food Chemistry 49, 5743-5749.

Matusheski NV, Juvik JA & Jeffery EH (2004) Heating decreases epithiospecifier protein
activity and increases sulforaphane formation in broccoli. Phytochemistry 65, 1273-
1281.

183



Matusheski NV, Swarup R, Juvik JA, Mithen R, Bennett M & Jeffery EH (2006)
Epithiospecifier protein from broccoli (Brassica oleracea L. ssp. italica) inhibits
formation of the anticancer agent sulforaphane. Journal of Agricultural and Food
Chemistry 54, 2069-2076.

McBurney MI & Thompson LU (1990) Fermentative characteristics of cereal brans and
vegetable fibers. Nutrition and Cancer 13, 271-280.

McCullough ML, Robertson AS, Chao A, Jacobs EJ, Stampfer MJ, Jacobs DR, Diver WR,
Calle EE & Thun MJ (2003) A prospective study of whole grains, fruits, vegetables
and colon cancer risk. Cancer Causes & Control 14, 959-970.

McDanell RE & McLean AEM (1984) Differences between small and large-intestine and liver
in the inducibility of microsomal-enzymes in response to stimulation by
phenobarbitone and betanaphthoflavone in the diet. Biochemical Pharmacology 33,
1977-1980.

McDanell R, McLean AE, Hanley AB, Heaney RK & Fenwick GR (1988) Chemical and
biological properties of indole glucosinolates (glucobrassicins): a review. Food and
Chemical Toxicology 26, 59-70.

Mclintosh GH, Role PJ, Playne MJ (1999) A probiotic strain of L.acidophilus reduces DMH-
induced large intestinal tumors in male Sprague-Dawley rats. Nutrition and Cancer
35, 153-159.

Michels KB, Giovannucci E, Kaumudi JJ, Rosher BA, Stampfer MJ, Fuchs CS, Colditz GA,
Speizer FE & Willett WC (2000) Prospective study of fruit and vegetable
consumption and incidence of colon and rectal cancers. Journal of the National
Cancer Institute 92, 1740-1752.

Michaelson S, Otte J, Simonsen LO & Sorensen H (1994) Absorption and degradation of
individual intact glucosinolates in the digestive-tract of rodents. Acta Agriculturae

Sacandinavica 44, 25-37.

184



Micozzi MS, Brown ED, Edwards BK, Bieri JG, Taylor PR, Khachik F, Beecher GR, Smith
JC Jr. (1992) Plasma carotenoid response to chronic intake of selected foods and beta-
carotene supplements in men. American Journal of Clinical Nutrition. 55, 1120-1125.

Miller ER & Ullrey DE (1987) The pig as a model for human nutrition. Annual Reviews in
Nutrition 7, 361-382.

Minchinton I, Sang J, Burke D & Truscott RIW (1982) Separation of desulphoglucosinolates
by reversed-phase high-performance liquid chromatography. Journal of
Chromatography 247, 141-148.

Ministry of Agriculture, Fisheries and Foods (MAFF) (1994) Food Portion Sizes 2™ rev ed.
London, UK: Stationary Office Books.

Mintel (2007) Frozen and canned fruit and vegetables in the UK-June 2007. [online] Mintel
Group. Retail intelligence reports from Mintel, last accessed 10 January 2010 at:

http://report.mintel.com.

Mirsalis JC, Hamilton CM, Schindler JE, Green CE & Dabbs JE (1993) Effects of soya bean
flakes and liquorice root extract on enzyme induction and toxicity in B6C3F1 mice.
Food and Chemical Toxicology 31, 343-50.

Mithen RF, Dekker M, Verkerk R, Rabot S & Johnson IT (2000) The nutritional significance,
biosynthesis and bioavailability of glucosinolates in human foods. Journal of the
Science of Food and Agriculture 80, 967-984.

Mithen R, Faulkner K, Magrath R, Rose P, Williamson G & Marquez J. (2003) Development
of isothiocyanate-enriched broccoli and its enhanced ability to induce phase 2
detoxification enzymes in mammalian cells. Theoretical and Applied Genetics 106,
727-734.

Moller P (2006) The alkaline comet assay: towards validation in biomonitoring of DNA
damaging exposures. Basic and Clinical Pharmacology & Toxicology 98, 336-345.

Muralidhara KS, Sheggeby GG, Elliker PR, England DC & Sandine WE (1977) Effect of
feeding lactobacilli on coliform and lactobacillus flora of intestinal tissue and feces
from piglets. Journal of Food Protection 40, 288-295.

185


http://report.mintel.com/

Murashima M, Watanabe S, Zhou XG, Uehara M & Kurashige A (2004) Phase | study of
multiple biomarkers for metabolism and oxidative stress after 1 week intake of
broccoli sprouts. Biofactors 22, 271-275.

Murata M, Yamashita N, Inoue S & Kawanishi S (2000) Mechanism of oxidative DNA
damage induced by carcinogenic allyl isothiocyanate. Free Radical Biology and
Medicine 28, 797-805.

Neave AS, Sarup SM, Seidelin M, Duus F & Vang O (2005) Characterization of the N-
methoxyindole-3-carbinol (NI3C)--induced cell cycle arrest in human colon cancer
cell lines. Toxicological Sciences 83, 126-135.

Nerurkar PV, Park SS, Thomas PE, Nims RW & Lubet RA (1993) Methoxyresorufin and
benzyloxyresorufin - substrates preferentially metabolized by cytochrome-P4501a2
and cytochrome-2b, respectively, in the rat and mouse. Biochemical Pharmacology
46, 933-943.

Nho CW & Jeffery E (2004) Crambene, a bioactive nitrile derived from glucosinolate
hydrolysis, acts via the antioxidant response element to upregulate quinone reductase
alone or synergistically with indole-3-carbinol. Toxicology and Applied
Pharmacology 198, 40-48.

Niering P, Michels G, Witjen W, Ohler S, Steffan B, Chovolou Y, Kampkétter A, Proksch P
& Kahl R (2005) Protective and detrimental effects of kaempferol in rat H4I1E cells:
implication of oxidative stress and apoptosis. Toxicology and Applied Pharmacology
208, 114-122.

Nijhoff WA & Peters WHM (1992) Induction of rat hepatic and intestinal glutathione S-
transferase by dietary butylated hydroxyanisole. Biochemical Pharmacology 44, 596-
600.

Nijhoff WA, Groen GM & Peters WHM (1993) Induction of rat hepatic and intestinal
glutathione S- transferases and glutathione by dietary naturally-occurring

anticarcinogens. International Journal of Oncology 3, 1131-1139.

186



Nijhoff WA, Grubben M, Nagengast FM, Jansen J, Verhagen H, Vanpoppel G & Peters
WHM (1995) Effects of consumption of Brussels-sprouts on intestinal and
lymphocytic glutathione S-transferases in humans. Carcinogenesis 16, 2125-2128.

Nomura AM, Wilkens LR, Murphy SP, Hankin JH, Henderson BE, Pike MC & Kolonel LN
(2008) Association of vegetable, fruit, and grain intakes with colorectal cancer: the
Multiethnic Cohort Study. American Journal of Clinical Nutrition 88, 730-7.

Norat T, Bingham S, Ferrari P, Slimani N, Jenab M, Mazuir M, Overvad K , Olsen A,
Tjenneland A , Clavel F,Boutron-Ruault MC, Kesse E, Boeing H, Bergmann MM,
Nieters A, Linseisen J, Trichopoulou A, Trichopoulos D, Tountas Y, Berrino F, Palli
D, Panico S, Tumino R, Vineis P, Bueno-de-Mesquita HB, Peeters PHM, Engeset D,
Lund E, Skeie G, Ardanaz E, Gonzalez C, Navarro C, Quirds JR, Sanchez MJ,
Berglund G , Mattisson I, Hallmans G, Palmqvist R, Day NE, Khaw KT, Key TJ,
Joaquin MS, Hémon B, Saracci R, Kaaks R, Riboli E (2005) Meat, fish, and
colorectal cancer risk: the European Prospective Investigation into cancer and
nutrition. Journal of the National Cancer Institute, 97, 906-16.

Norvite Feed Supplements (1995) Analysis of Hipro Soya. Norvite Feed Supplements,
Wardhouse Insch, Aberdeenshire, AB52 6YD.

NRC (1998) Nutrient requirements of swine. 10th Edition. National Academy of Sciences.
National Academy Press, Washington DC.

Nyman M, Scweizer TF, Tyren S, Reimanns S & Asp NG (1990) Fermentation of vegetable
fiber in the intestinal tract of rats and effects on fecal bulking and bile acid excretion.
Journal of Nutrition 120, 459-466

Nyman M, Gustafsson K, Svanberg M & Asp NG (1994) Effects of processing on dietary
fibre. In Physico-chemical properties of dietary fibre and effect of processing on
micronutrients availability:proceedings of a European COST Concerted Action
Scientific Workshop pp.43-45 [Amado R, Barry JL and Frglich W] Luxembourg:

Commission of the European Communities Directorate General X111, Luxembourg.

187



Ogawa K, Hirose M, Suigara S, Cui L, Imaido K, Ogiso T & Shirai T (2001) Dose-dependent
promotion by phenylethylisothiocyanate, a known chemopreventor, of a tow stage rat
urinary bladder and liver carcinogenesis. Nutrition and Cancer 40, 134-139.

Ohnishi TS & Barr JK (1978) A simplified method of quantitating protein using the Buiret
and phenol reagents. Analytical Biochemistry 86, 193-200.

Olliver JR, Hardie LJ, Gong Y, Dexter S, Chalmers D, Harris KM & Wild CP (2005) Risk
factors, DNA damage and disease progression in Barrett’s esophagous. Cancer
Epidemiology, Biomarkers and Prevention 14, 620-625.

Olsen JA (1999) Carotenoids. In Modern Nutrition in Health and Disease, pp 525-541 [Shils
ME, Olson JA, Shike M and Ross AC, editors]. Baltimore: Lippincott, Williams and
Wilkins.

Omura T & Sato R (1964) The carbon monoxide-binding pigment of liver microsomes. The
Journal of Biochemistry 239, 2379-2385.

O'Neill ME, Carroll Y, Corridan B, Olmedilla B, Granado F, Blanco I, Van den Berg H,
Hininger I, Rousell AM, Chopra M, Southon S, Thurnham DI (2001) A European
carotenoid database to assess carotenoid intakes and its use in a five-country
comparative study. British Journal of Nutrition 85, 499-507.

Oren, M (2003) Decision making by p53: life, death and cancer. Cell, death and
differentiation 10, 431-442.

Paolini M, Biagi GL & Cantelli-Forti G (1999) The many consequences of chemical- and
genetic-based modulation of drug metabolizing enzyme activities. Life Sciences 65,
PL75-PL79.

Paolini M, Perocco P, Canistro D, Valgimigli L, Pedulli GF, lori R, Croce CD, Cantelli-Forti
G, Legator MS & Abdel-Rahman SZ (2004) Induction of cytochrome P450,
generation of oxidative stress and in vitro cell-transforming and DNA-damaging
activities by glucoraphanin, the bioprecursor of the chemopreventive agent

sulforaphane found in broccoli. Carcinogenesis 25, 61-67.

188



Papadopoulos N, Nicolaides NC, Wei YF, Ruben SM, Carter KC, Rosen CA, Haseltine WA,
Fleischmann RD, Fraser CM, Adams MD, Venter C, Hamilton SR, Petersen GM,
Watson P, Lynch HT, Peltomaki P, Pekka-Mecklin JP, de al Chapelle A, Kinzler KW
& Vogelstein B (1994) Mutation of a mutL homolog in hereditary colon cancer.
Science, 263, 1625-9.

Pappa G, Lictenberg M, lori R, Barillari J, Bartsch H & Gerhauser C (2006) Comparison of
growth inhibition profiles and mechanisms of apoptosis induction in human colon
cancer cell lines by isothiocyanates and indoles from Brassicaceae. Mutation
Research 599, 76-87.

Park JYK, Shigenaga MK & Ames BN (1996) Induction of cytochrome P4501A1 by 2,3,7,8-
tetrachlorodibenzo- p-dioxin or indolo(3,2-b)carbazole is associated with oxidative
DNA damage. Proceedings of the National Academy of Sciences of the United States
of America 93, 2322-2327.

Park CM, Taormina PJ, Beuchat LR (2000) Efficacy of allyl isothiocyanate in killing
enterohemorrhagic Escherichia coli O157:H7 on alfalfa seeds. International Journal
of Food Microbiology 56, 13-20.

Park YK, Park E, Kim JS, Kang MH (2003) Daily grape juice consumption reduces oxidative
DNA damage and plasma free radical levels in healthy Koreans. Mutagenesis 13, 539-
555.

Park Y, Subar AF, Kipnis V, Thompson FE, Mouvw T, Hollenbeck A, Leitzmann MF &
Schatzkin A (2007) Fruit and vegetable intakes and risk of colorectal cancer in the
NIH-AARP diet and health study. American Journal of Epidemiology 166, 170-180.

Parkin DM, Whelan SL, Ferlay J & Storm H (2005) Cancer Incidence in Five Continents, Vol
I to VIII. I. Lyon:ARC CancerBase No. 7.

Parkinson A (1996) Biotransformation of Xenobiotics. In: Casarett & Doull's Toxicology: The
Basic Science of Poisons. 5" Edition pp 113-186. [Cassaret LJ, Amdur M, Klaassen

CD, Doull J, editors] New York, USA: McGraw-Hill.

189


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Park%20YK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Park%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kim%20JS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kang%20MH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

Pearce RE, Mclintyre CJ, Madan A, Sanzgiri U, Draper AJ, Bullock PL, Cook DC, Burton
LA, Latham J, Nevins C & Parkinson A (1996) Effects of freezing, thawing, and
storing human liver microsomes on cytochrome P450 activity. Archives of
Biochemistry and Biophysics 331, 145-169.

Pence BC, Buddingh F & Yang SP (1986) Multiple dietary factors in the enhancement of
dimethylhydrazine carcinogenesis - Main effect of indole-3-carbinol. Journal of the
National Cancer Institute 77, 269-276.

Pence BC, Buddingh F & Yang SP (1986) Multiple Dietary Factors in the Enhancement of
Dimethylhydrazine Carcinogenesis - Main Effect of Indole-3- Carbinol. Journal of
the National Cancer Institute 77, 269-276.

Pereira MA & Khoury MD. (1991) Prevention By chemopreventive agents of azoxymethane-
induced foci of aberrant crypts in rat colon. Cancer Letters 61, 27-33.

Peters WHM & Roelofs HMJ (1997) Effect of long time storage on cytosolic glutathione S-
transferases. Biochemistry and Molecular Biology International 41, 913-917.

Peterson GL (1979) Review of the folin phenol protein quantitation method of Lowry,
Rosebrough, Farr and Randall. Analytical Biochemistry 100, 201-220.

Phillips J, Murray P & Kirk P (2001) The Biology of Disease. 2™ Edition. Oxford: Blackwell
Science.

Pietinen P, Malila N, Virtanen M, Hartman TJ, Tangrea JA, Albanes D & Virtamo J (1999)
Diet and risk of colorectal cancer in a cohort of Finnish men. Cancer Causes &
Control 10, 387-396.

Plumb GW, Price KR, Rhodes MJC & Williamson G (1997) Antioxidant properties of the
major polyphenolic compounds in broccoli. Free Radical Research 27, 429-435.

Pointillart A, Denis I, Colin C, Lacroix H (1997) Vitamin C supplementation does not modify
bone mineral content or mineral absorption in growing pigs. Journal of Nutrition 127,
1514-1518.

Pond WG & Houpt KA (1978) The biology of the pig. Comstock Publishing Associates,
Ithaca, NY.

190



Pool-Zobel BL (1999) Diet and biotransformation of carcinogenic compounds in the gut by
enzymes of microflora and of intestinal cells. In Colonic microbiota, nutrition and
health pp. 245-255 [Gibson GR & Roberfroid MB, editors]. Dordecht; London:
Kluwar Academics.

Porter P & Kenworthy R (1969) A study of intestinal and urinary amines in pigs in relation to
weaning. Research in Veterinary Science 10, 440-447.

Potten CS & Morris RJ (1988) Epithelial stem cells in vivo. Journal of Cell Science
Supplement 10, 45-62.

Price KR, Casuscelli F, Colquhoun 1J & Rhodes MJC (1998) Composition and content of
flavonol glycosides in broccoli florets (Brassica olearacea) and their fate during
cooking. Journal of the Science of Food & Agriculture 77, 468-472.

Prochaska HJ, Santamaria AB & Talalay P. (1992) Rapid detection of inducers of enzymes
that protect against carcinogenesis. Proceedings of the National Academy of Science
89, 2394-2398.

Rampino N, Yamamoto H, lonov Y, Li Y, Sawai H, Reed JC & Perucho M (1997) Somatic
frameshift mutations in the BAX gene in colon cancers of the microsatellite mutator
phenotype. Science 275, 967-9609.

Ramsdell HS & Eaton DL (1988) Modification of aflatoxin Bq biotransformation in vitro and

DNA binding in vivo by dietary broccoli in rats. Journal of Toxicology and
Environmental Health 25, 269-284.

Rangkadilok N, Tomkins B, Nicolas ME, Premier RR, Bennett RN, Eagling DR & Taylor
PWJ (2002) The effect of postharvest and packaging treatments on glucoraphanin
concentration in broccoli (Brassica oleracea var. italica). Journal of Agricultural and
Food Chemistry 50, 7386—-7391.

Rao AV, Shiwnarain N, Koo M & Jenkins DJA (1994) Effect of fiber-rich foods on the

composition of intestinal microflora. Nutrition Research 14, 523-535.

191



Ratcliffe B, Collins AR, Glass HJ, Hillman K & Kemble RJT (1997) A proposed mechanism
for the role of fermentation in protecting against colonic cancer. Cancer Letters 114,
57-58.

Ratcliffe B, Collins AR, Glass HJ & Hillman K (1999) The effect of physical processing on
the protective effect of broccoli in relation to damage to DNA in colonocytes. In
Natural antioxidants and anticarcinogens in nutrition, health and disease, pp. 440-
442 [J. T. Kumpulainen and JT Salonen, editors]. Cambridge, UK: The Royal Society
of Chemistry.

Ratcliffe B, Collins AR, Glass HJ, Hillman K & Kemble RT (2000) The effect of cooking on
the protective effect of broccoli against DNA damage in colonocytes. In Dietary
Anticarcinogens and Antimutagens - Chemical and Biological Aspects, pp. 161-164
[IT Johnson and GR Fenwick, editors]. Cambridge, UK: The Royal Society of
Chemistry.

Ratcliffe B, McPhail DB, Collins A, Glass H, Reaper S & Hillman K (2001) Analysis of
faecal antioxidant activity using electron spin resonance spectroscopy as a proxy
measure of colorectal cancer risk. Annals of Nutrition and Metabolism 45 (S1), 324.

Reinke LA & Stohs SJ (1976) Instability of mixed function monoxidases in frozen rat liver.
Research Communications in Chemical Pathology and Pharmacology 14, 295-303.

Rice JM, Diwan BA, Hu W, Ward JM, Nims RW & Lubet RA (1993) Enhancement of
hepatocarcinogenesis and induction of specific cytochrome P450-dependent
monooxygenase activities by the barbiturates allobarbital, aprobarbital, pentobarbital,
secobarbital and 5-phenyl- and 5-ethylbarbituric acids. Carcinogenesis. 15, 395-402.

Rijken PJ, Timmer WG, van de Kooij AJ, van Benschop IM, Wiseman SA, Meijers M &
Tijburg LBM (1999) Effect of vegetable and carotenoid consumption on aberrant
crypt multiplicity, a surrogate end-point marker for colorectal cancer in

azoxymethane-induced rats. Carcinogenesis 20, 2267-2272.

192



Riso P, Pinder A, Santangelo A & Porrini M (1999) Does tomato consumption effectively
increase the resistance of lymphocyte DNA to oxidative damage? American Journal
of Clinical Nutrition 69, 712-718.

Riso P, Brusamolino A, Moro M & Porrini M (2009a) Absorption of bioactive compounds
from steamed broccoli and their effect on plasma glutathione S-transferase activity.
International Journal of Food Science and Nutrition 60, 56-71.

Riso P, Martini D, Visioli F, Martinetti A & Porrini M (2009b) Effect of broccoli intake on
markers related to oxidative stress and cancer risk in healthy smokers and
nonsmokers. Nutrition and Cancer 61, 232-237.

Rock CL, Lovalvo JL, Emenhiser C, Ruffin MT, Flatt SW & Schwartz SJ (1998)
Bioavailability of B-Carotene is lower in raw than in processed carrots and spinach in
women. The Journal of Nutrition 128, 913-916.

Rodrigues AS & Rosa EAS (1999) Effect of post-harvest treatments on the level of
glucosinolates in broccoli. Journal of the Science of Food and Agriculture 79, 1028—
1032.

Roser S, Pool-Zobel BL & Rechkemmer G (2001) Contribution of apoptosis to responses in
the comet assay. Mutation Research-Genetic Toxicology and Environmental
Mutagenesis 497, 169-175.

Ross MA (1994) Determination of ascorbic acid and uric acid in plasma by high performance
liquid chromatography. Journal of Chromatography B Biomedical Applications 657,
197-200.

Rowland IR, Mallett AK & Wise A (1985) The effect of diet on the mammalian gut flora and
its metabolic activities. CRC Critical Reviews in Toxicology 16, 31-103.

Rowland IR & Tanaka R (1993) The Effects of Transgalactosylated Oligosaccharides On Gut
Flora Metabolism in Rats Associated With a Human Fecal Microflora. Journal of

Applied Bacteriology 74, 667-674,

193



Rowland IR (1996) Gut microflora and cancer. In Gut Flora and Health — Past, Present and
Future, International Congress and Symposium Series, No 219, pp. 19-25 [Leeds AR
& Rowland IR, editors]. UK: Royal Society of Medicine Press Limited.

Rungapamestry V, Duncan AJ, Fuller Z & Ratcliffe B (2006) Changes in glucosinolate
concentrations, myrosinase activity and production of metabolites of glucosinolates in
cabbage (Brassica oleracea var. capitita) cooked for different durations. Journal of
Agricultural and Food Chemistry 54, 7628-7634.

Rungapamestry V, Duncan AJ, Fuller Z & Ratcliffe B (2007) Effect of meal composition and
cooking duration on the fate of sulforaphane following consumption of broccoli by
healthy human subjects. British Journal of Nutrition 97, 644-52.

Rungapamestry V, Duncan AJ, Fuller Z & Ratcliffe B (2008) Influence of blanching and
freezing broccoli (Brassica oleracea var. italica) prior to storage and cooking on
glucosinolate concentrations and myrosinase activity. European Food Research and
Technology 227, 37-44.

Rushmore TH & Pickett CB (1993) Glutathione S-transferases, structure, regulation, and
therapeutic implications. The Journal of Biological Chemistry 268, 11475-11478.

Ruxton GD & Beauchamp G (2008) Time for some a priori thinking about post hoc testing.
Behavioral Ecology 19, 690-693.

Saito Y, Takano T & Rowland IR (1992) Effects of soybean oligosaccharides on the human
gut microflora in in vitro culture. Microbial Ecology in Health and Disease 5, 105-
110.

Salahshor S, Kressner U, Pahlman L, Glimelius B, Lindmark G & Lindblom A (1999)
Colorectal cancer with and without microsatellite instability involves different genes.
Genes Chromosomes Cancer 26, 247-252.

Samowitz WS, Albertsen H, Sweeney C, Herrick J, Caan BJ, Anderson KE, Wolff RK &
Slattery ML (2006) Association of Smoking, CpG Island Methylator Phenotype, and
V600E BRAF Mutations in Colon Cancer. Journal of the National Cancer Institute
98, 1731-1738.

194



Samowitz WS (2008) Genetic and epigenetic changes in colon cancer. Experimental and
Molecular Pathology 85, 64-67.

Sarikamis G, Marquez J, MacCormack R, Bennett RN, Roberts J & Mithen R (2006) High
glucosinolate broccoli: a delivery system for sulforaphane. Molecular Breeding, 18,
219-228.

Sasaki YF, Sekihashi K, Izumiyama F, Nishidate E, Saga A, Ishida K & Tsuda S (2000) The
comet assay with multiple mouse organs: comparison of comet assay results and
carcinogenicity with 208 chemicals selected from the IARC monographs and U.S.
NTP Carcinogenicity Database. Critical Reviews in Toxicology 30, 629-799.

Schabath MB, Grossman HB, Delclos GL, Hernandez LM, Day RS, Davis BR, Lerner SP,
Spitz MR & Wu X (2004) Dietary carotenoids and genetic instability ymodify bladder
cancer risk. Journal of Nutrition 134, 3362-33609.

Schrauzer GN (1976) Cancer mortality correlation studies. Il. Regional associations of
mortalities with the consumption of foods and other commaodites. Medical Hypotheses
2, 39-49.

Seow A, Yuan JM, Sun CL, Van den Berg D, Lee HP & Yu MC (2002) Dietary
isothiocyanates, glutathione S-transferase polymorphisms and colorectal cancer risk
in the Singapore Chinese Health Study. Carcinogenesis 23, 2055-2061.

Shapiro TA, Fahey JW, Wade KL, Stephenson KK & Talalay P. (1998) Human metabolism
and excretion of cancer chemoprotective glucosinolates and isothiocyanates of
cruciferous vegetables. Cancer Epidemiology, Biomarkers & Prevention 7, 1091-
1110.

Shertzer HG & Sainsbury M (1991) Chemoprotective and hepatic enzyme-induction
properties of indole and indenoindole antioxidants in rats. Food and Chemical
Toxicology 29, 391-400.

Sigurdson AJ, Hauptmann M, Alexander BH, Doody MM, Thomas CB, Struewing JP &
Jones IM (2005) DNA damage among thyroid cancer and multiple cancer cases,
controls, and long-lived individuals. Mutation Research 586, 173-88.

195



Silvi S, Rumney CJ, Cresci A & Rowland IR (1999) Resistant starch modifies gut microflora
and microbial metabolism in human-flora associated rats innoculated with faeces from
Italian and UK donors. Journal of Applied Microbiology, 86, 521-530.

Slattery ML, Kampman E, Samowitz W, Caan BJ & Potter JD (2000) Interplay between
dietary inducers of GST and the GSTM-1 genotype in colon cancer. International
Journal of Cancer 87, 728-733.

Smith RL (1956) Recorded and expected mortality among the Japanese of the United States
and Hawaii, with special reference to cancer. Journal of the National Cancer Institute
17, 459-73.

Smith RH (1980) Kale Poisoning: the brassica anemia factor. The Veterinary Record, 107, 12-
15.

Smith TK, Lund EK & Johnson IT (1998) Inhibition of dimethylhydrazine-induced aberrant
crypt foci and induction of apoptosis in rat colon following oral administration of the
glucosinolate sinigrin. Carcinogenesis 19, 267-273.

Smith G, Carey FA, Beattie J, Wilkie MJ, Lightfoot TJ, Coxhead J, Garner RC, Steele RJ &
Wolfe CR (2002) Mutations in APC, Kirsten-ras, and P53--alternative genetic
pathways to colorectal cancer. Proceedings of the National Academy of Sciences of
the United States of America 99, 433-438.

Smith TK, Mithen R & Johnson IT (2003a) Effects of Brassica vegetable juice on the
induction of apoptosis and aberrant crypt foci in rat colonic mucosal crypts in vivo.
Carcinogenesis 24, 491-495.

Smith TR, Miller KK, Lohman LD & Hu JJ (2003b) DNA damage and breast cancer risk.
Carcinogenesis 24, 883-889.

Smith TK, Lund EK, Parker ML, Clarke RG & Johnson IT (2004) Allyl-isothiocyanate causes
mitotic block, loss of cell adhesion and disrupted cytoskeletal structure in HT29 cells.

Carcinogenesis 25, 1409-1415.

196



Smith TK, Lund EK, Clarke RG, Bennett RN & Johnson IT. (2005) Effects of Brussels sprout
juice on the cell cycle and adhesion of human colorectal carcinoma cells (HT29) in
vitro. Journal of Agricultural and Food Chemistry 53, 3895-3901.

Sorensen M, Jensen BR, Poulsen HE, Deng XS, Tygstrup N, Dalhoff K & Loft S (2001)
Effects of a Brussels sprouts extract on oxidative DNA damage and metabolising
enzymes in rat liver. Food and Chemical Toxicology 39, 533-540.

Souza RF, Appel R, Yin J, Wang S, Smolinski KN, Abraham JM, Zou TT, Shi YQ, Lei J,
Cottrell J, Cymes K, Biden K, Simms L, Leggett B, Lynch PM, Frazier M, Powell
SM, Harpaz N, Sugimura H, Young J & Meltzer SJ (1996) Microsatellite instability in
the insulin-like growth factor Il receptor gene in gastrointestinal tumours. Nature
Genetics 14, 255-257.

Steinkellner H, Hietsch G, Sreerama L, Haidinger G, Gsur A, Kundi M & Knasmuller S
(2000) Induction of glutathione-S-transfereases in humans by vegetable diets. In
Dietary Anticarcinogens and Antimutagens - Chemical and Biological Aspects, pp.
193-198 [IT Johnson and GR Fenwick, editors]. Cambridge, UK: The Royal Society
of Chemistry.

Steinkellner H, Rabot S, Freywald C, Nobis E, Scharf G, Chabicovsky M, Knasmuller S &
Kassie F (2001) Effect of cruciferous vegetables and their constitutents on drug
metabolizing enzymes involved in the bioactivation of DNA-reactive dietary
carcinogens. Mutation Research 480-481, 285-297.

Steinmetz KA & Potter JD (1991) Vegetables, fruit, and cancer. I. Epidemiology. Cancer
Causes Control 2, 325-57.

Steinmetz KA & Potter JD (1993) Food-group consumption and colon cancer in the Adelaide
case-control study. 1. Vegetables and Fruit. International Journal of Cancer 53, 711-
7109.

Steinmetz KA & Potter JD (1996) Vegetables, fruit, and cancer prevention: A review. Journal

of the American Dietetic Association 96, 1027-1039.

197



Steinmetz KA, Kushi LH, Bostick RM, Folsom AR & Potter JD (1994) Vegetables, Fruit, and
Colon-Cancer in the lowa Womens Health Study. American Journal of Epidemiology
139, 1-15.

Steinmetz KA & Potter JD (1996) Vegetables, fruit, and cancer prevention: A review. Journal
of the American Dietetic Association 96, 1027-1039.

Stone WL, Papas AM, LeClair 10, Quin M & Ponder T (2002) The influence of dietary iron
and tocopherols on oxidative stress and ras-p21 levels in the colon. Cancer Detection
and Prevention 26, 78-84.

Strobel HW, Fang WF & Oshinski RJ (1980) Role of colonic cytochrome P-450 in large
bowel carcinogenesis. Cancer. 45, S1060-65.

Szotakova B, Baliharova V, Lamka J, Nozinova E, Wsol V, Velik J, Machala M, Neca J,
Soucek P, Susova S & Skalova L (2004) Comparison of in vitro activities of
biotransformation enzymes in pig, cattle, goat and sheep. Research in Veterinary
Science 76, 43-51.

Takagi Y, Kohmura H, Futamura M, Kida H, Tanemura H, Shimokawa K & Saji S (1996)
Somatic alterations to the DPC4 gene in human colorectal cancers in vivo.
Gastroenterology 111, 1369-1372.

Takagi Y, Koumura H, Futamura M, Aoki S, Ymaguchi K, Kida H, Tanemura H, Shimokawa
K, Saji S (1998) Somatic alterations of the SMAD-2 gene in human colorectal
cancers. British Journal of Cancer 78, 1152-1155.

Talalay P (2000) Chemoprotection against cancer by induction of Phase 2 enzymes.
Biofactors 12, 5-11.

Talalay P & Fahey JW (2001) Phytochemicals from cruciferous plants protect against cancer
by modulating carcinogen metabolism. Journal of Nutrition 131, 3027S-3033S.

Tamura K, Ishiguro S, Munakata A, Yoshida Y, Nakaji S & Sugawara K (1996) Annual
changes in colorectal carinoma incidence in Japan. Analysis of survey data on

incidence in Aomori Prefecture. Cancer 78, 1187-1194.

198



Tannock GW (2005) Microbiota of mucosal surfaces in the gut of monogastric animals, pp.
163-178 In Colonisation of mucosal surfaces. [Nataro JP, Cohen PS, Mobley LT and
Weiser JN, editors] Washington DC, USA: ASM Press.

Temple NJ & Elkhatib SM (1987) Cabbage and Vitamin-E - Their Effect On Colon-Tumor
Formation in Mice. Cancer Letters 35, 71-77.

Temple NJ & Basu TK (1987) Selenium and cabbage and colon carcinogenesis in mice.
Journal of the National Cancer Institute 26, 1131-1134.

Terdiman JP (2000) Carcinogenic Events in the adenoma to carcinoma sequence. Seminars in
Gastrointestinal Disease 11, 194-206.

Terry P, Giovannucci E, Michels KB, Bergkvist L, Hansen H, Holmberg L & Wolk A (2001)
Fruit, vegetables, dietary fiber, and risk of colorectal cancer. Journal of the National
Cancer Institute 93, 525-33.

Thibodeau SN, Bren G & Schaid D (1993) Microsatellite instability in cancer of the proximal
colon. Science 260, 816-819.

Topping DL, Gooden JM, Brown IL, Biebrick DA, McGrath L, Trimble RP, Choct M &
lliman RJ (1997) A high amylose (amylomaize) starch raises proximal large bowel
starch and increases colon length in pigs. Journal of Nutrition 127, 615-622.

Topping DL & Clifton PM (2001) Short-chain fatty acids and human colonic function: Roles
of resistant starch and nonstarch polysaccharides. Physiological Reviews 81, 1031-
1064.

Torlakovic E, Skovlund E, Snover DC, Torlakovic G & Nesland JM (2003) Morphologic
reappraisal of serrated colorectal polyps. The American Journal of Surgical Pathology
27, 65-81.

Tortora GJ & Derrickson B (2009) Principles of Anatomy and Physiology: Maintenance and
Continuity of the Human Body. 12™ Edition, Volume 2 New Jersey: John Wiley &
Sons.

Toyota M and Issa JP (1999) CpG island methylator phenotypes in aging and cancer,
Seminars in Cancer Biology 9, 349-357.

199



Toyota M, Ohe-Toyota M, Ahuja N & Issa JP (2000) Distinct genetic profiles in colorectal
tumors with or without the CpG island methylator phenotype. Proceedings of the
National Academy of Sciences of the United States of America 97, 710-715.

Tsubono Y,Otani T, Kobayashi M, Yamamoto S, Sobue T & Tsugane S (2005) No
association between fruit or vegetable consumption and the risk of colorectal cancer
in Japan. British Journal of Cancer 92, 1782-1784.

Tsubouchi S & Leblond CP (1979) Migration and turnover of entero-endocrine and
caveolated cells in the epithelium of the descending colon, as shown by
radioautography after continuous infusion of 3H-thymidine into mice. American
Journal of Anatomy 156, 431-451.

Tredger JM & Chhabra RS (1976) Preservation of various microsomal drug metabolizing
components in tissue preparations from the livers, lungs, and small intestines of
rodents. Drug Metabolism and Disposition. 4, 451-459.

Turner F, Smith G, Sachse C, Lightfoot T, Garner RC, Wolf CR, Forman D, Bishop DT and
Barrett JH (on behalf of the Colorectal Cancer Study Group) (2004) Vegetable, fruit
and meat consumption and potential risk of modifying genes in relation to colorectal
cancer. International Journal of Cancer 112, 259-264.

Uhl M, Kassie F, Rabot S, Grasl-Kraupp B, Chakraborty A, Laky B, Kundi M & Knasmuller
S (2004) Effect of common Brassica vegetables (Brussels sprouts and red cabbage) on
the development of preneoplastic lesions induced by 2-amino-3-methylimidazo[4,5-
flquinoline (1Q) in liver and colon of Fischer 344 rats. Journal of Chromatography B-
Analytical Technologies in the Biomedical and Life Sciences 802, 225-230.

Vallejo F, Tomas-Barberan FA & Garcia-Viguera C (2002) Glucosinolates and vitamin C
content in edible parts of broccoli florets after domestic cooking. European Food
Research and Technology 215, 310-316.

Vallejo F, Tomas-Barberan F & Garcia-Viguera C (2003a) Health-promoting compounds in
broccoli as influenced by refrigerated transport and retail sale period. Journal of
Agricultural and Food Chemistry 51, 3029-3034.

200



Vallejo F, Tomas-Barberan FA & Garcia-Viguera C (2003b) Phenolic compound contents in
edible parts of broccoli inflorescences after domestic cooking. Journal of the Science
of Food and Agriculture 83, 1511-1516.

Van der Burght A, Tysklind M, Andersson PL, Horbach GJ & van den Berg M (2000)
Structure dependent induction of CYP1A by polychlorinated biphenyls in hepatocytes
of male castrated pigs. Chemosphere 41, 1697-1708.

van Duijnhoven FJ, Bueno-De-Mesquita HB, Ferrari P, Jenab M, Boshuizen HC, Ros MM,
Casagrande C, Tjenneland A, Olsen A, Overvad K, Thorlacius-Ussing O, Clavel-
Chapelon F, Boutron-Ruault MC, Morois S, Kaaks R, Linseisen J, Boeing H,
Nothlings U, Trichopoulou A, Trichopoulos D, Misirli G, Palli D, Sieri S, Panico S,
Tumino R, Vineis P, Peeters PH, van Gils CH, Ocké MC, Lund E, Engeset D, Skeie
G, Suérez LR, Gonzélez CA, Sanchez MJ, Dorronsoro M, Navarro C, Barricarte A,
Berglund G, Manjer J, Hallmans G, Palmqvist R, Bingham SA, Khaw KT, Key TJ,
Allen NE, Boffetta P, Slimani N, Rinaldi S, Gallo V, Norat T & Riboli E (2009) Fruit,
vegetables, and colorectal cancer risk: the European Prospective Investigation into
Cancer and Nutrition. American Journal of Clinical Nutrition 89, 1441-1452.

Vang O, Jensen H & Autrup H (1991) Induction of cytochrome-P-450ial, cytochrome-P-
450ia2, cytochrome-P-450iibl, cytochrome-P-450iib2 and cytochrome-P- 450iiel by
broccoli in rat-liver and colon. Chemico-Biological Interactions 78, 85-96.

Vang O, Frandsen H, Hansen KT, Sorensen JN, Sorensen H & Andersen O (2001)
Biochemical effects of dietary intakes of different broccoli samples. I. Differential
modulation of cytochrome P-450 activities in rat liver, kidney and colon. Metabolism
50, 1123-1129.

van Lieshout EM, Peters WH, Jansen JB (1996) Effect of oltipraz, alpha-tocopherol, beta-
carotene and phenethylisothiocyanate on rat oesophageal, gastric, colonic and hepatic

glutathione, glutathione S-transferase and peroxidase. Carcinogenesis 17, 1439-45.

201



van Poppel G, Verhoeven DTH, Verhagen H & Goldbohm RA (1999) Brassica vegetables
and cancer prevention - Epidemiology and mechanisms. In Advances in Experimental
Medicine and Biology 472, 159-168.

Van Soest, P. J. (1995) Comparative aspects of animal models. In: Dietary Fiber in Health
and Disease, pp 321-339 [Kritchevsky D & Bonfield C, editors] St Paul, Minnesota:
Eagan Press.

VanSteenhouse JL, Fettman MJ & Gould DH (1989) Sequential changes in hepatic and renal
glutathione and development of renal karyomegaly in 1-cyano-3,4-epithiobutane
toxicity in rats. Food and Chemical Toxicology 27, 731-9.

Verhagen H, Poulsen HE, Loft S, Vanpoppel G, Willems MI & Vanbladeren PJ (1995)
Reduction of Oxidative DNA-Damage in Humans By Brussels-Sprouts.
Carcinogenesis 16, 969-970.

Verhagen H, deVries A, Nijhoff WA, Schouten A, vanPoppel G, Peters WHM & vandenBerg
H (1997) Effect of Brussels sprouts on oxidative DNA-damage in man. Cancer
Letters 114, 127-130.

Verhoeven DTH, Goldbohm RA, van Poppel G, Verhagen H & van den Brandt PA (1996)
Epidemiological studies on brassica vegetables and cancer risk. Cancer
Epidemiology, Biomarkers & Prevention 5, 733-748.

Verhoeven DTH, Verhagen H, Goldbohm RA, vandenBrandt PA & vanPoppel G (1997) A
review of mechanisms underlying anticarcinogenicity by brassica vegetables.
Chemico-Biological Interactions 103, 79-129.

Verkerk R, Dekker M & Jongen WMF (2001) Post-harvest increase of indolyl glucosinolates
in response to chopping and storage of Brassica vegetables. Journal of the Science of
Food and Agriculture 81, 953-958.

Verkerk R, Schreiner M, Krumbein A, Ciska E, Holst B, Rowland I, Schrijver RD, Hansen M,
Gerhduser C, Mithen R & Dekker M (2009) Glucosinolates in Brassica vegetables:
The influence of the food supply chain on intake, bioavailability and human health.
Molecular Nutrition and Food Research 53, S219-S265.

202



Visanji JM, Duthie SJ, Pirie L, Thompson DC & Padfield PJ (2004) Dietary isothiocyanates
inhibit Caco-2 cell proliferation and induce G2/M phase cell cycle arrest, DNA
damage, and G2/M checkpoint activation. Journal of Nutrition 134, 3121-3126.

Vistisen K, Poulsen HE & Loft S (1992) Foreign compound metabolism capacity in man
measured from metabolites of dietary caffeine. Carcinogenesis 13, 1561-1568.

Vogelstein B, Fearon ER, Hamilton SR (1988) Genetic alterations during colorectal-tumour
development. New England Journal of Medicine 319, 525-32.

Voorrips LE, Goldbohm RA, van Poppel G, Sturmans F, Hermus RJJ & van den Brandt PA
(2000) Vegetable and fruit consumption and risks of colon and rectal cancer in a
prospective cohort study. American Journal of Epidemiology 152, 1081-1092.

Waldman T, Kinzler KW, Vogelstein B (1995) P21 is necessary for the p53-mediated G1
arrest in human cancer cells. Cancer Research 55, 5187-5190.

Wallig MA, Gould DH, Fettman MJ & Willhite CC (1988) Comparative toxicities of the
naturally occurring nitrile 1-cyano-3,4-epithiobutane and synthetic nitrile n-
valeronitrile in rats: differences in target organs, metabolism and toxic mechanism.
Food and Chemical Toxicology 26, 149-157.

Ward SM, Delaquis PJ, Holley RA & Mazza G (1998) Inhibition of spoilage and pathogenic
bacteria on agar and precooked roast beef by volatile horseradish distillates. Food
Research International. 33, 19-26.

Wargovich MJ, Chen CD, Jimenez A, Steele VE, Velasco M, Stephens LC, Price R, Gray K
& Kelloff GJ. (1996) Aberrant crypts as a biomarker for colon cancer: Evaluation of
potential chemopreventive agents in the rat. Cancer Epidemiology Biomarkers &
Prevention 5, 355-360.

Witjen W, Michels G, Steffan B, Niering P, Chovolou Y, Kampkétter A, Tran-Thi QH,
Proksch P, Kahl R (2005) Low concentrations of flavonoids are protective in rat
HA4IIE cells whereas high concentrations cause DNA damage and apoptosis. Journal

of Nutrition 135, 525-31.

203



Weaver GA, Krause JA, Miller TL & Wolin MJ (1992) Cornstarch fermentation by the
colonic microbial community vyields more butyrate than does cabbage fiber
fermentation - Cornstarch fermentation rates correlate negatively with
methanogenesis. American Journal of Clinical Nutrition 55, 70-77.

Williams RT (1967) Comparative patterns of drug metabolism. Federation Proceedings 26,
659-665.

Wong A & Bandiera SM (1996) Inductive effect of Telazol® on hepatic expression of
cytochrome P450 2B in rats. Biochemical Pharmacology 52, 735-742.

World Cancer Research Fund/American Institute of Cancer Research (1997) Food, nutrition
and the prevention of cancer: a global perspective. [Potter J, editor] Washington DC:
American Institute of Cancer Research.

World Cancer Research Fund/American Institute for Cancer Research (2007) Food, Nutrition,
Physical Activity, and the Prevention of Cancer: a Global Perspective. Washington
DC: American Institute of Cancer Research.

Wortelboer HM, Dekruif CA, Vaniersel AAJ, Noordhoek J, Blaauboer BJ, Vanbladeren PJ &
Falke HE. (1992) Effects of Cooked Brussels-Sprouts On Cytochrome-P-450 Profile
and Phase-Il Enzymes in Liver and Small Intestinal-Mucosa of the Rat. Food and
Chemical Toxicology 30, 17-27.

Xu M, Bailey AC, Hernaez JF, Taoka CR, Schut HAJ & Dashwood RH. (1996) Protection by
green tea, black tea, and indole-3-carbinol against 2-amino-3-methylimidazo[4,5-
flquinoline-induced DNA adducts and colonic aberrant crypts in the F344 rat.
Carcinogenesis 17, 1429-1434.

Xu MR, Orner GA, Bailey GS, Stoner GD, Horio DT & Dashwood RH. (2001) Post-
dimethylhydrazine or 2-amino-3- methylimidazo[4,5-f]quinoline. Carcinogenesis 22,

309-314.

204



	Lynn coversheet
	The effect of raw and processed vegetables on colonocyte DNA damage by Anthony Lynn

