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Abstract

Consumption of green leafy vegetables is probably associated with a decreased risk of
colon cancer. The objective of this thesis was to find what molecular mechanism explains
the modulating effect of green vegetables on the risk of colon cancer.

Red meat consumption is associated with an increased risk of colon cancer. Feeding rats
heme, which is the iron porphyrin pigment of red meat, increased cytotoxicity of the gut
contents, injured colonocytes, increased colon epithelial cell death, and impaired normal
physiological function of the colon. Furthermore, heme in the diet resulted in epithelial
hyperproliferation and inhibited apoptosis to compensate for increased colonic cell loss.
The ubiquitous pigment in green leafy vegetables is chlorophyll. Chlorophyll is a phytol-
esterified magnesium porphyrin and thus structurally analogous to heme. Mixing spinach
or equimolar amounts of chlorophyll through the heme diet prevented all heme-induced
effects. In contrast, addition of chlorophyllin, the hydrophilic analogue of chlorophyll, to the
heme diet did not prevent the heme-induced detrimental effects on the colon mucosa,
indicating that intact chlorophyll is required. Studies in vitro showed that heme and
chlorophyll preferentially accumulate in the lipid phase and that heme and chlorophyll have
a high affinity for each other. This high affinity was confirmed in a chlorophyll dose-
response study, which showed that even low amounts of dietary chlorophyll (equimolar to
heme) prevented all heme-induced detrimental effects in the rat colon. Finally, we studied
the relevance of our in vitro and animal experimental studies in the Netherlands Cohort
Study on diet and cancer. A weak trend was observed for an association between the
increased intake of heme and the risk of colon cancer in men but this trend became more
significant when chlorophyll intake was considered. Furthermore, we demonstrated that
increasing the molar ratio of heme over chlorophyll is associated with an increased risk of
colon cancer in men. No consistent associations were observed for women.

In conclusion, hydrophobic binding of chlorophyll to heme in the gut lumen of the rat
prevents the heme-induced disrupted balance in colon epithelial cell turnover. This offers a
molecular explanation for the preventive effect of green leafy vegetables on colon

carcinogenesis.
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Introduction

In The Netherlands almost 9000 cases of colorectal cancer are diagnosed and 4000
people die from this disease every year (1). Worldwide, more than 945 000 people develop
colorectal cancer and around 492 000 patients die each year (2). This makes colorectal
cancer the third most common cancer and the second cause of cancer deaths in Western
countries (2). In developed countries the life-time incidence is around 5% (3) and
incidence rates of colorectal cancer vary widely between countries and regions (Fig. 1).
The highest rates are observed in westernized areas (including North America, Western
Europe, Australia, New Zealand, and Japan) and relatively low rates in Africa, Asia, parts
of Latin America, and the Caribbean (4,5). Migrant and other epidemiological studies
indicate that this variation is mainly due to environmental factors (6,7), with special
emphasis on diet (8).

Vegetable consumption is associated with a decreased risk of colon cancer (8). Especially
the consumption of green leafy vegetables is related to a protective effect (9-11). We
aimed to find what molecular mechanism explains the protective effect of green

leafy vegetables on the risk of colon cancer.

< 4.8 = 7.2 MW+« 12z M = 27 W = s585

Figure 1. Age-standardized incidence rates of male colon and rectum cancer per 100.000 (~ similar rates for

females) (8).
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The colon and the crypt

To understand colon cancer, we first need to understand the function and physiological
characteristics of the colon and the colonic epithelium. Basically, the colon in a living
human adult is an approximately 1.5 meter long tube in which water, sodium, and other
minerals are absorbed. This tube is composed of three layers (Fig. 2). The outer layer is
smooth muscle that facilitates peristalsis. The middle layer, or submucosa, consists of
stromal tissue and the inner layer of this tube is an epithelial layer, like the epidermal cells
of the skin, which forms a barrier between the body and the outside world. The epithelial
layer is folded to form invaginations, or crypts, which are embedded in the stromal tissue
(12).
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Figure 2. Schematic overview of the human intestinal system and the structure of the large intestine.
“reprinted with permission, from the Annual Review of Cell and Developmental Biology, Volume 20 © 2004

by Annual Reviews”.

All cells in the crypt arise from stem cells, which are located at the base of the crypt (13).

The lower half of the crypt is occupied by proliferative cells. These cells actively migrate in
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a continuous pattern from the bottom compartment upward to the luminal surface of the
colon. After the cells exit the proliferative compartment they differentiate into enterocytes
(absorptive cell lineage) or secretory cells. Secretory cells in the colon encompass mainly
goblet cells secreting protective mucins or enteroendocrine cells involved in the secretion
of different hormones (14). These processes imply that only fully differentiated epithelial
cells are found at the top of the crypts and the surface epithelium of the colon. In time,
these terminally differentiated surface epithelial cells are detached from the basal
membrane and shed intact into the luminal contents. An important characteristic of the
epithelial cells is their capacity to renew themselves. Normal homeostasis in the crypt
implies that the rate of crypt cell regeneration is tightly coupled with loss of surface
epithelial cells (13,15). A consequence of the high self-renewing rate of epithelial cells
might be a high susceptibility to malignant transformation, as this can only occur in dividing

cells.

Colorectal cancer

Approximately 5-10% of all colorectal cancers occur as part of a hereditary cancer
syndrome. Two of the main forms are familial adenomatous polyposis (FAP) and
hereditary nonpolyposis colorectal cancer (HNPCC) (16). FAP is caused by a germline
mutation in the adenomatous polyposis gene (APC) and HNPCC is associated with
germline mutations in DNA mismatch repair (MMR) genes. More than 90% of the
colorectal cancers occur sporadically, which means that affected patients do not have a
family history of colon cancer (2).

Fortunately, a normal epithelial cell has to undergo at least 5-7 mutations before it is
transformed to a carcinoma cell (the so-called carcinogenesis). Of all cancers, colorectal
cancer is probably the best-understood malignancy, because of easy accessibility of the
tumors and the fact that different stages of the same malignancy can coexist within one
patient. Histological and molecular analyses of these tumors have led to the definition of
the adenoma-carcinoma sequence of tumor progression (17). According to this definition
colorectal cancers result from mutational activation of oncogenes combined with
inactivation of tumor suppressor genes (Fig. 3). These genes are involved in the regulation
of key cellular processes like cell proliferation, cell-cycle control, apoptosis, and DNA

repair. Furthermore, multiple mutated genes are required to develop a tumor and the
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mutations may occur in a preferred sequence, yet the accumulation of changes rather than
their order determines the characteristics of the colorectal tumor (18).

In the adenoma-carcinoma sequence the earliest identifiable lesion is an aberrant crypt
focus (ACF), which is a small dysplastic lesion in the colonic epithelium. Two different

models propose the origin and growth of these dysplastic aberrant crypt foci.

Normal
epithelium

Hyperproliferation /
Dysplastic epithelia

APC /
B-Catenin
Carcinoma
Metastasis
Smad4 /
Other oncogenes
Other
alterations
Benign == ===== == - - ;e e e e e mmm—————— —+ Malignant

Figure 3. A genetic model for colorectal tumorigenesis, according to Fearon and Vogelstein (17).

Vogelstein and co-workers suggested a top-down morphogenesis model where mutant
cells from the surface epithelium spread laterally and downward to form new crypts (19).
However, Preston et al. (20) proposed an alternative model where adenomas grow initially
in a bottom-up pattern. A very small fraction of aberrant crypt foci transforms to larger

(benign) adenomas of several centimeters. The adenomas progress into carcinomas after

13



| Chapter 1

acquisition of more mutations in situ (21). At a later stage these carcinomas show

malignant features and metastasize by invasion through the colonic wall (Fig. 3) (21,22).

Mutagen vs. irritant and the risk of colon cancer

Important for the prevention of the risk of colon cancer is the discovery of agents that
cause this disease. Diet is one of the most important environmental factors identified in the
etiology of colon cancer (2). It was assumed that dietary mutagens were responsible for an
increased risk of colon cancer. However, comparison of mutational fingerprints of human
colon tumors with fingerprints of rat tumors caused by mutagens provided little evidence
for a role of mutagens as causative agent for colon cancer. Studies with dietary mutagens
in vitro or in animal experiments showed a preference of mutagens to form adducts with
guanine and adenine, primarily leading to G-to-T or G-to-A mutations (23,24). Typical
mutation patterns observed in human lung and liver tumors also have G-to-T or G-to-A
transversions and might therefore be characteristic of DNA damage associated with
environmental/dietary mutagens (25). In contrast, characteristic mutations in human colon
tumors observed in the genes p53 and APC are caused by C-to-T transitions at CpG
dinucleotides (25). Such mutations are characteristic of endogenous processes during
DNA replication leading to hydrolytic deamination of 5-methylcytosine. This might indicate
that not dietary mutagens lead to colon cancer but rather luminal irritants that cause
epithelial hyperproliferation to compensate for damage-induced cell death (26-29). Under
these conditions, i.e. faster DNA replication, it is more likely that a mutation might occur in
a gene critical to the carcinogenic process (30). Indeed, increased proliferation is
considered an important risk factor for the development of cancers including colon cancer
(31,32). This is corroborated by results of clinical studies demonstrating that subjects at

high risk of colon cancer have a higher proliferative activity than healthy controls (33,34).
Meat and colon cancer

Most components from the diet are absorbed in the small intestine. However, non-
absorbed components can modify the composition of the intestinal contents that reach the

colon. Some of these unabsorbed nutrients dissolve in the water phase of the gut contents

to which the colonic mucosa is most exposed. These unabsorbed nutrients may irritate the
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mucosa and eventually injure and kill epithelial cells of the colon mucosa. This must be
followed by a compensatory hyperproliferation to restore the mucosa and increases the
risk of endogenous mutations in tumor suppressor and oncogenes as described above
(26).

Diets high in red meat and processed meat are especially associated with a moderately
increased risk for colon cancer (35-41). In contrast, diets with a high content of white meat
(poultry or fish) are not associated with an increased risk (35,42). The mechanism
explaining the risk-enhancing effect of red meat is not precisely known. Results of several
animal studies on the effects of dietary beef compared with different protein sources in
experimentally induced colonic tumor animal models are inconsistent (43-50) and
evidence for an association between fat intake and colon cancer risk is also not supported
by recent literature (51,52).

An important difference between red meat and white meat is their heme content. Heme, an
iron porphyrin pigment (Fig. 4A), is the prosthetic group in hemoglobin and myoglobin,
which are proteins involved in oxygen transport. Sesink et al. (53) hypothesized that heme
explains the differences in colon cancer risk promotion between red meat and white meat.
Figure 4B shows that the heme content varies significantly between several types of
meat, with for example ~0.45 pmol/g of heme in beef and only 0.03 pymol/g of heme in
chicken (54). Dietary heme enhanced cytotoxicity of the luminal contents in rat studies,
which was not mediated by well-known surfactants such as bile acids or fatty acids (53),
suggesting involvement of a heme-induced cytotoxic metabolite. This metabolite is a lipid-
soluble covalently modified porphyrin formed in the gastrointestinal tract of the rat (53,55).
The mechanism of the heme-induced cytotoxic effects is not fully known. However, heme
is poorly absorbed in the small intestine (56) and therefore available in an environment
with oxygen as a catalyst in the formation of oxygen radicals. We speculate that these
radicals are involved in the formation of the cytotoxic metabolite, which probably damages
the colon epithelial cells (53,57). Unfortunately, the exact chemical structure of this
metabolite is at present unknown, because it was not possible to ionize the metabolite for
mass spectrometric analysis (55). Nevertheless, an enhanced cytotoxicity implies an
increased exposure of the colonic mucosa to luminal irritants, resulting in compensatory
epithelial hyperproliferation (53). In line with these results Pierre et al. (68,59) showed that
dietary heme or meat supplemented to the diet promoted luminal cytotoxicity and

increased the number and size of aberrant crypt foci in rat colon. Aberrant crypt foci are
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preneoplastic lesions which correlate with tumor incidence in most studies (60). Recent
results from two large epidemiological studies also support the hypothesis that heme from
red meat could be a causal factor related to the risk of colon cancer (39,40).

One could argue that not heme but the iron content of the meat is responsible for an
association between red meat consumption and the risk of colon cancer, since the iron

content is higher in red meat than in white meat.

Beef steak
Hamburger
Lamb
Salami
Pork
Bacon
Turkey

HO - C - CH; CH2 CH, CH> - C - OH Chicken
| I
© o Fish

0.0 0.1 0.2 0.3 0.4 0.5

Heme content of meat (umol/g)
A B

Figure 4. (A) Molecular structure of heme, (B) heme content in several types of meat (54).

However, dietary iron did not enhance colonic epithelial hyperproliferation (61,62) or
formation of aberrant crypt foci (63). Furthermore, Sesink et al. (53) compared the effects
of dietary heme with an equimolar amount of iron or protoporphyrin IV in the rat diets and
only found increased luminal cytotoxicity and colon epithelial hyperproliferation in the
heme-fed rats. Thus, not iron but heme could explain the effect of red meat on the risk of

colon cancer.
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Green vegetables and colon cancer

Several epidemiological studies have shown that consumption of vegetables is associated
with a decreased risk of colorectal cancer (reviewed in (8)). In contrast, recent cohort
studies (64-66) have obtained inconsistent results. However, a meta-analysis by Riboli and
Norat (67) combining 17 case-control and 10 cohort studies showed a significantly
decreased risk of colon cancer with high intakes of vegetables.

Unfortunately, the association of specific types of vegetables with decreased risk of colon
cancer is not clear. Most of the epidemiological studies investigated only an association
between total vegetable consumption (grams) or total servings of all vegetables and the
risk of colon cancer. However, vegetables are extremely heterogeneous and the
concentration of a protective ingredient may vary substantially between different types of
vegetables. For example, one person consumed 100 g tomatoes and 100 g cauliflower on
a day and another person consumed 150 g carrots and 50 g spinach. In these studies it is
summarized that both persons consumed 200 g of vegetables but the total intake of
specific ingredients between these two individuals varies enormously.

Case-control studies showed a consistent association between a decreased risk of colon
cancer and consumption of raw vegetables and green vegetables (2,9). The role of green
leafy vegetable consumption was also assessed in cohort studies (10,11,65). Michels et al.
(64) did not find an association between intake of green leafy vegetables and the risk of
colon cancer. However, the consumption of vegetables was higher in this health-conscious
cohort than in the average U.S. population (66). Consequently, the participants in this
cohort might already consume adequate amounts of these foods. The cohort study of
Voorrips et al. (10) showed that consumption of cooked green leafy vegetables was
associated with a decreased risk of colon cancer among men and women. Furthermore,
Bueno-de-Mesquita et al. (11) investigated the association between vegetable
consumption and colon cancer risk in the European Prospective Investigation into Nutrition
and Cancer (EPIC study). This is an excellent population to study because consumption of
vegetables varies greatly across the EPIC study population (68). Their preliminary
conclusions were that total vegetable consumption showed a weak inverse association
with the risk of colorectal cancer (11). However, among five categories of vegetables
studied only leafy vegetables (excluding cabbages) conferred significant protection against

the development of colorectal cancer (11).
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What might be the magic bullet in green leafy vegetables?

Having established green leafy vegetables as being important for modulation of the risk of
colon cancer it is interesting to examine specific components of these foods.

Green leafy vegetables contain non-digestible/low-fermentable fibers. Fibers could
increase stool bulk and speed the transit of food through the colon, diluting the gut
contents and decreasing the interaction time of surfactants with the epithelial cells (69).
Numerous case-control studies observed a moderately lower risk in association with high
consumption of dietary fiber (70), but results of recent large prospective cohort studies
have been inconsistent (71,72). Furthermore, a four year intervention with a high fiber diet
did not prevent recurrence of colorectal cancer adenomas (73). At present, the role of fiber
from vegetables in protection against the risk of colon cancer is at best questionable.
Another characteristic of green leafy vegetables is their high content of folic acid (74).
Folate is hypothesized to have a preventive effect on the development of colon adenomas
and carcinomas. It is an essential cofactor for the de novo biosynthesis of purines and
thymidine needed for DNA synthesis and plays a crucial role in DNA methylation, stability
and integrity, and repair (75). A deficiency in folate intake may cause incorporation of
uracil instead of thymidine into DNA of dividing cells, ultimately leading to an increased risk
of colon cancer (76,77). Furthermore, aberrant genomic methylation caused by folate
deficiency might be associated with colon cancer risk. However, available evidence
indicates that genomic DNA-hypomethylation in the colon is not a probable mechanism by
which folate deficiency enhances risk of colon cancer (75) and the relation of blood folate
status to sequence-specific alterations of critical cancer-related genes is at the moment
also not clear (78). Moreover, results of studies that investigated an association between
folate status and colorectal cancer risk are inconsistent (79,80).

Besides folic acid, green vegetables also contain high amounts of vitamin E and some
vitamin C (74), both of which have potential antioxidant properties (81). However, recent
data do not support a role of antioxidant vitamins in reducing the risk of colorectal cancer
(82).

The color of green vegetables is due to the pigment chlorophyll (Fig. 5A), which absorbs
light for photosynthetic purposes. Color per se might be deceptive, because only green
leafy vegetables have a high chlorophyll content and not, for example, broccoli or cabbage
(Fig. 5B).
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Figure 5. (A) Molecular structure of chlorophyll a, phytyl: CH,CHC,H3(CH,CH,CH,C,H,);CHj3, (B) chlorophyll
content of several green vegetables (83).

In plants, chlorophyll is found in the chloroplasts of the photosynthetic tissues (mainly the
leaves) and located in the thylakoids, which are the photosynthetically active
biomembranes within the chloroplast (84). Chlorophyll, like heme, also has a planar
porphyrin backbone but differs from heme mainly by having non-reactive magnesium
instead of the highly-reactive transition metal iron in the center of the porphyrin. In
addition, chlorophyll has an esterified phytol tail instead of one of the propionic side chains
in heme. The other propionic side chain is integrated in a fifth ring and esterified with a

methyl group, which leaves chlorophyll without charge. Furthermore, 90-95% of dietary
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chlorophyll was recovered in the feces of rats and humans, indicating poor absorption and
metabolism of chlorophyll during passage in the intestinal tract (85,86). These high
amounts of chlorophyll might compete with heme for solubilization in the intestinal tract

and thus prevent heme-induced detrimental effects on the colonic epithelial cells.

Scope and outline of thesis

Vegetable consumption is associated with a decreased risk of colon cancer. Especially the
consumption of green leafy vegetables is related to a protective effect. Furthermore, there
is now considerable evidence, epidemiological as well as animal experimental, that
consumption of red meat, and thus of heme, increases the risk of colon cancer. The
objective of this study was to find what molecular mechanism explains the protective effect

of green vegetables on the dietary heme-induced risk of colon cancer.

In chapter 2 we describe the effects of dietary heme on the modulation of colonic
epithelial cell turnover in rats. In this study we used three methods to study the effect of
diet on cellular proliferation and measured caspase-3 activity as an indicator of apoptosis
in the colon mucosa. Chapter 3 addresses the question whether green leafy vegetables
could inhibit the heme-induced increased cytotoxicity of the Iluminal contents and
hyperproliferation of the colonic epithelial cells. Furthermore, we studied whether this
effect could be mimicked by an equimolar dose of chlorophyll. The purpose of the study in
chapter 4 was to investigate whether chlorophyllins, which are water-soluble analogues of
chlorophyll, could inhibit the heme-induced Iuminal cytotoxicity and colonic
hyperproliferation as natural chlorophyll does. In chapter 5, our study on the minimal
molar ratio of chlorophyll to heme required to inhibit all the detrimental heme-induced
effects is described. A dose-dependent protective effect of chlorophyll was studied by
feeding rats a diet containing a constant amount of heme with increasing concentrations of
dietary chlorophyll. A possible interaction of chlorophyll with heme was also investigated in
vitro. To ascertain the human relevance of this work, we studied whether intake of heme
was associated with the risk of colon cancer in humans and whether chlorophyll could
modify this association. This hypothesis was tested in the Netherlands Cohort Study on
diet and cancer and the results are described in chapter 6. Finally, chapter 7 provides a

general discussion of the studies described.
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Abstract

Epidemiological and animal model studies suggest that a high intake of heme, present in
red meat, is associated with an increased risk of colon cancer. The aim of this study was to
elucidate the effects of dietary heme on colonic cell homeostasis in rats. Rats were fed a purified,
humanized, control diet or a similar diet supplemented with 0.5 mmol heme/kg for 14 days. Colons
were excised and subjected to histological examination to score intercryptal colonic surface
epithelial damage. Fecal water cytotoxicity was determined with a bioassay and colon epithelial cell
proliferation was evaluated with *H-thymidine or 5-bromo-2’-deoxyuridine (BrdU) incorporation into
DNA, both administered 2 h before sacrifice, or by Ki-67 immunohistochemistry. Exfoliation of
colonocytes was measured as the amount of rat DNA in feces and caspase-3 expression and
activity were measured to study colonic mucosal apoptosis. Dietary heme induced a more than
ten-fold increased cytotoxicity of the fecal water and a hundred-fold lower excretion of host DNA.
Colons of heme fed rats showed injured surface epithelium and an approximately 25% increase in
crypt length. Finally, dietary heme doubled colonocyte proliferation, shown by all three markers, but
inhibited colonic mucosal apoptosis. In conclusion, our results demonstrate that dietary heme
injures colonic surface epithelium, which is overcompensated by inhibition of apoptosis and
hyperproliferation of cells in the crypts, resulting in crypt hyperplasia. This disturbed epithelial cell
homeostasis might explain why a high intake of dietary heme is associated with an increased risk

of colon cancer.
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Introduction

Colorectal cancer is a leading cause of cancer death in Western countries (1). Diet is one of
the important environmental factors associated with increased colorectal cancer risk (2).
Epidemiological and experimental studies suggest that high consumption of red meat and
processed meat is associated with an increased risk of colorectal cancer (3-6). In contrast,
consumption of white meat, such as poultry or fish, is not associated with increased risk (7). We
and others (8,9) hypothesized that this differential effect of red and white meat is explained by the
difference in heme content. Heme is the iron porphyrin pigment of red meat and the heme content
of red meat is ten times higher than that of white meat (10). We demonstrated previously that in
rats a heme-supplemented diet increased fecal water cytotoxicity and colonic epithelial proliferation
(8,11). The latter is probably due to a compensatory reaction to damage and premature death of
colonic epithelial cells. Furthermore, supplementation of heme or meat to a diet increased the
number and size of aberrant crypt foci in rat colon after AOM treatment (5,12). Aberrant crypt foci
are the earliest morphologically recognizable preneoplastic lesions that correlate with tumor
incidence in most studies (13).

The surface of the colon is lined by an epithelial layer which is a permeability barrier that
prevents undesirable solutes entering the body. The intestinal epithelium also reabsorbs water and
minerals and is involved in secretion of protective compounds. The surface epithelium is in
constant contact with contents from the colonic lumen. Therefore, dietary components that are not
absorbed and modulate the composition of the intestinal contents might damage colonic epithelial
cells causing early cell death. This initiates compensatory proliferation to maintain crypt cell
homeostasis. Hyperproliferation in colonic crypts is considered as a risk marker for colon cancer
(14,15). However, maintenance of crypt cell homeostasis not only depends on cell proliferation but
also on cell loss (16). In the colon, cell loss is due to exfoliation/anoikis and intraepithelial
apoptosis (17). Prolonged cell survival by inhibition of apoptosis is also associated with
tumorigenesis (18).

Deregulation of the balance between cell death and proliferation could increase the risk of
endogenous mutations in tumor suppressor genes and oncogenes and as a consequence
transform epithelial cells in the end to tumor cells (19,20). As recent cohort studies showed that
colon cancer risk is indeed associated with heme intake (21,22), we now address the question
whether and how heme can disturb this balance between cell death and proliferation. Therefore we
studied whether dietary heme-induced cytotoxicity of the colonic contents indeed injured colonic

epithelial cells and modulated exfoliation, proliferation and apoptosis of cells in rat colon.
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Materials and Methods

Animals and diets.

The experimental protocol was approved by the animal welfare committee of Wageningen
University and Research Centre. Eight week old outbred male SPF Wistar rats (WU, Harlan, Horst,
The Netherlands) were housed individually in metabolic cages in a room with controlled
temperature (20-22°C), relative humidity (50-60%) and a 12 h light/dark cycle (lights on 06.00-
18.00h). Animals were acclimatized to housing conditions for 5 days before the start of the
experiment.

To study the effects of heme on the colonic epithelium 2 groups of 16 rats were fed purified
humanized diets (40 energy % fat, 20 mmol/kg of calcium) during 2 weeks as described in detail
previously (11). One group was fed a control diet and the other group was fed this diet
supplemented with 0.5 mmol heme/kg diet (Sigma-Aldrich Chemie, St Louis, USA).

Food was administered to the rats just before dark to prevent possible degradation of the heme.
Food and demineralized drinking water were supplied ad libitum. Food intake and body weights
were recorded every 2-4 days. Feces were quantitatively collected during days 11-14 of the
experiment, frozen at -20°C, and subsequently freeze-dried.

Cytotoxicity of fecal water.

Fecal water was prepared by reconstituting a small amount of freeze-dried feces with double-
distilled water to obtain a physiologic osmolarity of 300 mOsmol/L, as described earlier (8). After
preparation, the fecal waters were stored at -20°C until further analysis. Cytotoxicity of fecal water
was quantified by potassium release of human erythrocytes after incubation with fecal water as
described previously (8) and validated earlier with human colon carcinoma-derived Caco-2 cells
(23). The potassium content of the erythrocytes was measured with an Inductive Coupled Plasma
Absorption Emission Spectrophotometer (ICP-AES) (Varian, Mulgrave, Australia) and the
cytotoxicity of fecal water was calculated and expressed as percentage of maximal lysis.

Total feces analysis.

One of the important physiological functions of colonocytes is the reabsorption of minerals and
water. Therefore, we measured the fecal cations sodium and potassium as markers for colon
epithelial cell function. Feces was treated with 5% trichloroacetic acid for 1h at room temperature
and centrifuged for 2 min at 14 000 g. The supernatants were diluted with 0.05% CsCl, and sodium
and potassium were analyzed with an ICP-AES.

We quantified host DNA in feces as a marker for epithelial exfoliation, as described earlier (11,24).
Briefly, fecal host DNA was extracted from freeze-dried feces and the DNA in all isolates was of

good purity (Azso/Azgo approximately 1.8). The standard DNA used for quantification was isolated
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from rat spleen. Quantification was based on real-time PCR, performed with a rat-specific probe
and rat specific primers targeted to the p-globin gene sequence (24).

DNA-synthesis of epithelial cells.

After 14 days of experimental feeding, colon mucosal proliferation was quantified by measuring
DNA-replication in vivo, using 5-bromo-2’-deoxyuridine (BrdU) or *H-thymidine incorporation into
DNA. Eight rats fed a control diet and 8 rats fed a heme diet were non-fasted injected
intraperitoneally (i.p.) with BrdU (Sigma) at a dosage of 100 mg/kg body weight. The 16 remaining
rats (8 control and 8 heme) were injected i.p. with [methyl-*H]thymidine (specific activity 925
GBg/mmol; dose 3.7 MBqg/kg body weight; Amersham International, Amersham, UK) in 154 mM
NaCl. After 2 h, rats were killed by CO, inhalation.

The entire colons of the *H-thymidine injected rats were excised and opened longitudinally. The
colonic contents were removed, and the mucosa was scraped, homogenized in buffer, and
analyzed for *H-thymidine incorporation into DNA as described previously (11).

The entire colons of the BrdU injected rats were excised and the middle 3 cm part of the proximal
(first half) and the middle 3 cm of the distal colon were sampled and fixed in 10% neutral-buffered
formalin. After fixation the colon tissues were embedded in paraffin and serially cut in 3 um
sections, which were used for all immunohistochemical analysis described below. The paraffin
embedded rat tissue sections were deparaffinized, hydrated, and placed in antigen retrieval
solution (10 mMol/l citrate buffer, pH 6.0) for 15 min in a microwave oven at 350 W. Endogenous
peroxidase was inhibited by incubation with 3% H.O, in PBS for 30 min. The sections were then
incubated with anti-BrdU mouse monoclonal antibody (25) for 1 h at room temperature. Next,
tissue sections were sequentially incubated with mixture one (peroxidase conjugated rabbit anti-
mouse (DakoCytomation, Heverlee, Belgium) at a dilution of 1:50 in 5% normal rat serum (Sigma)
and 1% BSA (SERVA, Heidelberg, Germany) in PBS) and with mixture two (peroxidase conjugated
goat anti-rabbit (DakoCytomation) at a dilution of 1:50 in 5% normal rat serum and 1% BSA in
PBS) for 30 min. Sections were developed in staining solution (25 mg diaminobenzidine (DAB)
(Sigma) substrate, 50 mg imidazol, and 50 pl 30% H;O, in 50 mL PBS) for 10 min and
counterstained with hematoxylin. Both in proximal and distal colon colonocytes from 15 well-
oriented crypts (longitudinal section) were counted from each animal. A cell was scored positive for
BrdU when the nucleus of the cell was distinctively brown. The number of positive cells per crypt
column, labeling index, and total number of cells per full length hemi-crypt were determined.
Labeling index was calculated as the ratio of the number of positive BrdU-labelled cells to the total
number of crypt cells.

Immunohistochemistry Ki-67.

Ki-67 is a protein ubiquitously expressed in G1-, S-, and G2-phase of the cell cycle but not in the

GO0-phase (26). To visualize Ki-67 antigen, tissue sections were treated for optimal antigen retrieval
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and to quench endogenous peroxidase activity as described above. The sections were then
incubated with MIB-5 (DakoCytomation) at a dilution of 1:50 in combination with 1% BSA for 1 h at
room temperature. After incubation with primary antibody, tissue sections were sequentially
incubated with biotinylated rabbit anti-mouse antibody (DakoCytomation) at a dilution of 1:50 (in
5% normal rat serum and 1% BSA in PBS) and Streptavidin/HRP (DakoCytomation) at a dilution of
1:300 (in 5% normal rat serum and 1% BSA in PBS) for 30 min. Sections were developed with
DAB, counterstained with hematoxylin, dehydrated, and mounted. For negative controls PBS and
1% BSA replaced the primairy antibodies. Colonocytes from 15 well oriented crypts (longitudinal
section) were counted as described above for BrdU. A cell was scored positive for Ki-67 when the
nucleus of the cell was distinctively brown.

Histological analysis.

Intercryptal surface epithelial damage was identified in paraffin embedded colon sections (3um).
Sections were stained with hematoxylin and eosin. Only surface epithelium between two intact U-
shaped crypts that extended from the basal lamina to the gut lumen were accepted as satisfactory
for evaluation. We developed a three grade classification score for injury of the surface epithelium.
These grades were: 0, continuous surface epithelium with normal epithelial architecture; 1, ruffled
surface epithelium with disturbed epithelial architecture, i.e. decreased apical cell volume; and 2,
grade 1 plus injured epithelial cells with necrotic appearance in the surface epithelium. Surface
epithelial injury was calculated as the sum of the scores of 25 surface intercryptal surface areas
per rat and averaged per group. Thus this score varies between 0 and 50. All histological
observations were done by an observer who was blinded to the origin of each tissue section.
Apoptosis.

We studied colonic apoptosis by measuring caspase-3 expression. Mucosal scrapings of colonic
tissues were snap frozen and homogenized in No. A volume of 0.5 mL buffer containing: 0.2 M
sucrose, 20 mM Tris and 1 mM dithiothreitol, pH 7.4, combined with a protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany) was added to half of the lyophilized and powdered
colon scraping. This homogenate was shaken for 5 min and centrifuged at 20 000 g for 1 min. The
supernatant was saved for further processing and stored at -20°C. Protein concentration in the
supernatants was determined by BCA reagent (Pierce Chemical Company, Rockford, lllinois,
USA).

Protein aliquots from colonic mucosal extracts (15 ug protein per lane) were subjected to 15%
SDS-PAGE and electro-transferred to nitrocellulose membrane (Amersham). The membranes
were stained with Ponceau S to confirm equal protein loading and effective transfer. No variability
in transfer was observed. De-stained membranes were blocked with 5% nonfat milk powder in Tris-
buffered saline-Tween (TBS-T, 20 mM Tris-base, pH 7.6, 137 mM NaCl, 0.3% (w/v) Tween 20) for

1 h at room temperature. Blots were incubated with 1:1000 diluted caspase-3 primary antibody
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(clone H277, Santa Cruz Biotechnology, Heidelberg, Germany) in TBS-T with gentle agitation at
4°C overnight. Membranes were washed twice with TBS-T, blocked again with 5% nonfat milk
powder in TBS-T for 30 min, and then washed twice in TBS-T at room temperature. Blots were
then incubated with secondary antibody horseradish peroxidase-conjugated goat anti-rabbit
(Sigma) at 1:5000 in TBS-T for 1 h at room temperature. After washing twice with TBS-T,
peroxidase activity was visualized using SuperSignal enhanced chemiluminescence detection
reagents (Pierce) according to the manufacturer’s instructions. The detection of the cleaved p-17
form of caspase-3 on the blots represents the active form, whereas the uncleaved p-32 form of
caspase-3 represents inactive caspase-3 (27).

Caspase-3 activity was measured simultaneously in the absence and presence of caspase-3
inhibitor (DEVD-CHO) (Calbiochem, Darmstadt, Germany). A volume of 10 yL of colonic mucosal
extract was added to 973 pL of buffer containing 50 mM HEPES, 0.1 M NaCl, 0.1% (3--1-
propanesulphonate) (CHAPS), 10 mM DTT, 0.1 mM EDTA, and 10% glycerol, pH 7.4. For
incubations with the inhibitor, 7 puL of a stock solution (0.075 mM) of caspase-3 inhibitor in DMSO
was added. For the other incubation, 7 pyL of dimethyl sulfoxide (DMSQO) was added. Both vials
were pre-incubated for 10 min at room temperature in the dark. The reaction was started by adding
7 uL of caspase-3 substrate (3.75 mM Acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin (Ac-DEVD-
AMC, Calbiochem) in 10 mM DMSO) and activity was measured on a fluorescence detector
(Luminiscence Spectrometer, Perkin ElImer, Groningen, The Netherlands) every 10 min for 30 min
with an excitation wavelength of 380 nm and an emission wavelength of 460 nm. The slope of the
reaction was determined and the caspase-3 activity calculated. Pure AMC (Calbiochem) was
diluted in DMSO and used as standard in a concentration range of 0-4 uM.

Statistical analysis.

All results are expressed as mean + SEM. A commercially available package (Statistica 6.1,
Statsoft Inc., Tulsa, USA) was used. Statistical significance was calculated by Student’s t-test.
Differences were considered significant at P < 0.05. Associations between colonic crypt length and
labeling index, BrdU immunohistochemistry and Ki-67 immunohistochemistry were determined

using the Pearson r correlation test.

Results

After two weeks feeding, food intake was higher among rats fed the heme-supplemented diets.

However, this did not result in different growth rates compared with control diet fed rats (Table 1).
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Fecal water cytotoxicity reflects the exposure of the colonic mucosa to luminal irritants. In line with
previous studies dietary heme induces a greater than ten-fold increase in fecal water cytotoxicity
(Table 1).

We studied whether this increased cytotoxicity had any implications for the physiology of the colon
mucosa. To examine this function, we measured the concentration of the cations sodium and
potassium in the feces. In rats fed heme both the sodium and potassium concentration increased
in feces more than ten-fold and more than four-fold respectively, indicating an impaired
reabsorption capacity of the surface epithelium (Table 1).

The increased luminal cytotoxicity might affect the viability of colon epithelial cells. We quantified
the amount of host DNA in the feces as a marker of exfoliated intestinal epithelial cells. Table 1
shows that dietary heme reduced the amount of host DNA 100-fold compared with the non-heme

fed rats.

Table 1. Effect of dietary heme on: food intake, animal growth, cytotoxicity of the luminal contents, fecal

sodium and potassium concentrations, and fecal host DNA.

Analysis Control Heme
Food intake (g/d) 18.2+0.4 19.2+04~*
Growth (g/d) 3.2+0.3 3.4+0.3
Luminal cytotoxicity (% lysis) 95 97 +1°*
Fecal sodium (umol/d) 48+ 6 487 £ 18 *
Fecal potassium (umol/d) 66 £ 6 280+14~*
Fecal host DNA (ug/d) 193 0.1+0.1*

NOTE: All data represent mean £ SEM (n = 16). * Significantly different from their respective controls at P <
0.05 to P < 0.001 by Student’s ¢ test.

Histological examination showed that heme in the diet indeed resulted in increased injury of the
surface epithelium (Table 2). Colonic samples of the heme-fed rats revealed severe disruption of
surface epithelium architecture and presence of cells with a necrotic appearance compared with
colon samples of control rats (Fig. 1AB). We observed a similar differential morphology in distal
colon, but could not score injury because of the much smaller intercryptal surface epithelium in the

distal colon.
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Table 2. Effects of dietary heme on morphology and proliferation of colonic epithelium.

Control Heme

Proximal colon

Injury of intercryptal surface epithelium 10+3 35+4~*
Crypt length (cells/half crypt) 43 +1 55+2~*
*H-thymidine (dpm *H/ug DNA) 43+3  85+4*
BrdU IHC (LI) 711 15+£1*
Ki-67 IHC (LI) 10 +£1 20+2*
Distal colon

Crypt length (cells/half crypt) 55+ 3 70£3*
*H-thymidine (dpm *H/ug DNA) 46 + 6 92+5*
BrdU IHC (LI) 103 22+2*
Ki-67 IHC (LI) 16+ 2 23+2°*

NOTE: Injury score from was assigned to intercryptal surface epithelium according the criteria described in
the material and methods. All data represents mean + SEM (n = 8). IHC, immunohistochemistry. *
Significantly different from control at P < 0.05 to P < 0.001 by Student’s ¢ test.

One of the mechanisms to compensate for cell loss and maintenance of crypt cell number is by
increasing proliferation. In line with previous experiments we studied if dietary heme modified
incorporation of *H-thymidine into DNA of cells, to quantify total DNA-synthesis as a marker for
proliferating cells. Rats fed heme doubled colonic proliferation compared with controls (Table 2).
Furthermore, proliferating colon epithelial cells in the S-phase of the cell cycle were visualized by
incorporation of BrdU into DNA (28). The colonic crypts of rats fed a control diet showed a normal
label distribution in the bottom third of the crypt (Fig. 2A). Colons of rats fed a heme supplemented
diet showed a larger proliferation compartment sometimes extending over half of the crypt axis
(Fig. 2B). Quantitatively this resulted in a doubled labeling index in the proximal and distal colon of
heme-fed rats in line with the *H-thymidine results (Table 2).

Dietary treatment with heme also induced hyperplasia with an approximately 25% increase in
number of cells in the crypts of proximal and distal colon (Table 2). In addition, colonic crypt length
and LI correlated highly (0.82, P < 0.005).
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Figure 1. Representative sections of rat colonic mucosa stained with hematoxylin and eosin after 14 days
feeding of control or heme diet, (A) Proximal colon of control rat showing normal colon epithelium, (B)
Proximal colon of heme-fed rat showing a ruffled surface epithelium (arrow) and cells with a necrotic

appearance (asterisk).
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100 um

Figure 2. Representative sections of rat colonic mucosa stained with BrdU antibody after 14 days feeding of
control or heme diet, (A) Proximal colon of control rat showing normal label distribution at the bottom third of

the crypt, (B) Proximal colon of heme rat showing increased label distribution covering half the crypt.
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Finally, colonocyte proliferation was also measured by demonstration of Ki-67 expression, which is
a protein involved in the cell-cycle (26). The effect of dietary heme on the proximal and distal
colonic labeling index measured with Ki-67 immunohistochemistry correlated with the results of the
BrdU immunohistochemistry (r = 0.74, P < 0.005) and corresponded with results from the *H-
thymidine assay (Table 2).

Another mechanism that maintains crypt cell number is modulation of intraepithelial apoptosis. We
studied apoptosis by measuring caspase-3 in colon mucosal scrapings. Caspase-3 is one of the
last downstream effector caspases, which are final caspases activated in the apoptotic process
(29,30). Western blotting of homogenates of control colon mucosa demonstrated expression of

active caspase-3 (P17), whereas expression of inactive caspase-3 (P32) was low (Fig. 3, inset).

T 6

2 C H

o 5 ~|-P32
c .|

.§4

- |-p17
£

)

s,

g

o«

@ 1

o

S I
Uo 1

Control Heme

Figure 3. Effect of dietary heme on colonic mucosal apoptosis. The caspase-3 activity of rats fed the control
or heme diet for 2 weeks. Colonic mucosa were scraped, homogenized, and centrifuged. Caspase-3 activity
in the supernatant was determined using ac-DEVD-pNA as substrate. Results from n = 3, mean * SE. Inset:
Western blot of caspase-3 in mucosal scraping. C represents colon mucosa of rats fed a control diet, H
represents colon mucosa of a heme-fed rat. P17: active caspase-3, P32: inactive caspase-3. *Significantly
different from control at P < 0.001 by Student’s ¢ test.
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Colon mucosa of the heme-fed rats expressed higher levels of inactive caspase-3 and the
expression of active caspase-3 was much lower compared with mucosa of control diet fed rats. In
addition to these results we also measured the activity of caspase-3 in colon mucosal scrapings.
Dietary heme reduced caspase-3 activity almost completely compared with non-heme fed rats
(Fig. 3). We verified that the observed activities were specific for caspase-3 by preincubation of the
samples with caspase-3 inhibitor. AlImost no caspase-3 activity was detected in colon mucosa of
control or heme-fed rats in the presence of the inhibitor indicating the specificity of the activity
method (data not shown). To test whether colon homogenates of heme-fed rats contained
inhibitors of caspase-3, equal amounts of homogenates of control and heme colon were mixed and
assayed for caspase-3 activity. No decrease in activity was observed in the mixture compared with

the activity of control homogenate only, showing the absence of inhibiting compounds.

Discussion

This study shows that dietary heme disturbs epithelial cell homeostasis in the colon of the rat.
Cytotoxic heme and/or its metabolites injure colonic surface epithelial cells and increase cell death.
This heme-induced loss of cells triggers a compensatory epithelial hyperproliferation and inhibits
mucosal apoptosis resulting in crypt hyperplasia.

The mechanisms underlying the association between colon cancer risk and consumption of red
meat are not clear. However, recent epidemiological studies showed that the intake of heme might
explain this association (21,22). In addition, human intervention studies suggested that
endogenous nitrosation arising from ingestion of heme may account for the increased risk
associated with red meat consumption (9). Here, we show an alternative explanation why intake of
heme might be associated with increased colon cancer risk. In line with our previous studies,
dietary heme increased cytotoxicity of fecal water (11). This may well be an initiating event by
which heme affects cell turnover. Histological examination of the colonic tissues demonstrated that
the much higher concentration of luminal irritants in rats fed heme indeed increased injury to the
colonic surface epithelium, as indicated by a morphologically interrupted surface epithelium and
presence of cells with a necrotic appearance. Microscopic analyses of the colon samples did not
show any sign of heme-induced inflammation or macrophage infiltration, indicating that the
permeability of the barrier is not disturbed. An important function of the colonocytes at the luminal
surface is reabsorption of water and minerals. The ten-fold and four-fold increased concentrations
of fecal sodium and potassium in rats fed heme indicate that reabsorption was drastically inhibited,
which implies severe damage to the colonic surface epithelium thus supporting our histological

findings.
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The heme-induced cytotoxicity of the colonic contents may also explain the more than hundred-fold
decrease in fecal excretion of host DNA. Senescent enterocytes are normally shed (exfoliated)
from the epithelial surface into the fecal stream after their life-cycle of 3-5 days (17,31,32). As
these cells go into apoptosis, their DNA becomes fragmented because a caspase-activated DNAse
only cuts internucleosomal linker DNA (33). The resulting fragments are sufficiently large to be
detected by the small-size target sequence (85 bp) of the rat p-globin gene in our real-time PCR
(24). In contrast, heme-induced lyses of exfoliated cells and of surface colonocytes exposes host
DNA to endo- and exo-nucleases in the fecal stream, resulting in its complete hydrolysis.
Therefore, we propose that a diet-induced increase in cytolytic activity of the colonic contents
causes necrosis of exfoliated cells and of surface colonocytes, thus reducing recovery of host DNA
in the feces. Quantification of host DNA levels is also proposed as a tool to diagnose colorectal
cancer (34). Our results, however, indicate that diet-dependent changes in cytolytic activity of
colonic contents may hamper the diagnostic value of such a test.

Heme-induced loss of surface epithelium must be compensated by either a decreased apoptosis or
an increased proliferation of colonocytes. We studied apoptosis by examination of caspase-3
expression and corresponding caspase-3 activity in colonic mucosa (35). Western blotting showed
that colon mucosa of rats fed the control diet expressed the active form of caspase-3 and this
corresponded with caspase-3 activity measured in the colon mucosa. This activity is similar to that
reported earlier (36,37). In contrast, active caspase-3 expression in colons of heme fed rats was
low, which correlated with the very low activity in the colon mucosal scrapings. This indicates that
heme-induced luminal cytotoxicity inhibits colonic mucosal apoptosis. We do not know whether this
inhibition of apoptosis occurs in surface or in crypt epithelial cells and this requires further study.
But for the heme effects it is of relevance that inhibition of apoptosis is an important step in the
carcinogenesis cascade (38).

In steady state, epithelial cell death and cell proliferation are balanced to maintain tissue
homeostasis. Compared to rats fed the control diet, dietary heme increased colonic epithelial
proliferation and thus cell death approximately two-fold. In previous studies we showed already
that heme induced colonic proliferation in rats, using incorporation of *H-thymidine into DNA of
cells as a marker of proliferation (8,11). Although this provided a quick and reproducible answer on
the question whether diet modulates colonic proliferation it did not give information on proliferation
of non-epithelial versus epithelial cells or changes of the proliferation compartment within the crypt.
Here, we demonstrated with BrdU and Ki-67 immunohistochemistry that heme-induced
hyperproliferation is indeed limited to the epithelial cells in the crypt proliferation compartment. This
supports our previous conclusions on dietary heme-induced effects on colonic epithelial
proliferation. Thus, measurement of *H-thymidine incorporation into DNA provides a fast and

reproducible screening method for the effects of diet on proliferation in the colonic epithelium.
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Finally, the heme-induced hyperproliferation and decreased apoptosis of colonic epithelial cells
resulted in hyperplasia in the colonic crypts. In line with our results Newmark and colleagues
(39,40) showed in mice and rats that feeding a Western diet (low calcium and vitamin D, high fat
and phosphate) without carcinogen treatment resulted in hyperproliferation of colonic epithelial
cells and hyperplasia of colonic crypts. Long-term treatment of mice with this Western diet even
depleted apoptotic cells in the colonic crypts and resulted in crypt dysplasias and the formation of
tumors (40,41). This corroborates our finding that diet-induced modifications of the composition of
the luminal contents can disturb the balance in colonic epithelial cell turnover and thus induce crypt
hyperplasia. Hyperplasia and a disturbed cell turnover are considered early risk markers for colon
cancer (15,42).

In conclusion, we demonstrated that dietary heme disturbs colonic epithelial homeostasis in rats.
This was due to a heme-induced injury and loss of surface colonocytes resulting in
hyperproliferation, hyperplasia in colonic crypts, and in inhibition of apoptosis and fecal excretion of
host DNA. Further mechanistic studies of the dietary modulation of this heme-induced aberrant cell

turnover in colonic crypts may provide new leads for prevention of colon cancer.
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Abstract

Diets high in red meat and low in green vegetables are associated with increased colon
cancer risk. This association might be partly due to the heme content of red meat. In rats,
dietary heme is metabolized in the gut to a cytotoxic factor that increases colonic
cytotoxicity and epithelial proliferation. Green vegetables contain chlorophyll, a magnesium
porphyrin structurally analogous to heme. We studied whether green vegetables inhibit the
unfavorable colonic effects of heme. First, rats were fed a purified control diet or purified
diets supplemented with 0.5 mmol heme/kg, spinach (chlorophyll concentration 1.2
mmol/kg) or heme plus spinach (n = 8/group) for 14 days. In a second experiment we also
studied a group that received heme plus purified chlorophyll (1.2 mmol/kg). Cytotoxicity of
fecal water was determined with a bioassay and colonic epithelial cell proliferation was
quantified in vivo by [methyl-*H]thymidine incorporation into newly synthesized DNA.
Exfoliation of colonocytes was measured as the amount of rat DNA in feces. In both
studies heme increased cytotoxicity of the colonic contents 8-fold and proliferation of the
colonocytes almost 2-fold. Spinach or an equimolar amount of chlorophyll supplement in
the heme diet inhibited these heme effects completely. Heme clearly inhibited exfoliation of
colonocytes, an effect counteracted by spinach and chlorophyll. Finally, size exclusion
chromatography showed that chlorophyll prevented formation of the cytotoxic heme
metabolite. We conclude that green vegetables may decrease colon cancer risk because
chlorophyll prevents the detrimental, cytotoxic and hyperproliferative colonic effects of

dietary heme.
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Introduction

Colon cancer is one of the leading causes of cancer death in Western societies. For the
USA in 2003 nearly 110 000 new cases and almost 48 000 deaths were estimated (1).
Incidence rates of colon cancer vary 20-fold between high and low risk countries (2).
Migrant and other epidemiological studies indicate that this variation is due to
environmental factors, with diet as a major determinant (3). Diets high in red and
processed meat are especially associated with a moderately increased risk for colon
cancer (4). In contrast, diets high in white meat (poultry, fish) are not associated with an
increased risk (5). The mechanism explaining the specific risk-enhancing effect of red
meat is not precisely known. Based on mutational analysis of colon cancers, Kinzler and
Vogelstein (6) argued that dietary factors that lead to colon cancer are probably not
mutagens but rather luminal irritants that damage colonic epithelial cells (7). This damage
triggers a compensatory epithelial hyperproliferation, which increases the risk of
endogenous mutations in tumor suppressor and oncogenes. Clonal accumulation of these
endogenous mutations may eventually result in the adenoma—carcinoma sequence of
colon carcinogenesis (8). For these reasons, Sesink et al. (9) hypothesized that heme, the
iron porphyrin pigment of red meat, might be an important dietary risk factor. They argued
that heme may better explain the differential effects of red versus white meat on colon
cancer risk, instead of earlier proposed meat-associated mutagens such as heterocyclic
amines (10). Sesink et al. (9) showed in rat studies that dietary heme enhanced
cytotoxicity of the fecal water. This was not mediated by well-known surfactants like bile
acids or fatty acids, suggesting involvement of a heme-induced cytotoxic metabolite. This
enhanced cytotoxicity implies an increased exposure of the colonic epithelial cells to
luminal irritants, resulting in colonic epithelial hyperproliferation. As mentioned above,
hyperproliferation could increase the risk of endogenous mutations in cell turnover genes
and is therefore considered an early risk marker for colon cancer (11). This is supported by
the results of clinical studies where subjects at high risk of colon cancer showed a higher
proliferative activity compared with controls (12).

A large number of epidemiological studies indicate that vegetables protect against colon
cancer, especially green and raw vegetables (13,14). The aim of this study was to
investigate whether the protective effect of vegetables is due to inhibition of heme-induced

colonic cytotoxicity and hyperproliferation of epithelial cells. We hypothesized that this
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protection could be due to the high chlorophyll content of green vegetables. Chlorophyll is
a phytol-esterified magnesium porphyrin and thus a structural analogue of heme.
Therefore, it might compete with heme for solubilization in the gastrointestinal tract and
thus prevent the formation of cytotoxic heme metabolites. Subsequently, this may prevent
heme-induced hyperproliferative effects. We first examined the effect of the green
vegetable spinach and, second, whether the effect of spinach can be mimicked by an

equimolar concentration of chlorophyll.

Materials and Methods

Animals and diets

The experimental protocols were approved by the animal welfare committee of
Wageningen University and Research Centre. Approximately 8-week-old outbred male
Wistar rats (WU, Harlan, Horst, The Netherlands) were housed individually in metabolic
cages in a room with controlled temperature (£20°C), relative humidity (50-60%) and
light/dark cycle (lights on 6 a.m. to 6 p.m.). Animals were acclimatized to housing
conditions for 5 days before the start of the experiment.

In the first study we tested whether spinach prevents the cytotoxic and hyperproliferative
effects of dietary heme. During 2 weeks four groups of eight rats were fed purified diets.
The compositions of the diets are given in Table 1. The heme and heme plus spinach
diets were supplemented with 0.5 mmol heme/kg diet (Sigma-Aldrich, St Louis, MO). The
iron content of the heme was analyzed with an inductive coupled plasma absorption
emission spectrophotometer (ICP-AES) (Varian, Mulgrave, Australia), giving a purity of
>90%.

The spinach diets contained 82 g/kg powdered freeze-dried spinach at the expense of acid
casein, dextrose and cellulose, with a final chlorophyll concentration of 1.2 mmol
chlorophyll/kg diet. We measured the chlorophyll concentration of spinach (lglo, 's-
Hertogenbosch, The Netherlands) after five successive extractions with acetone/water
(80:20 v/v) by comparing the absorption spectra with standard chlorophyll solutions
(Sigma) in a spectrophotometer (Lambda 2; Perkin Elmer, Norwalk, CT). Calcium was
added as calcium phosphate (CaHPO4+2H,0) (Fluka Chemie, Buchs, Switzerland).
Vitamins and minerals other than calcium were added to all diets in similar concentrations

according to the recommendations of the American Institute of Nutrition 1993 (15).
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Table 1. Composition of the experimental diets (g/kg).

Study 1 Study 2
Control Heme Spinach Heme plus Control Heme He_me plus Heme plus
spinach spinach chlorophyll

Acid casein* 200 200 176 176 200 200 176 200
Dextrose* 532 532 506 506 532 532 506 532
Palm fat 160 160 160 160 148 148 148 148
Palm oil - - - - 12 12 12 -
Corn ol 40 40 40 40 40 40 40 40
Cellulose* 20 20 - - 20 20 - 20
Heme - 0.326 - 0.326 - 0.326 0.326 0.326
Spinach -- -- 82 82 -- -- 82 --
Natural _ _ _ _ _ _ _ 12
Chlorophyli
CaHPO42H,0 3.44 3.44 - - 3.44 3.44 - 3.44
Mineral mix* 35 35 26.3 26.3 35 35 26.3 35
Vitamin mix 10 10 10 10 10 10 10 10

The composition of the vitamin and mineral mixtures is according to the recommendation of the American
Institute of Nutrition 1993, except that calcium was omitted. In addition tri-potassium citrate was added
instead of KH,PQO,, and choline was added as choline chloride. * Protein, carbohydrate, cellulose, calcium,

and potassium were adjusted for their content in spinach.

In a second study, using a similar experimental design as the first, we tested whether the
protection by spinach against heme-induced hyperproliferation might be due to its
chlorophyll content. The chlorophyll plus heme diet was prepared as the heme diet (Table
1) with the addition of 12 g natural chlorophyll in palm oil (final concentration 1.2 mmol
chlorophyll/kg diet) (Japan Chlorophyll Co., Chiyoda-ku, Tokyo) exchanged for 12 g palm
fat. The control, heme and heme plus spinach diets were composed as described in Table
1. An aliquot of 12 g palm oil (Japan Chlorophyll Co.) was added instead of 12 g palm
fat/kg diet as a control for the chlorophyll solution.

In a third study we compared the effects of a control and heme-supplemented diet on
colon histology, using a similar study design and diets as described for the first study.

Food was administered to the rats just before dark, to prevent possible degradation of the
supplements. Food and demineralized drinking water were supplied ad libitum. Food
intake and body weights were recorded every 2—-4 days. Feces were quantitatively

collected during days 11-14 of the experiment and frozen at —20°C.
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In vivo colonic epithelial cell proliferation

After 14 days of experimental feeding colon epithelial cell proliferation was quantified in
vivo by measuring DNA replication, using [methyl->H]thymidine incorporation into DNA. We
chose this method because it is a rapid, specific and highly quantitative marker of cell
replication in vivo. Moreover, we have shown earlier that DNA replication correlates highly
with fecal water cytotoxicity (16). This substantiates a cause and effect relationship that we
want to address in the present study. Non-fasted rats were injected intraperitoneally (i.p.)
with [methyl->H]Jthymidine (specific activity 925 GBg/mmol, dose 3.7 MBq/kg body wt;
Amersham International, Amersham, UK) in 154 mM NaCl. After 2 h the rats were killed by
CO; inhalation. The colon was excised and opened longitudinally. Colonic contents were
removed by rinsing with 154 mM KCI. The mucosa was scraped using a spatula and
homogenized (Ultraturrax Pro200; Pro Scientific Inc., Monroe, CT) in 1 ml of buffer
containing 200 mM sucrose, 20 mM Tris and 1 mM dithiothreitol, pH 7.4, combined with a
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). These homogenates
were analyzed for >H-thymidine incorporation and for total DNA content. The
macromolecular fraction was precipitated with 5% trichloroacetic acid (w/v), followed by 10
min centrifugation at 10 000 g. The supernatant was discarded and the pellet resuspended
in 1 M perchloric acid and hydrolyzed at 70°C for 20 min. Part of the final hydrolyzate (0.5
ml) was dissolved in 15 ml of Aqua Luma (Lumac-LSC BV, Groningen, The Netherlands)
and its radioactivity measured in a Beckman LS-7500 liquid scintillation counter with
correction for quenching. DNA content of the scrapings was determined using the

diphenylamine reaction with calf thymus DNA (Sigma) as standard (17).

Quantification of epithelial DNA in feces

Fecal host DNA content was quantified with real-time PCR, using a rat-specific probe and
primers with the R-globin gene as target sequence (18). DNA was isolated from 20 mg
freeze-dried feces using a QlAamp DNA stool mini kit (Westburg, Leusden, The
Netherlands). All isolates were of good purity (Axso/Azso 1.8) and were kept at 4°C or at -
20°C for long-term storage. The standard DNA used for quantification of DNA in feces was
isolated from rat spleen, using a Wizard Genomic DNA purification kit (Promega Corp.,
Madison, WI). Real-time PCR was performed using an ABI Prism 7700 sequence
detection system (PE Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands).

Universal Tagman Master Mix and Tagman Exogenous Internal Positive Control (IPC)
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Reagent (VicTM probe) were purchased from Applied Biosystems and the Tagman probe
containing a FAM 5'-labelled fluorescent reporter dye (6-carboxyfluorescein) and a TAMRA
3'-labelled quencher dye (6-carboxytetramethylrhodamine) was purchased from Proligo
(Paris, France). PCR primers were synthesized by the Amersham Pharmacia Biotech
Custom DNA Synthesis Service (Roosendaal, The Netherlands). For amplification of host
DNA, 5 ul of the purified DNA (100-200 ng) was used in a volume of 50 pl, containing 1x
Master Mix, 200 nM forward primer (5'-TGATGGCCTGAAACACTTGG-3"), 200 nM reverse
primer (5-TCAGGATCCACATGCAGCTT-3"), 100 nM probe (5'-
CAACCTCAAGGGCACCTTTGCTCA-3'), 1x IPC mix and 1x IPC DNA. The PCR protocol
consisted of 2 min at 50°C, 10 min at 95°C and 40 cycles of 15 s at 95°C and 1 min at
62°C.

Histological measurements

After 14 days on the control or heme diet, the rats in the third study were killed by CO,
inhalation and their colons excised for histological evaluation. A sample of the colon was
stored in 10% neutral buffered formalin. The samples were embedded in paraffin and
sectioned to 4 pm slides, which were stained with haematoxylin and eosin. The slides
were examined by light microscopy (Reichert-Jung, Polyvar, Austria) and the image was
captured with a color video camera (Leica DC 200, Switzerland) coupled to a desktop
computer. Calibrated software (Leica DC Image Acquisition, Leica Microsystems,
Switzerland) was used to measure crypt column height. A minimum of five crypts per slide
were recorded by an observer who had no knowledge of their identity. We also studied
apoptosis on the paraffin embedded slides with terminal deoxynucleotidyl transferase d-
UTP nick end labeling (TUNEL) (DNA Fragmentation Detection Kit, TdT-FragELTM;

Oncogene Research Products).

Preparation of fecal water
Fecal water was prepared by reconstituting a small amount of freeze-dried feces with
double-distilled water to obtain a physiological osmolarity of 300 mOsmol/l, as described

earlier (9). After centrifugation, the fecal waters were stored at —20°C until further analysis.
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Determination of heme in feces

Total amount of heme excreted in the feces was determined by a previously described
HemoQuant assay (19). To quantify heme in feces an acidified chloroform—methanol
extract (20) was obtained from 30 mg freeze-dried feces (final HCI concentration 1 M). The
chloroform phase of the extracted samples was dried under nitrogen and solubilized in
0.45 ml of 250 mM KOH. Subsequently, 0.45 ml of double-distilled water, 3.75 ml of 2-
propanol and 0.75 ml of 1.15 M HCI was added to the samples and they were assayed for

their heme content as described (19).

Cytotoxicity of fecal water

Cytotoxicity of fecal water was quantified by potassium release of a human erythrocyte
suspension after incubation with fecal water as described previously (9) and validated
earlier with human colon carcinoma-derived Caco-2 cells (21). The potassium content of
the erythrocytes was measured with an ICP-AES and the cytotoxicity of fecal water was

calculated and expressed as a percentage of maximal lyses.

Purification of the cytotoxic heme metabolite from fecal water

The cytotoxic heme metabolite (heme factor) was purified using lipid extraction and size
exclusion chromatography. To a volume of 100 ul of fecal water pooled per treatment
group was added 560 pl of water and 2.5 ml of diethyl ether (ether) and, after vigorous
mixing, the mixture was centrifuged at 1500 g for 5 min. The ether phase containing
chlorophyll but not heme was discarded, and the procedure was repeated twice (22). The
remaining 660 pl sample was acidified with 60 pl of HCI (final HCI concentration 1 M) and
further extracted with chloroform/methanol as described earlier (20). The lipid-containing
chloroform phase was obtained after centrifugation (10 min, 1500 g) and evaporated under
nitrogen. This extract was purified by size exclusion chromatography with
chloroform/methanol/acetonitrile/triethylamine (55:30:10:5, v/v/v/v) as elution solvent.
Dried lipid extracts of 100 ul fecal water were solubilized in 250 pl of this solvent. Then,
200 ul were injected. We used a Waters 501 Pumping System (Waters Corp., Milford,
MA), a Gilson 231 auto sampler (Gilson Medical Electronics Inc., Villiers le Bel, France)
fitted with a 500 pl loop, a Jordi GPC/divinylbenzene column (300 x 7.8 mm, 5 um, 500 A;
Jordi Associates, Bellingham, MA), a photodiode array detector (Shimadzu, Kyoto, Japan),

to determine the absorption spectrum of the eluted compounds, and a fraction collector
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(Ultrorac Il; LKB, Brommen, Sweden). Absorption at 400 nm was used to detect porphyrin
structures. The data were processed and analyzed using Shimadzu software. Fractions
were collected at 1 min intervals between 0 and 12 min after injection and evaporated
under a nitrogen stream. Cytotoxicity of these fractions was determined as described
above for fecal water, after resolubilizing the samples in 50 mM NaOH and adjustment to

neutral pH and 300 mOsm/I with 3-(N-morpholino)-propanesulfonic acid.

Statistical analysis

All results are expressed as mean + SEM (n = 8 per group). A commercially available
package (Statistica 6.1; Statsoft Inc., Tulsa, OK) was used for all statistics. Normality of
the data was tested with the Shapiro Wilk test and homogeneity of variances was tested
using Levene's test. In the case of normal distribution and equal homogeneity, one-way
analysis of variance (ANOVA) was performed to test for significant treatment effects,
followed by Student's t-test. In the case of a non-Gaussian distribution of data, Kruskall—-
Wallis ANOVA was performed and in addition the non-parametric Mann—Whitney U-test
was used as a post hoc test. Bonferroni correction was made for the number of

comparisons (n = 3). Differences were considered statistically significant at P < 0.05.

Results

Spinach inhibits the detrimental colonic effects of heme

First, we tested whether spinach could inhibit heme-induced colonic cytotoxicity and
hyperproliferation of the epithelial cells. Rats were fed purified control and heme diets in
the presence and absence of spinach. Addition of heme or spinach to the diets did not
cause differences in food intake or growth rate between the groups; average food intake
was 17.0 £ 1.2 g/day and growth rate 2.0 £ 0.6 g/day.

Proliferation of the epithelial cells was measured to determine if changes in diet resulted in
different responses of the colonic epithelium. As shown in Figure 1A, the group fed heme
had a 50% increase in rate of DNA replication compared with the control group.
Supplementation of the heme diet with spinach resulted in total inhibition of this heme-
induced colonic epithelial hyperproliferation. No differences in epithelial proliferation were
observed between the control group and the spinach without heme group. In addition, rats

fed the heme diet had 4.3 + 0.15 mg DNA/g scraping, which was significantly lower than
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the 5.3 £ 0.3 mg DNA/g scraping of the rats fed the other diets. However, rats fed the
heme diet had a significantly higher total scraping weight of 0.54 + 0.04 g than the 0.30 %
0.03 g scraping for the rats fed the other diets. This heme-specific increase in scraping
weight may reflect an increased fragility and/or increased thickness of the colon mucosa.
Histological observation in a third study of rats fed a control and heme-supplemented diet
showed that the heme diet disrupted the structure of the surface epithelium, indicating
necrosis (data not shown). In addition, heme significantly increased the crypt column
height: control diet 255 + 8 ym versus the heme diet 324 + 10 ym. We also investigated a
possible differential effect of heme versus control on apoptosis and/or necrosis more
directly by end-labeling of DNA fragments in paraffin-embedded mucosa slides. In control
rats we found positive staining of apoptotic bodies in a few crypt cells. In slides from heme-
fed rats we always found a diffuse brown staining of the cytosol, indicating necrosis in
surface cells and hardly any apoptotic crypt cells. Unfortunately, we could not further
quantify these effects, because the day-to-day reproducibility of the TUNEL kit was
insufficient. This requires further investigation. However, these qualitative effects at least
indicate, in our opinion, that heme induces damage to surface cells and inhibition of
apoptosis in crypt cells.

Subsequently we determined whether these differences in cell turnover were due to
differences in exposure of the colonocytes to luminal irritants. Figure 1B shows that the
cytotoxicity of fecal water of the heme group increased 7-fold compared with the control
group. The addition of spinach to the heme diet abolished this cytotoxic effect of heme.
Supplementation of the non-heme control diet with spinach did not affect cytotoxicity.

We determined the amount of native heme excreted in feces, to study whether spinach
affects intestinal heme metabolism. As expected, fecal output of heme was low on the
control and the spinach diets and supplementation of the control diet with heme resulted in
an increased heme excretion (Fig. 1C). The amount of native heme excreted on the heme
plus spinach diet was 3-fold higher than on the heme diet, even though the amounts of
heme fed were equal. This indicates that spinach inhibits intestinal catabolism of heme.
These data show that spinach inhibits the heme-induced detrimental colonic effects. This

raised the question which component in spinach is responsible for its protective effect.
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Figure 1. Effect of dietary heme, spinach and heme plus spinach on: (A) colonic epithelial cell proliferation,
determined by in vivo [methyl-3H]thymidine incorporation into colonic mucosa; (B) cytotoxicity of fecal water,
determined with an erythrocyte bioassay; (C) heme excretion in the feces, determined by HemoQuant.
Results are mean + SEM (n = 8). C Significantly different from control group; H significantly different from
heme group (P < 0.05).
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The protective effect of spinach is due to its chlorophyll content

In a second study we investigated whether the protective effect of spinach can be
mimicked by an equimolar amount of chlorophyll. Therefore, rats were fed a control, a
heme and a heme plus spinach diet identical to those in the first study and a heme plus
chlorophyll diet. Food intake of the different groups in the second study was 18 g/day.
Growth rate of the rats fed heme plus chlorophyll (5.4 + 0.3 g/day) was higher than that of
the other groups (4.2 + 0.3 g/day).

Figure 2A shows that both chlorophyll and spinach completely prevented heme-induced
epithelial hyperproliferation. The effect of the different diets on proliferation of colonic
epithelial cells was reproducible between studies: the effects observed for the control,
heme and heme plus spinach diets were the same in study 1 as in study 2.

Subsequently, to study alterations in the fate of colonocytes, we determined whether these
diet-induced differences in cell turnover resulted in differences in exfoliation of colonocytes
into the fecal stream. Figure 2B shows that dietary heme strongly reduced the amount of
host DNA in the feces, compared with the control diet. Spinach and chlorophyll
supplements in the heme diet abolished the heme-induced decrease in rat DNA excretion
in feces. Similar results for the heme and heme plus spinach groups were observed in the
first study (data not shown).

Analogous to the results observed in the first study, supplementation of heme increased
cytotoxicity of the fecal water compared with the control diet. Supplementation of the heme
diet with chlorophyll and spinach completely inhibited this heme-induced increase in
cytotoxicity (Fig. 2C).

We showed earlier that a cytotoxic heme metabolite (heme factor) can be isolated by size
exclusion chromatography, where its absorption at 400 nm coincides with cytotoxicity (23).
We investigated the effect of chlorophyll on the formation of this heme factor. Figure 3
shows the elution profiles for UV absorption (at 400 nm) and cytotoxicity of lipid extracts of
pooled fecal water of the control, heme and heme plus chlorophyll groups. Only the fecal
water extract of the heme group contained UV-absorbing cytotoxic components eluting
around 6 min. The UV absorption spectra of these fractions showed that they contained
the porphyrin structure of heme. Because native heme elutes later than 12 min (23), this

implies that cytotoxicity is due to a heme metabolite of higher molecular weight.
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Figure 2. Effect of dietary heme, heme plus spinach and heme plus chlorophyll on: (A) colonic epithelial cell
proliferation, determined by in vivo [methyl-3H]thymidine incorporation into colonic mucosa; (B) the level of
host DNA detected in feces, quantified by real-time PCR; (C) cytotoxicity of fecal water, determined with an
erythrocyte bioassay. Results are mean + SEM (n = 8). C Significantly different from control group; H
significantly different from heme group (P < 0.05).

95



| Chapter 3

300
— - Absorption Control 4 50
250 ' Gytotoxicity
- 40
200
1 30
150 1
I\
100 | I 20
I
50 | TN 110
~
0 f Ah)"‘:‘—_'— 0
0 2 4 6 8 10 12
300
— - Absorption Heme 4 50
- A
5 2801 Cytotoxicity
g 140
~ 200 r Rl
E 2
S {a0 &
S 150 | &
@ =
2 5]
c | 2
g 100 20 3
2 2
g &)
< s0f 110
0 L - 0
0 2 4 6 8 10 12
300
— - Absorption Heme plus 4 5p
B hl hyll
250 [ — Cytotoxicity chiorophy
1 40
200
1 30
150
100 f 1 20
/N 4\”
50 / ~ 1 1 10
/ \ P
0 1 /-:-—\ 1 T 0
0 2 4 6 8 10 12
Time (min)

Figure 3. Representative size exclusion chromatograms of lipid extracts of pooled fecal waters from rats fed
a control, heme or heme plus chlorophyll diet, measured by the absorption at 400 nm (dashed lines). One
minute fractions were collected from 0 to 12 min and assayed for cytotoxicity using an erythrocyte bioassay

(continuous lines).
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It should be noted that cytotoxicity of the pooled fractions was always >90%, indicating
that there was no loss of heme factor during extraction and chromatography.
Unfortunately, we could not identify the molecular structure of the covalently bound heme
metabolite because it resisted ionization in different types of mass spectrometers.
Nevertheless, Figure 3 clearly shows that dietary chlorophyll blocks formation of the heme
factor almost completely. A similar inhibition was found for the heme plus spinach group

(data not shown).

Discussion

This study shows for the first time that spinach and chlorophyll inhibit heme-induced
stimulation of colonic epithelial cell turnover. In line with our previous rat studies, dietary
heme induced colonic cytotoxicity and compensatory hyperproliferation of colonic epithelial
cells (9), which may increase endogenous mutations and thus colon cancer risk (12,24).
This possible carcinogenic effect of heme has also been studied by Pierre et al. (25), who
showed that dietary heme promotes luminal cytotoxicity and growth of aberrant crypt foci
in rat colon to the same extent. These results imply that heme-induced cytotoxicity disturbs
normal cell turnover in colonic epithelium. Colonocytes differentiate and mature during
their migration along the crypt to the surface. At the end of their life-cycle these surface
cells become senescent and are engulfed by stromal cells or exfoliated into the fecal
stream (26,27). Our preliminary histological data indicate that heme damages surface
colonocytes, which could explain the decreased exfoliation of senescent surface cells. The
compensatory colonic hyperproliferation in the heme-fed rats implies that more surface
cells are killed than are exfoliated in control rats. At present we do not know why heme
also increases crypt column height and cell number (DNA content) in the mucosa.
Whether this is due to inhibition of apoptosis in crypt cells requires more detailed
immunohistochemical and cell kinetic studies. Nevertheless, the effects of heme on
luminal cytotoxicity, colonocyte proliferation and mucosal cell number were prevented by
supplementing the heme diet with spinach. Moreover, this protective effect of spinach
could be mimicked completely by an equimolar amount of chlorophyll, indicating that other
components in spinach, such as fiber, are not responsible.

Consistent with our previous work, we have shown that heme-induced cytotoxicity is due

to the presence of an unknown lipid-soluble cytotoxic heme metabolite (heme factor) (23).
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The heme factor is a covalently modified porphyrin, formed from heme in the
gastrointestinal tract of the rat (9,23). We were unable to ionize this heme factor, so no
mass spectrum could be obtained. Similar difficulties in identifying the structure of heme
metabolites have been reported by others (28-30). Spinach increased heme recovery in
the feces with equal intake of heme. This could indicate that spinach protects heme and
prevents it from degradation. Purification of the heme factor in the second study showed
that chlorophyll not only prevented heme degradation, but also inhibited formation of heme
factor, concordant with the low cytotoxicity of the colonic contents.

How does chlorophyll inhibit heme-induced colonic cytotoxicity and subsequent adverse
effects? The addition of chlorophyll to a heme diet prevented formation of heme factor.
Because the molecular structure of the heme factor is still enigmatic, we can only
speculate how spinach and chlorophyll inhibit its formation. Two possible inhibitory
mechanisms can be proposed: competition in the solubilization process of heme and
blocking of the modification sites of heme. Heme is poorly soluble in the stomach due to
the low gastric pH (31). However, in order to form heme factor, heme must be solubilized.
This solubilization is accomplished in the proximal small intestine by bile acids and other
surfactants such as fatty acids and is probably the first important step in the formation of
heme factor (32). Chlorophyll might prevent heme solubilization by competition for binding
to bile acids and other surfactants in the proximal small intestine. Alternatively, chlorophyll
could ‘sandwich’ heme to form hydrophobic heme—chlorophyll complexes and, as a result,
block the covalent modification sites of heme and thus the formation of heme factor.

Most epidemiological studies show that red meat promotes and vegetable consumption
decreases the risk for colon cancer (4,5,14). The mechanism underlying modulation of
colon cancer risk by dietary intake of red meat and vegetables is still unknown. Butler et al.
(33) suggest an association between colon cancer risk and heterocyclic aromatic amines
formed during cooking of meat. However, this is not supported by other epidemiological
evidence (34). In addition, Sinha et al. (35) showed that the level of some heterocyclic
aromatic amines in cooked white meat exceeds the level in cooked red meat, which
implies that heterocyclic amines cannot explain why red meat raises the risk while white
meat does not. Besides, doses of heterocyclic aromatic amines required for
carcinogenicity in animal studies far exceed the daily dietary intake by humans (10).
Bingham et al. (36,37) proposed another mechanism, suggesting that heme-induced

formation of N-nitroso compounds from red meat is responsible for the increased colon
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cancer risk. However, green vegetables did not decrease the concentration of apparent N-
nitroso compounds in a follow-up study from the same group (38). This could be due to the
type of vegetables consumed and/or the small number of participants in the study and
indicates that further studies on the modulation of colon cancer risk by N-nitroso
compounds and components from green vegetables are needed.

Because our experimental diets mimicked the macro-nutrient composition of a low
calcium, high meat and high fat diet our results may have implications for the human
situation. We showed previously that dietary heme concentrations between 0.16 and 0.5
mmol/kg diet resulted in similar increases in cytotoxicity of the colonic contents and
proliferation of the epithelial cells (23). Assuming that an average human diet consists of
450 g dry weight/day, 0.16 mmol/kg heme corresponds to 72 uymol heme/day. As beef
contains up to 0.5 pmol heme/g wet weight (29), this implies a realistic beef intake of 150
g/day in humans.

In our rat studies a concentration of 1.2 mmol/kg chlorophyll inhibited the heme-induced
cytotoxicity. Considering that spinach contains 0.12 mmol chlorophyll/100 g wet weight
(39), people consuming 450 g of spinach/day could be protected from the adverse effects
of dietary heme on the colonic mucosa. This protective effect of spinach is a maximum
estimation and will be smaller if the effective inhibiting chlorophyll concentration is lower
than the 1.2 mmol/kg used in the present study. The concentration dependence of this
protective effect of chlorophyll is at present under investigation.

Figure 4 summarizes our studies on heme and chlorophyll, showing that modulation of
colon cancer risk is a result of antagonistic interactions in the gut lumen. Our proposed
mechanism implies that people who consume a diet high in red meat and low in green
vegetables are especially at risk for colon cancer. We suggest that this heme—chlorophyll
interaction should be taken into consideration in future epidemiological and experimental

studies.
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Figure 4. Proposed mechanism for the interaction between dietary heme and chlorophyll in the lumen of the
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Abstract

Diets high in red meat and low in green vegetables are associated with an increased risk
of colon cancer. In rats, dietary heme, mimicking red meat, increases colonic cytotoxicity
and proliferation of the colonocytes, whereas addition of chlorophyll from green vegetables
inhibits these heme-induced effects. Chlorophyllin is a water-soluble hydrolysis product of
chlorophyll that inhibits the toxicity of many planar aromatic compounds. The present study
investigated whether chlorophyllins could inhibit the heme-induced luminal cytotoxicity and
colonic hyperproliferation as natural chlorophyll does. Rats were fed a purified control diet,
the control diet supplemented with heme, or a heme diet with 1.2 mmol/kg diet of
chlorophyllin, copper chlorophyllin, or natural chlorophyll for 14 d (n=8/group). The
cytotoxicity of fecal water was determined with an erythrocyte bioassay and colonic
epithelial cell proliferation was quantified in vivo by [methyl->H]thymidine incorporation into
newly synthesized DNA. Exfoliation of colonocytes was measured as the amount of rat
DNA in feces using quantitative PCR analysis. Heme caused a >50-fold increase in the
cytotoxicity of the fecal water, a nearly 100% increase in proliferation, and almost total
inhibition of exfoliation of the colonocytes. Furthermore, the addition of heme increased
TBARS in fecal water. Chlorophyll, but not the chlorophyllins, completely prevented these
heme-induced effects. In conclusion, inhibition of the heme-induced colonic cytotoxicity
and epithelial cell turnover is specific for natural chlorophyll and cannot be mimicked by

water-soluble chlorophyllins.
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Introduction

Colon cancer was responsible for >0.5 million deaths worldwide and was the second
leading cause of cancer death in Western countries in 2000 (1,2). Risk factors for colon
cancer include a positive family history or environmental factors, with diet as a major
modulator. In particular, diets high in red and processed meat, in contrast to white meat,
are associated with increased colon cancer risk (3-5). However, people who consume a
substantial amount of green vegetables have a reduced risk of colon cancer (6).

The mechanisms explaining the dietary modulation of the risk of colon cancer by intake of
red meat and vegetables are still under debate. One mechanism was deduced from
nutritional studies with rats. Sesink et al. (7) showed, in rats, that dietary heme (Fig. 1A),
the iron-porphyrin pigment of red meat, increased cytotoxicity of the fecal stream. This
resulted in increased exposure of the colonocytes to luminal irritants (7). Consequently,
colonocyte proliferation increased, which is considered an important risk factor in the
development of cancer (8-11). In line with these results, Pierre et al. (12,13) showed that
dietary heme or meat supplemented to the diet promoted luminal cytotoxicity and
increased the number and size of aberrant crypt foci in rat colon. Aberrant crypt foci are
preneoplastic lesions that correlate with tumor incidence in most studies (14).

Remarkably, supplementation of this heme diet with freeze-dried spinach or an equimolar
amount of natural chlorophyll inhibited the heme-induced cytotoxic and hyperproliferative
effects (15). Chlorophyll (Fig. 1B) is the ubiquitous pigment in green leafy vegetables; like
heme, it also has a planar porphyrin backbone. Chlorophyll is different from heme mainly
by having the nonreactive magnesium instead of the highly reactive transition metal iron in
the center of the porphyrin. In addition, chlorophyll has an esterified phytol tail instead of a
propionic side chain. We speculated that chlorophyll "sandwiches" heme to form
hydrophobic heme-chlorophyll complexes; as a result, it blocks radical-mediated heme
metabolism and the heme-induced changes in epithelial cell turnover (15). In this study,
we wanted to investigate whether this protective effect of natural chlorophyll is due to its
porphyrin ring or requires the intact phytol-conjugated molecule. Therefore, we compared
the possible protective effect of chlorophyllins with that of natural chlorophyll.
Chlorophyllins (Fig. 1C) are molecular analogs of chlorophyll studied for cancer prevention
in vitro and in vivo because they might mimic the effects of chlorophyll (16-19).

Chlorophyllins are food-grade molecules derived from chlorophyll.
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Figure 1. Chemical structures of the supplements used in the experimental diets: heme (A), chlorophyll a
(B), and sodium copper chlorophyllin (C).

They are hydrophilic, due to hydrolysis of the phytol tail, and the magnesium in the center
of the porphyrin ring is removed or replaced by another metal. In contrast to the limited in
vivo studies with natural chlorophyll (20,21), chlorophyllins have received much more
attention. Several studies indicate that chlorophyllins may have anticarcinogenic effects
because their porphyrin macrocycle can either scavenge free radicals or form a complex
with planar aromatic carcinogens and thus reduce their bioactivity (17,22,23).

Based on these data from the literature and because heme is also a planar aromatic

compound, we suggest that the chlorophyllins block heme by complex formation. Blocking
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of heme by chlorophyllins might inhibit its metabolism in the gut lumen as chlorophyll does
(15). Consequently, chlorophyllin might also prevent the heme-induced luminal cytotoxicity
and increased colonic epithelial cell turnover. We tested this in rats, supplementing their

diets with heme, heme plus chlorophyllins, or heme plus chlorophyill.
Materials and Methods

Animals and diets

The experimental protocol was approved by the animal welfare committee of Wageningen
University and Research Center. Outbred male SPF Wistar rats (8 wk old; WU, Harlan)
were housed individually in metabolic cages in a room with controlled temperature (20°C-
22°C), relative humidity (560-60%), and a 12-h light:dark cycle (lights on 0600-1800 h).
Metabolic cages with wire-mesh bottoms made it possible to collect feces without urinary
contamination. Rats were acclimated to the housing conditions for 5 d before the start of
the experiment.

The body weight of the rats at the start of the experiment was 275 + 1 g (mean £ SEM).
For 2 wk, 5 groups of 8 rats were fed purified diets. The composition of the diets is given in
Table 1. The heme-fed rats consumed a purified control diet supplemented with 0.5 mmol
heme/kg diet (Sigma-Aldrich Chemie); 3 additional heme groups were supplemented with
1.2 mmol/kg Na-chlorophyllin, sodium copper chlorophyllin (Cu-chlorophyllin), (HaiNing
FengMing Chlorophyll), or 1.2 mmol/kg chlorophyll (Japan Chlorophyll).

Food was administered to the rats just before dark to prevent possible degradation of the
supplements. Food and demineralized drinking water were consumed ad libitum. Food
intake and body weights were recorded every 2—4 d. Feces were collected quantitatively

on d 11-14 of the experiment and frozen at —20°C.

In vivo colonic epithelial cell proliferation

After 14 d of experimental feeding, colon epithelial cell proliferation was quantified in vivo
by measuring DNA replication, using [methyl->H]thymidine incorporation into DNA. Rats
that had not been food deprived were injected i.p. with [methyl->H]thymidine (specific
activity 925 GBg/mmol, dose 3.7 MBq/kg body weight, Amersham International) in 154

mmol/L NaCl. After 3 h, rats were killed by CO, inhalation. The colon was excised and
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opened longitudinally. Colonic contents were removed, and the mucosa was scraped,

homogenized in buffer, and analyzed as described previously (15).

Table 1. Composition of the experimental diets.

. Heme plus Heme plus Heme plus

Ingredients Control  Heme Na-chlorophyllin Cu-chlorophyllin  chlorophyll
g/kg

Acid casein 200 200 200 200 200
Dextrose 532 532 531 531 532
Palm fat 160 160 160 160 148
Corn all 40 40 40 40 40
Cellulose 20 20 20 20 20
Heme -- 0.326 0.326 0.326 0.326
Na-chlorophyllin -- -- 0.80 -- --
Cu-chlorophyllin -- -- -- 0.87 --
Chlorophyli -- -- -- -- 12
CaHPO,-2H,0' 3.44 3.44 3.44 3.44 3.44
MgCl,.6H,0? - - 0.25 - -
Mineral mix® 35 35 35 35 35
Vitamin mix® 10 10 10 10 10

'Calcium was added as calcium phosphate (CaHPO,-2H,0, Fluka Chemie Buchs, Switzerland).

*The heme plus Na-chlorophyllin diet was also supplemented with 1.2 mmol/kg magnesium chloride to adjust
for the magnesium content of chlorophyill.

*The composition of the vitamin and mineral mixtures is according to the recommendation of the American
Institute of Nutrition 1993 (24), except that calcium was omitted. In addition, tri-potassium citrate was added
instead of KH,PO,, and choline was added as choline chloride.

Quantification of epithelial DNA in feces

We quantified host DNA in feces as a marker for epithelial exfoliation, as described earlier
(15,25). Briefly, fecal host DNA was extracted from freeze-dried feces. The DNA in all
isolates was of good purity (Agso/Azs0 1.8). It was stored at 4°C, or —20°C for longer
storage. The standard DNA used for quantification was isolated from rat spleen.
Quantification was based on real-time PCR, performed with rat-specific probe and primers

targeted to the B-globin gene sequence (25).
Cytotoxicity of fecal water

Fecal water was prepared by reconstituting a small amount of freeze-dried feces with

double-distilled water to obtain a physiologic osmolarity of 300 mOsmol/L, as described
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earlier (7). After preparation, the fecal waters were stored at —20°C until further analysis.
Cytotoxicity of fecal water was quantified by potassium release of human erythrocytes
after incubation with fecal water as described previously (7) and validated earlier with
human colon carcinoma-derived Caco-2 cells (26). The potassium content of the
erythrocytes was measured with an Inductive Coupled Plasma Absorption Emission
Spectrophotometer (ICP-AES, Varian) and the cytotoxicity of fecal water was calculated

and expressed as a percentage of maximal lysis.

Determination of heme in feces

The total amount of heme excreted in the feces was determined by a modified protocol of
the HemoQuant assay (27). To quantify heme in feces, an acidified chloroform-methanol
extract (28) was obtained from 30 mg of freeze-dried feces (final HCI concentration 1
mol/L). The chloroform phase was dried under nitrogen and dissolved in 0.45 mL of 250
mmol/L KOH. Subsequently, 0.45 mL of double-distilled water, 3.75 mL of 2-propanol, and
0.75 mL of 1.15 mol/L HCI were added to the samples, which were assayed for their heme

content as described (27).

TBARS assay of fecal water

To determine lipid peroxidative processes in the lumen, TBARS in fecal water were
quantified (7). The TBARS assay evaluates lipid peroxidation by quantifying the
concentration of malondialdehyde (MDA) in fecal water (29). Briefly, fecal water was
diluted 5-fold with double-distilled water. Subsequently, 100 yL of this solution was mixed
with 100 pL of 8.1% SDS and 1 mL solution of 0.11 mol/L 2,6-di-tert-butyl-p-cresol, 0.5%
TBA in 10% acetic acid (pH = 3.5). For background correction, TBA was omitted from the
assay. TBARS were extracted, after heating for 60 min at 95°C, with 1.2 mL of n-butanol.
The absorbance of this extract was measured at 532 nm (Spectramax plus, Bucher Biotec
AG). The amount of TBARS was calculated as MDA equivalents using 1,1,3,3,-

tetramethoxypropane as standard.

Determination of distribution coefficients
A method similar to that described by Kepczynski et al. (30) was used to determine the
octanol/water distribution coefficient of heme, Na-chlorophyllin, Cu-chlorophyllin, and

chlorophyll. The supplements were dissolved in 2 mL of octanol or PBS at pH 7.3 (final
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concentrations < 4 pymol/L) and mixed with a vortex with an equal volume of PBS or
octanol, respectively. After 20 min shaking and 10 min centrifugation at 3000 g,
concentrations in both phases were determined using a spectrophotometer (Lambda 2,
Perkin Elmer). The distribution coefficients of the supplements were defined by their

concentration in octanol divided by their concentration in PBS.

Statistical analysis

All results are expressed as mean + SEM (n = 8 per group). A commercially available
package (Statistica 6.1, Statsoft) was used. Normality of the data was tested with the
Shapiro Wilk test and homogeneity of variances was tested using Levene’s test. In the
case of normal distribution and equal homogeneity, 1-way ANOVA was performed to test
for significant treatment effects followed by a Dunnett’s post hoc test. In the case of non-
Gaussian distribution of data, Kruskall-Wallis ANOVA was performed and, in addition, the
nonparametric Mann-Whitney U test was used as a post hoc test. Bonferroni correction
was made for the number of comparisons (n = 4). Differences were considered significant
at P <0.05.

Results

Addition of heme, chlorophyllins, or chlorophyll to the diets did not affect food intake (18.5
+ 0.5 g dry weight/d). Furthermore, the growth rate did not differ (4.1 £ 0.3 g/d) among the
treatment groups.

We measured proliferation of the colonocytes in vivo to examine whether heme,
chlorophyllins, or chlorophyll in the diet changed the response of the epithelial cells. The
heme-supplemented group had an almost 100% increase in proliferation compared with
the non-heme control group (Fig. 2A). Adding chlorophyllins to the heme diet did not
inhibit the heme-induced hyperproliferation of colonic cells. In contrast, supplementing the
heme diet with natural chlorophyll inhibited the heme-induced proliferation to a level similar
to control values.

We quantified the level of host DNA in feces to study diet-induced differences in
proliferation coincided with changes in exfoliation of the colonic epithelial cells (15).
Compared with the control diet, dietary heme markedly reduced the amount of host DNA in
the feces (Fig. 2B). Cu-chlorophyllin added to the heme diet did not inhibit this heme-
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induced effect; addition of Na-chlorophyllin to the heme diet slightly increased the level of
host DNA in feces compared with the effect of heme. However, adding chlorophyll to the

heme diet completely prevented the heme-induced decrease in fecal host DNA excretion.
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Figure 2. Effect of dietary heme, Na-chlin (Na-chlorophyllin), Cu-chlin (Cu-chlorophyllin), and chlorophyll on
colonic epithelial cell proliferation, determined by in vivo [methyI-PP3H]thymidine incorporation into colonic
mucosa of rats (A) and the level of host DNA detected in feces of rats, quantified by real-time PCR (B).

Values are mean + SEM, n = 8. *Different from the heme group, P < 0.05.
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We analyzed cytotoxicity of the fecal waters with an erythrocyte bioassay to determine
whether the changes in colonic epithelial cell turnover resulted from differences in
exposure to luminal irritants. Cytotoxicity of the fecal water from the heme group was 90%,
which was >50-fold higher than in the control group (Fig. 3). The heme-induced
cytotoxicity decreased significantly in the Na-chlorophyllin—supplemented heme group to
57%. In contrast, heme-induced cytotoxicity was blocked completely when chlorophyll was
added to the heme diet.

100

Luminal cytotoxicity (% lysis)

Control Heme Na - chlin Cu - chlin Chlorophyli

Heme

Figure 3. Effect of dietary heme, Na-chlin (Na-chlorophyllin), Cu-chlin (Cu-chlorophyllin), and chlorophyll on
cytotoxicity of fecal water of rats, determined with an erythrocyte bioassay. Values are mean + SEM, n = 8.

*Different from heme group, P < 0.05.

We showed earlier that the detrimental heme-induced effects are mediated by luminal
conversion of ingested heme (15,31). Therefore, we studied whether the dietary
treatments affect intestinal heme metabolism. The amount of daily heme intake and
excretion in the feces (Table 2) indicated that heme intake was nil in the control group and
all of the heme-supplemented groups consumed 9 umol/d. Obviously, fecal heme
excretion was low in the control group. However, fecal heme excretion was also low in the
heme group and in the heme plus chlorophyllin groups, indicating intensive catabolism of

heme into other, non-porphyrin compounds even in the presence of chlorophyllin. In

72



Heme, chlorophyll, chlorophyllins, and colon cancer |

contrast, when chlorophyll was added to the heme diet > 50% of the heme was detected
as such in the feces, showing that natural chlorophyll inhibits conversion or catabolism of
the heme. Control experiments with heme added to feces of chlorophyll-fed rats showed

that chlorophyll did not interfere in the assay (data not shown).

Table 2. Effect of dietary heme, Na-chlorophyllin, Cu-chlorophyllin, and chlorophyll on intake, excretion, and

catabolism of heme in rats’.

Control Heme Heme plus Heme plus Heme plus
Na-chlorophyllin  Cu-chlorophyllin  chlorophyll
pmol/day
Heme intake 0 9.0+0.2 9.1+0.2 9.1+0.2 9.4+0.3
Fecal heme 04+0.0 0.7+0.0 1.1+£00* 0.8+0.0 49+04*
Catabolized heme -- 8.2+0.2 8.0+£0.2 8.3+0.2 45+04*

'Heme intake was calculated by multiplying individual daily food intake by the heme content of the diet.
Heme in the fecal samples was determined by a modified HemoQuant assay. The amount of catabolized
heme was calculated by subtracting fecal heme output from daily intake values of heme. Values are mean +
SEM, n = 8 *Different from heme, p < 0.05.

Subsequently, we measured TBARS in fecal water to examine whether heme-catalyzed
lipid peroxidation in gut lumen could be inhibited by chlorophyllin and chlorophyll. TBARS
increased 1.5-fold in fecal waters of the heme group compared with the control group (Fig.
4). TBARS in the heme plus chlorophyllin groups were similarly increased 1.5- to 2-fold,
indicating no protective effects. In contrast, adding chlorophyll to the heme diet reduced
formation of lipid radicals. To validate the assay, we also measured TBARS formation after
adding heme in the assay or supplementing control fecal water with heme. No significant
increases in TBARS were observed (data not shown).

Finally, we investigated whether the observed differential effects of chlorophyllin and
chlorophyll were related to a difference in hydrophobicity of the molecules. Therefore, we
determined the distribution coefficients of heme, chlorophyllin, and chlorophyll in
octanol:water mixtures (Table 3). A high distribution coefficient indicates that a compound
is very hydrophobic. The distribution coefficients of the supplements followed the order
chlorophyll >> heme > Cu-chlorophyllin > Na-chlorophyllin. These results indicate that
heme and chlorophyll will accumulate in a hydrophobic environment, whereas the

chlorophyllins prefer a more hydrophilic environment. The low values of Na-chlorophyllin
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and Cu-chlorophyllin are likely due to the 3 carboxyl groups on the porphyrin ring, and the

high value for chlorophyll is due to the phytol tail attached to the porphyrin ring.
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Figure 4. Effect of dietary heme, Na-chlin (Na-chlorophyllin), Cu-chlin (Cu-chlorophyllin), and chlorophyll on
the presence of TBARS in fecal water, expressed as umol/L MDA equivalents, used as marker for luminal

lipid peroxidation products. Values are mean + SEM, n = 8. *Different from heme group, P < 0.05.

Table 3. Distribution coefficients of heme, Na-chlorophyllin, Cu-chlorophyllin, and chlorophyll1.

Dietary supplement  Distribution coefficient

Heme 9.0+1.7
Na-chlorophyllin 0.5+0.0
Cu-chlorophyllin 1.91+0.2
Chlorophyli 162.2 £ 121

'Distribution coefficients were determined by measurement of the distribution of the components between

octanol and water. Values are mean + SEM, n > 5.
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Discussion

This study shows that chlorophyllins, in contrast to chlorophyll, do not inhibit the heme-
induced carcinogenic effects in rats.

Heme, chlorophyll, and chlorophyllins are tetrapyrrole molecules containing a large
number of conjugate double bonds within a planar ring system. Chlorophyllins are the
water-soluble salts of the ubiquitous pigment chlorophyll found in green plants.
Chlorophyllin is used in most studies as a model compound to mimic the effects of natural
chlorophyll, probably because chlorophyll is unstable in solutions and insoluble in water
(17,18). Several studies, and a human intervention study, described potent
anticarcinogenic and antigenotoxic effects of chlorophyllins (17,19).

The chlorophyllins supplemented to our purified heme diets showed only a negligible
inhibition of the heme-induced luminal cytotoxicity. This slight inhibition did not prevent the
heme-induced changes in colonic cell turnover. In contrast, chlorophyll added to this heme
diet inhibited all the heme-induced changes in luminal cytotoxicity and cell turnover.

Most of the heme ingested is delivered to the large bowel (32,33). There, a variable
amount is converted to a range of iron-free porphyrins such as protoporphyrin,
deuteroporphyrin, and pemptoporphyrin as a result of bacterial action (33). However,
further degradation products such as di- and tripyrroles were not identified. The heme-
induced cytotoxicity observed in our experiments results from the presence of a highly
cytotoxic heme metabolite. This is a lipid-soluble, covalently modified porphyrin formed in
the gut lumen of rats (7,31). Table 2 shows that chlorophyll, unlike the chlorophyllins,
allowed most of the heme ingested to reach the feces without modification. This indicates
that chlorophyll, but not chlorophyllin, prevents intestinal heme metabolism.

Our previous work showed that the presence of the heme metabolite in the colonic lumen
damages the colon surface epithelial cells and consequently increases epithelial
proliferation and inhibits apoptosis in the colonic crypts (15). Spinach or an equimolar
amount of chlorophyll prevented this heme-induced effect (15). We hypothesized that this
is due to a "sandwich" of heme with chlorophyll molecules. As a result, chlorophyll may
block the chemical reactivity of heme and thus the formation of its cytotoxic metabolite.
This "sandwich" could be due to pi-pi interactions between heme and chlorophyll in a

hydrophobic complex, analogous to the mechanism described by Dashwood et al. (34) for
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the interaction between chlorophyllins and planar aromatic compounds, such as
heterocyclic amines.

The inhibition of heme-induced luminal cytotoxicity and increased colonic cell turnover by
chlorophyll but not by chlorophyllins has to be explained in terms of structural differences
between the molecules. One difference between the chlorophyllins and chlorophyll is the
absence of a metal or the presence of copper in the center of the tetrapyrrole molecule, in
contrast to magnesium in chlorophyll. Passage of chlorophyll through the stomach
releases its magnesium due to the acidic pH (35,36). Magnesium is a divalent element like
calcium, and intake of calcium precipitates bile acids (37) and stimulates precipitation of
heme (7). Wang et al. (38) suggested that supplementation of magnesium in the diet might
also precipitate bile acids. An increased magnesium concentration in the intestines might
therefore precipitate heme or other components from the fecal matrix. Therefore, we
adjusted the Na-chlorophyllin—supplemented diet with a concentration of magnesium
equimolar to that in the chlorophyll diet. This was a minor (5.5%) increase in magnesium
because of the high concentration of magnesium already present in the control (24) diet.
Na-chlorophyllin supplementation to the heme diet caused only a minor inhibition of the
heme-induced luminal cytotoxicity. Furthermore, no inhibitory effects on other colonic
markers were observed, indicating that the magnesium of chlorophyll is not responsible for
its inhibition of the heme-induced cell turnover.

We showed previously that the detrimental effects of heme coincide with heme-catalyzed
lipid peroxidation in the gut lumen (7) and that both are inhibited by dietary antioxidants
(12). This implies that heme has to be in close contact with fatty acids in the hydrophobic
phase of the luminal contents. We now show that, in contrast to chlorophyllins, the addition
of chlorophyll to a heme diet decreased this heme-induced lipid peroxidation (Fig. 4). This
indicates that the chlorophyllins we used in our model cannot "sandwich" heme to inhibit a
reaction between heme and fatty acids in the diet. Only chlorophyll might be able to
"sandwich" heme and as a consequence inhibit the catalytic activity of heme in the
generation of lipid hydroperoxides and the formation of a cytotoxic heme metabolite (39).
The difference in hydrophobic behavior of chlorophyll and chlorophyllin is a consequence
of a structural difference. Chlorophyll is extremely hydrophobic due to the presence of a
phytol tail, which is retained during intestinal passage (36,40). On the other hand,
chlorophyllins are hydrophilic as a result of the removal of the phytol tail from chlorophyll.

A preference of heme and chlorophyll for a hydrophobic environment was confirmed by
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their high octanol/water distribution coefficients (Table 3). The lower distribution coefficient
of the chlorophyllins reflects their more hydrophilic character. Finally, heme and
chlorophyllins are negatively charged under physiologic conditions such as prevail in the
intestines, whereas chlorophyll remains a neutral molecule. These negative charges cause
repulsive forces between heme and chlorophyllin, which may prevent formation of a
complex between these molecules.

In summary, our data show that the heme-induced detrimental effects were inhibited only
by natural chlorophyll and not by water-soluble chlorophyll derivatives. Extrapolation of
these results to humans suggests that dietary protection against the increased risk of
colon cancer due to high consumption of red meat can be offered only by consumption of

green vegetables, and not by chlorophyllin supplements.
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Abstract

We have previously demonstrated that the association between high consumption of red
meat and increased risk of colon cancer may be due to the heme content of meat. Dietary
heme increases colonic luminal cytotoxicity and epithelial cell proliferation in rats. The
addition of chlorophyll, mimicking green vegetables, to the heme diet prevents these
heme-induced detrimental effects. However, these studies used a high dose of chlorophyll.
In the present study, we determined the minimal dose of chlorophyll required to prevent all
heme-induced detrimental effects. Groups of 8 rats were fed a purified humanized diet
either alone (control) or supplemented with 0.5 mmol heme/kg in the presence of 0, 0.13,
0.25, 0.5, or 1.2 mmol/kg chlorophyll, respectively, for 14 days. Cytotoxicity of the luminal
contents and colon epithelial cell proliferation were measured as carcinogenesis
biomarkers. Cytotoxicity increased approximately forty-fold and proliferation doubled in
rats fed heme. A dose of 0.25 mmol/kg or higher of chlorophyll prevented the heme-
induced luminal cytotoxicity and colonic epithelial hyperproliferation. A dose of 0.5
mmol/kg or higher of chlorophyll prevented the heme-induced differential gene expression
of colon mucosa, which was quantified to determine the response of the colon mucosa to
diet-induced changes in the luminal contents. In addition, 0.5 and 1.2 mmol/kg of
chlorophyll prevented most of the degradation of heme. Finally, in vitro precipitation
experiments showed that heme binds chlorophyll with high affinity, which suggests that
hydrophobic binding of chlorophyll to heme in the gut lumen blocks its reactivity. In
conclusion, our results demonstrate that dietary chlorophyll in a molar ratio of 1:1 to heme

is sufficient to prevent all heme-induced detrimental effects in rat colon.
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Introduction

Colon cancer is a major cause of cancer death in affluent societies (1,2). The incidence of
sporadic colon cancer varies widely between populations, due mainly to environmental risk
factors, with special emphasis on dietary habits (3). Consumption of red meat and
processed meat are important dietary components associated with an increased risk of
colon cancer (4-7). In contrast, consumption of white meat (poultry or fish) is not (7,8).
Furthermore, several studies indicate that the consumption of vegetables is associated
with a decreased risk of colon cancer (2,9). This association is particularly linked to a
protective effect of raw and green leafy vegetables (2,10-13).

The mechanism underlying dietary modulation of colon cancer risk is not fully understood.
Mutational analysis of colon tumors indicate that dietary factors increasing colon cancer
risk are probably not mutagens but luminal irritants that damage colon epithelial cells (14).
This damage triggers compensatory tissue regeneration, which increases the risk of
accumulation of endogenous mutations in tumor suppressor genes and oncogenes (15)
and could ultimately increase the risk of colon cancer (16-19).

Previous studies from our group suggest that heme, the iron-porphyrin pigment of red
meat, explains the association between red meat consumption and increased colon cancer
risk (20,21). Sesink et al. (20) showed that dietary heme increases cytotoxicity of the fecal
stream in rats, due to an increased amount of luminal irritants. This cytotoxicity resulted
from the formation of a lipid-soluble cytotoxic heme metabolite, a covalently modified
porphyrin, in the gastrointestinal tract of the rat (20,22). This increased cytotoxicity
damaged colon surface epithelial cells, increased epithelial proliferation and probably
inhibited apoptosis in the colonic crypts (22). Hyperproliferative cells are considered an
important risk factor in the development of cancers (17,23). Supplementation of heme or
meat in the diet also increases the number and size of aberrant crypt foci in rat colon (24).
Aberrant crypt foci are pre-neoplastic lesions correlated with tumor incidence in most
studies (25).

We have also shown previously that diet-induced changes in luminal irritants modulate
gene expression of colon epithelial cells (26,27). The most striking result in these studies
was a heme-induced ten-fold down-regulation of a novel mucosal pentraxin (Mptx) (27)
and the differential expression of nine other genes from 365 pre-selected colon-expressed

genes. Five of the nine were down-regulated more than two-fold and four were up-
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regulated more then two-fold (26). These results imply that the expression of these genes
is more susceptible to diet-induced changes in luminal irritants than the response
observed on a physiological marker like epithelial cell proliferation. Therefore, these results
provide us with an additional biomarker to study the response of colon mucosa to changes
in composition of the luminal contents.

Recently we showed that consumption of green leafy vegetables might decrease the risk
of colon cancer because supplementation of the ‘high risk’ heme diet with spinach or an
equimolar amount of chlorophyll prevented heme-induced luminal cytotoxicity and changes
in epithelial cell turnover (22). Chlorophyll is the green pigment ubiquitously present in
green leafy vegetables. The molecular structure of chlorophyll consists of a phytol-
esterified magnesium porphyrin and is therefore a structural analogue of heme.
Concerning the mechanism, we speculated that chlorophyll complexes with heme in the
hydrophobic phase of the luminal contents and blocks the radical-mediated heme
degradation and heme-induced changes in epithelial cell turnover (22,28). This hypothesis
predicts that an equimolar amount of chlorophyll is sufficient to block the reactivity of heme
in the gut lumen. Thus determining the stoichiometry of the dietary chlorophyll and heme
interaction has mechanistic implications. In addition, for the human diet it is important to
determine how much green leafy vegetables are needed to prevent the detrimental effects
of red meat consumption.

Therefore, we performed this study to determine the minimal dose of dietary chlorophyll
required for complete prevention of all detrimental heme-induced effects in luminal

cytotoxicity, epithelial proliferation, and gene expression in rat colon.

Materials and Methods

Animals and diets

The experimental protocol was approved by the animal welfare committee of Wageningen
University and Research Centre. Approximately 8-week-old outbred male Wistar rats (WU,
Harlan, Horst, The Netherlands) were housed individually in metabolic cages in a room
with controlled temperature (20-22°C), relative humidity (50-60%) and light/dark cycle
(lights on 6 a.m. to 6 p.m.). Animals were acclimatized to housing conditions for 5 days

before the start of the experiment.
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The rats were stratified by body weight and assigned to one of the six dietary groups
(n=8/group). Body weight of the animals at the start of the experiment was 298 + 3 g
(mean £ SEM). During two weeks, six groups of eight rats were fed purified humanized
diets (40 % energy as fat, 20 mmol/kg of calcium) as described in detail previously (22).
The diets differed in heme and chlorophyll content. The six groups consisted of a control
group and five heme groups with 0.5 mmol of heme/kg diet (Sigma-Aldrich, St Louis, MO)
in the presence of: 0, 0.125, 0.25, 0.5, or 1.2 mmol of chlorophyll/kg diet (Japan
Chlorophyll CO, Chiyoda-ku, Tokyo), respectively, dissolved in the fat portion of the diet.
Food was administered to the rats just before dark to prevent possible degradation of the
supplements. Food and demineralised drinking water were supplied ad libitum. Food
intake and body weights were recorded every 2-4 days. Feces were quantitatively

collected during days 11-14 of the experiment and frozen at -20°C.

In-vivo colonic epithelial proliferation

After fourteen days of experimental feeding, colon epithelial cell proliferation was
quantified by measuring DNA replication in vivo, using *H-thymidine incorporation into
DNA. Non-fasted rats were injected intraperitoneally with [methyl->H]thymidine (specific
activity 925 GBg/mmol; dose 3.7 MBqg/kg body weight; Amersham International,
Amersham, UK) in 154 mM NaCl. After 2 h the rats were killed by CO, inhalation. The
colon was excised and opened longitudinally. Colonic contents were removed by rinsing.
The mucosa was scraped and divided in two equal parts. One part was homogenized in
buffer and analyzed for *H-thymidine incorporation into DNA as described previously (22).

The other half was frozen in liquid N> and used for RNA isolation.

Quantitative real-time PCR

Quantitative real-time PCR was performed to measure relative Mptx, keratin 20 (Krt20)
and carbonic anhydrase | (Ca1) mRNA levels in the colon of control, heme-, and
chlorophyll-fed rats. The liquid N,-frozen colonic scrapings were homogenized (Ultraturrax
Pro200: Pro Scientific Inc., Monroe, CT, USA) directly in ice-cold TRIzol reagent
(Invitrogen, San Diego, CA, USA) and total RNA was isolated according to the
manufacturers protocol. One microgram of Rneasy (Qiagen, Venlo, The Netherlands)
purified total RNA was used for cDNA synthesis using iScript cDNA synthesis kit (Bio-Rad,
Veenendaal, The Netherlands). Primers used for PCR: aldolase A (Aldoa) (BC064440;
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forward, pos 142-164; reverse pos. 310-332), beta actin (Actb) (NM_031144; forward, pos.
347-369; reverse, pos. 636-662), Mptx (AY426671; forward, pos. 17-40; reverse, pos.210-
237), Cal (XM_226922; forward, pos.577-599; reverse, po0s.679-700), and Krt20
(NM_173128; forward, pos.1067-1086; reverse, pos.1236-1255).

For each reaction 2 pl of a 100X diluted cDNA sample was added to 23 pl pre-mix
containing 0.4 uM of each primer and 12.5 pl 2X iQ SYBR green supermix (Bio-Rad,
Veenendaal, The Netherlands). The sample was incubated at 95°C for 3 min, followed by
40 amplification cycles (15 s 95°C, 45 s 60°C) using the MyiQ Single-color real time PCR
(Bio-Rad). Each sample was processed in duplicate and the PCR products were subjected
to melting curve analysis. A negative control without cDNA template was run with every
assay. Standard curves for Mptx, Krt20, Ca1, and the reference genes were generated,
using serial dilutions of a reference sample (colon cDNA synthesized from a mixture of all
RNA samples). Data were normalized against the housekeeping genes Aldoa and Actb

(both assumed to be unaffected by dietary treatment).

Cytotoxicity of fecal water

Fecal water was prepared by reconstituting a small amount of freeze-dried feces with
double-distilled water to obtain physiological osmolarity of 300 mOsmol/l, as described
earlier (20). After centrifugation, the fecal waters were stored at —20°C until further
analysis. Cytotoxicity of fecal water was quantified by potassium release of a human
erythrocyte suspension after incubation with fecal water as described previously (20) and
validated earlier with human colon carcinoma-derived Caco-2 cells (29). The potassium
content of the erythrocytes was measured with an Inductive Coupled Plasma Absorption
Emission Spectrophotometer (ICP-AES) (Varian, Mulgrave, Australia) and cytotoxicity of

fecal water was calculated and expressed as percentage of maximal lyses.

Chemical analyses of feces

One of the important physiological functions of colonocytes is the reabsorption of minerals
and water. Therefore, we measured the fecal cations sodium and potassium as markers
for colon epithelial function. Feces were treated with 5% trichloroacetic acid for 1 h at room
temperature and centrifuged for 2 min at 14 000 g. The supernatants were diluted with

0.05% CsCl, and sodium and potassium were analyzed with an ICP-AES.
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The total amount of heme excreted in feces was determined by a previously described
HemoQuant assay (30). To quantify heme in feces, an acidified chloroform-methanol
extract (31) was obtained from 30 mg freeze-dried feces (final HCI concentration 1 M). The
chloroform phase of the extracted samples was dried under nitrogen and dissolved in 0.45
ml 250 mM KOH. Subsequently, 0.45 ml double-distilled water, 3.75 ml 2-propanol, and
0.75 ml 1.15 M HCI was added to the samples and assayed for their heme content as
described (30).

Quantification of epithelial DNA in feces

Host DNA in rat feces was quantified with real-time PCR as a marker for epithelial
exfoliation (22,32). In short, DNA was isolated from rat feces using the QlAamp DNA stool
mini kit (Westburg, Leusden, The Netherlands) and quantified with real-time PCR using rat
specific primers and a probe with the B-globin gene as target sequence. Quantification of
the DNA levels in feces was done against a standard curve of DNA isolated from rat

spleen.

Chlorophyll — heme interaction in vitro

We studied whether heme interacts with chlorophyll and thus keeps the hydrophobic
chlorophyll in aqueous solution after centrifugation. For comparison we used the known
surfactants taurocholate (TC) (Sigma) and taurodeoxycholate (TDC) (Sigma). Heme stock
solution (in 50 mM NaOH) was diluted in 50 mM phosphate buffer, pH 7.0, in 150 mM
NaCl, to obtain a concentration range from 0 to 15 yM heme. Furthermore, TC and TDC
stock solutions (in water) were diluted in PBS to obtain a concentration range from 0-5
mM. Chlorophyll A (Sigma) (in ethanol) was added to the diluted surfactants with a final
concentration of 15 uM in the assay. Subsequently, the mixtures were mixed, incubated for
15 min at 37°C, and centrifuged for 5 min at 20 000 g. Solubility of the chlorophyll in the
supernatant was quantified by measurement of the absorption at 667 nm using a
spectrophotometer (Lambda 2; Perkin Elmer, Norwalk, CT). The results were verified by

measurement of magnesium in the same supernatants on an ICP-AES.
Statistical analysis

All results are expressed as mean + SEM (n=8 per group). We used Statistica 6.1 (Statsoft

Inc., Tulsa, USA) for statistical analyses. Differences between the heme group and the
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other dietary groups were tested for their significance using a Kruskall-Wallis ANOVA,
followed by the non-parametric Mann-Whitney U test as a post-hoc test, as several
parameters were not distributed normally. Bonferroni correction was made for the number

of comparisons (n=5). Differences were considered statistically significant when P < 0.05.

Results

Animals fed the control or the experimental diets with heme and chlorophyll had similar
food intakes (19.6 + 0.7 g dry weight / day). No differences in growth rate (4.1 + 0.4 g /
day) or fecal output (0.8 £ 0.1 g dry weight / day) were observed (data not shown).

Effects in colonic lumen

The effects of the dietary treatment on the concentration of luminal irritants in the soluble
fraction of the feces were measured with an in vitro cytotoxicity bioassay. Figure 1 shows
that the cytotoxicity of fecal water of heme-fed rats increased approximately seven-fold
compared with the non-heme supplemented rats. Fecel water of rats fed a diet with a
combination of 0.13 mmol/kg of chlorophyll and heme also had an approximately seven-
fold increase in cytotoxicity. However, 0.25 mmol/kg of dietary chlorophyll or higher

prevented the heme-induced cytotoxicity completely.
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Figure 1. Effect of dietary heme and heme plus different concentrations of dietary chlorophyll on cytotoxicity
of fecal water of rats, determined with an erythrocyte bioassay. The results are expressed as mean + SEM, n

= 8. *Different from heme group, P < 0.05.
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Reabsorption of electrolyte-rich fluids, i.e. water rich in sodium and potassium ions, is one
of the physiological functions of the colon. To examine whether dietary treatment alters
this function, we measured the concentration of these cations in the feces. Dietary heme
greatly increased the total fecal cations/day (Table 1). However, the combination of heme
with a dose of 0.13 mmol/kg of chlorophyll prevented the heme-induced increase, and
mixing heme with 0.25, 0.5, or 1.2 mmol/kg of chlorophyll completely normalized the
values to levels observed in the rats fed the control diet.

We demonstrated previously that heme-induced cytotoxicity coincides with extensive
luminal degradation of ingested heme (22,33) and that addition of spinach or chlorophyll to
a heme diet inhibited this effect (22,28). Table 1 shows how different amounts of dietary
chlorophyll supplemented to the heme diet modulated intestinal heme degradation. The
rats not fed heme excreted a background level of ~0.3 pymol of heme/day in the feces,
while rats on a diet supplemented with 0.5 ymol/kg of added heme excreted ~2 umol of

heme/day.

Table 1. Effect of heme and chlorophyll on the concentration of fecal cations and fecal heme excretion.

Group 1 2 3 4 5 6
Heme

0 0.5 0.5 0.5 0.5 0.5
(mmol/kg diet)
Chlorophyll

0 0 0.13 0.25 0.5 1.2
(mmol/kg diet)
Total fecal cations’

102 +13* 633 £ 37 260+ 17 * 52+ 7~ 71+£10* 81+9*

(umol/day)

Heme excretion
024+0.02* 192+0.21 279+025 505+045* 7.33+045* 597+0.32*
(umol/day)

'Total fecal cations represent the sum of the daily output of sodium and potassium. Results are expressed as

mean + SEM, n = 8. * Different from heme group, P < 0.05.

Addition of 0.5 mmol/kg of chlorophyll to the heme diet increased excretion of heme to an

average of ~7.5 ymol/day. As intake of heme was almost equal in all heme-fed rats
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(because all rats had similar food intakes), this result indicates that chlorophyll prevents
intestinal catabolism of heme with saturation of the effect at equimolar concentrations of

chlorophyll and heme in the diet.

Effects on colonic cell turnover

We measured proliferation of the colonic epithelial cells in vivo to determine whether diet-
induced changes in luminal irritants influence the turnover of epithelial cells. Rats fed the
heme diet showed a ~100% increased proliferation compared with the non-heme fed
group (Fig. 2A). The lowest dose of 0.13 mmol/kg of chlorophyll added to the heme diet
did not prevent the heme-induced hyperproliferation of colon epithelial cells. In contrast,
doses of 0.25 mmol/kg of chlorophyll or higher mixed with the heme diet prevented heme-

induced hyperproliferation completely.
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Figure 2A. Effect of dietary heme and heme plus different concentrations of dietary chlorophyll on colonic
epithelial cell proliferation, determined by in vivo [methyl-3H]thymidine incorporation into colonic mucosa of

rats. The results are expressed as mean + SEM, n = 8. *Different from the heme group, P < 0.05.

We also studied the amount of host DNA in the feces of the rats as a marker for the
presence of exfoliated epithelial cells (32). Figure 2B shows that dietary heme reduced

the amount of host DNA in the fecal matrix to almost zero compared with the non-heme
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fed rats. Addition of 0.13 mmol/kg of chlorophyll to the heme diet did not prevent this
heme-induced effect. However, concentrations of dietary chlorophyll of 0.25 mmol/kg or
higher added to the heme diet prevented the heme-induced decrease in fecal host DNA to

similar values as observed for the non-heme fed rats.
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Figure 2B. Effect of dietary heme and heme plus different concentrations of dietary chlorophyll on the level
of host DNA detected in feces of rats, quantified by real-time PCR. Note that a log scale is used for the y-

axis. The results are expressed as mean + SEM, n = 8. *Different from the heme group, P < 0.05.

These results show that the minimal dose of chlorophyll necessary to prevent heme-
induced detrimental effects varies between 0.25 and 0.5 mmol/kg of chlorophyll. This
variability may be due to different sensitivities of the markers used. Therefore, we also
studied the protective effect of chlorophyll on the expression of some colon-expressed
genes that were shown previously to be the most sensitive mucosal markers of diet-

induced changes in the amount of luminal irritants (26,27).

Effects on colon epithelial gene expression
Van der Meer-van Kraaij et al. (26) showed that dietary heme induced a greater than two-
fold differential gene expression in colon epithelial cells for ten genes from 365 pre-

selected genes expressed in the colon mucosa (26). The three genes with the highest
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heme-induced fold-changes were Mptx, which was more than ten-fold down-regulated,
and Ca1 and Krt20 that were up-regulated more than two-fold (26,27). These changes in
gene expression of epithelial cells seem to be a signature of the dietary treatment. The
function of these changes in gene expression did not immediately provide a clear
mechanistic explanation for the physiological effects demonstrated by the colon mucosa
on the irritants present in the gut lumen (26). Furthermore, the function of Mptx, one of the
10 genes modulated by heme is unfortunately still unknown. We used quantitative real-
time PCR to study the response of the colon mucosa on the presence of heme in
combination with different concentrations of chlorophyll in the luminal contents. In line with
our previous studies we reproduced the greater than ten-fold heme-induced down-
regulation of Mptx and up-regulation of Ca1 and Krt20 (Fig. 3A, B, and C). Dietary
chlorophyll prevented the heme-induced changes of Mptx, Ca1, and Krt20 when mixed
with the heme diet in a concentration of 0.5 mmol/kg or higher.

Together, these results demonstrate that all heme-induced detrimental effects on
the colon mucosa can be prevented by an equimolar dose of chlorophyll in the diet, which
suggests that chlorophyll has a high affinity to block the metabolism of heme. To study this

interaction we designed an in vitro solubilization assay for chlorophyll.

92



10

0.1

Relative Mptx expression in colon

0.01

g
=}

1.5

1.0

0.5

Relative Ca1 expression in colon

0.0

2.0

1.5

1.0

0.5

Relative Krt20 expression in colon

0.0

Equimolar chlorophyll prevents heme effects |

*
*

-

<& Control
-®-Heme (0.5 pymol/g)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Dietary chlorophyll (mmol/kg)

*

=t
*
*

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Dietary chlorophyll (mmol/kg)

0]
*
.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Dietary chlorophyll (mmol/kg)

Figure 3. Effect of dietary heme and heme plus different concentrations of dietary chlorophyll on: the relative

expression of (A) Mptx, (B) Ca1, and (C) Krt20 in colonic epithelial cells, determined by quantitative RT-

PCR. Expression values represent mRNA levels relative to aldoa mRNA, similar results were obtained with

mRNA levels relative to actb mRNA. Note that a log scale is used for the y-axis in A. The results are

expressed as mean + SEM, n = 8. *Different from heme group, P < 0.05.
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Interaction of chlorophyll and heme in vitro

Chlorophyll is insoluble in water and soluble in organic solvents. We hypothesized that if
heme binds chlorophyll, it might dissolve the hydrophobic chlorophyll in an aqueous
solution, because heme is an amphipathic surfactant. As shown in Figure 4, this is indeed
the case; in fact, heme dissolved chlorophyll much more efficiently then the known
hydrophobic bile salts taurodeoxycholate and taurocholate. Comparison of the effective
concentration (ECsg) dissolving half of the chlorophyll showed that heme is able to dissolve
chlorophyll in a much lower concentration than taurodeoxycholate and taurocholate (ECso:
0.6, 15, and 30 umol/l, respectively). Comparison of the concentration of magnesium in the
supernatants with standard solutions resulted in similar ECso values as described above
(data not shown). Thus chlorophyll has a high hydrophobic binding affinity for heme which

is much higher than that for bile acids.
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Figure 4. The effect of heme, taurocholate (TC), and taurodeoxycholate (TDC) on the solubility of chlorophyll
in a phosphate buffered solution (pH 7.4). After centrifugation, chlorophyll was measured in the supernatant

in a spectrophotometer at 666 nm. A representative graph of three independent experiments is shown.
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Discussion

This study demonstrated that the minimum dose of chlorophyll required for prevention of
all heme-induced changes in luminal cytotoxicity, epithelial proliferation, and gene
expression in rat colon is 0.5 mmol/kg diet, which is the concentration equimolar to heme.
Preliminary work demonstrated that dietary heme-induced cytotoxicity injured the colon
surface epithelium (22). Furthermore, heme increased the output of fecal cations (20),
which reflected an impaired reabsorption capacity of the colon due to the damaged
colonocytes. Addition of chlorophyll to the heme diet prevented this heme-induced
increase in fecal cation excretion. Thus chlorophyll prevents heme-induced damage to
colonocytes and as a consequence normal reabsorptive functions of the colon are
maintained.

The increased luminal cytotoxicity (20,22) in diets high in heme content is due to the
presence of an unknown cytotoxic heme metabolite (20) and is completely prevented by
dietary antioxidants (24). The formation of this cytotoxic heme metabolite coincides with
lipid peroxidation in the gut lumen catalyzed by heme (20,28). Supplementation with
dietary chlorophyll prevented this heme-induced lipid peroxidation (22).

In previous experiments, we used a dose of ~1.2 mmol/kg of chlorophyll to prevent fecal
water cytotoxicity and colon epithelial hyperproliferation induced by 0.5 mmol/kg of dietary
heme (22,28). In the present study, a chlorophyll dose of 0.25 mmol/kg prevented heme-
induced luminal cytotoxicity and changes in epithelial cell turnover. However, heme
degradation was maximally prevented at a dose of chlorophyll of 0.5 mmol/kg.

To substantiate the optimal effective dose, we analyzed the effects of dietary chlorophyll
on heme-induced differential colonic gene expression as a more sensitive marker.
Previous experiments (26,27) showed that diet-induced changes of the composition of the
luminal contents resulted in a gene expression signature for each dietary treatment. As a
marker for changes in colonic gene expression, we studied the differential gene
expression of Mptx (that was down-regulated) and Ca1 and Krt20 (that were up-regulated)
by dietary heme (26). Maximal prevention of the heme-induced differential gene
expression was reached at a dose of 0.5 mmol/kg of chlorophyll and demonstrated that the
changes in colonic gene expression were indeed more sensitive to dietary changes than

other markers.
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Our results show that all heme-induced detrimental effects on the colon mucosa can be
prevented by an equimolar dose of chlorophyll in the diet. Previous in vitro studies
demonstrated that the similar porphyrin structure of heme and chlorophyll forces them to
accumulate in a hydrophobic environment (28). Chlorophyll has additional hydrophobicity
because of its phytol tail, which is retained during intestinal passage (34,35). We
hypothesized that a similar preference of chlorophyll and heme for the hydrophobic phase
in the gut luminal contents creates an opportunity for chlorophyll to form a complex with
heme (28).

For the formation of this complex, high affinity of chlorophyll for heme is a prerequisite. To
test whether such affinity exists, we performed an in vitro solubilization experiment.
Without surfactant, chlorophyll precipitates from the aqueous suspension but interaction
with a surfactant solubilizes chlorophyll. We found that the affinity of chlorophyll to heme
was 25 to 50-fold higher than for the hydrophobic bile acids taurodeoxycholate and
taurocholate, respectively. This high affinity supports our hypothesis of the formation of a
complex between heme and chlorophyll that prevents radical-mediated heme degradation
and formation of the cytotoxic heme metabolite.

Based on these results, we propose the following mechanism (Fig. 5A and B). In the
control diet heme accumulates at the water-lipid interphase of the gut contents. There they
are present as monomers because of charge repulsion by their negative propionic side
chains. Chlorophyll complexes these heme monomers in porphyrin stacks, blocking the
reactivity of heme. The size of these stacks may vary from simple heterodimers to
polymers of alternating heme and chlorophyll porphyrins. Depending on the size of these
stacks about an equimolar amount of chlorophyll is required to trap all heme molecules.
Additional research is necessary to determine the precise molecular interaction between
chlorophyll and heme and how this blocks the pro-oxidant activity of heme.
Epidemiological studies often show no association between the consumption of total meat
and the risk of colon cancer (36,37). In contrast, there is substantial evidence that
consumption of high amounts of red meat and processed meat increase the risk of colon
cancer (4-7). A protective effect on colon cancer risk was reported with high vegetable
consumption (2,9). This evidence was particularly consistent for the consumption of raw
vegetables and green leafy vegetables (11). However, several recent large cohort studies
obtained inconsistent results for the association between vegetable consumption and the

risk of colon cancer (12,38).
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Water
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Figure 5. Cartoon of heme (A) and our proposed chlorophyll-heme stacking at the water-lipid interphase in

the gut lumen (B).

An explanation for these inconsistent findings might be that total grams of different types of
meat or vegetables are used as a measure of dietary intake. However, total grams of
meats or vegetables mask a possible association with specific components such as heme
or chlorophyll, because the concentration of heme in different types of meat and of
chlorophyll in vegetables varies enormously (39,40). Beef, for example, has a high content
of heme ~0.5 pmol/g wet weight compared with 0.03 umol/g for chicken (39). Furthermore,
green leafy vegetables such as spinach are high in chlorophyll with ~1 pmol/g wet weight,
in contrast to, for example, broccoli that has a low content of chlorophyll with ~0.1 pmol/g
(40,41). Therefore, we suggest that future epidemiological studies might use amounts of
modulating ingredients, such as heme and chlorophyll, instead of total grams of meat and
vegetables to determine risk exposure. Extrapolation of our results on the molar ratio of
chlorophyll and heme in the animal diets to the human diet indicates that people
consuming ~150 g of beef have to eat ~75 g of spinach or ~750 g of broccoli (40) to
deliver enough chlorophyll to neutralize the detrimental effects of heme from beef.

Our proposed stacking of heme and chlorophyll in the gut lumen implies that chlorophyll
has to be consumed together with heme for maximal protection. The need for this
simultaneous consumption might explain why processed meats are even more associated
with colon cancer risk then fresh meat (4,42). Processed meats are frequently eaten

during lunch or as a snack between meals and not in combination with vegetables (43). In
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contrast, consumption of red meat during dinner is most often combined with consumption
of vegetables, at least in the Netherlands (43).

In conclusion, simultaneous consumption of a diet with 0.5 mmol/kg of heme and 0.5
mmol/kg of chlorophyll prevents all heme-induced detrimental effects in rat colon. Further
studies are necessary to elucidate the exact mechanism of the protective effects of

chlorophyll and the applicability of our results to humans.
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Abstract

Background: The evidence for red meat as a determinant of colorectal cancer remains
equivocal, which might be explained by differences in heme content. Heme is the pro-
oxidant, iron-containing porphyrin pigment of meat and its content depends on the type of
meat. Chlorophyll from green vegetables might modify this association.

Methods: The Netherlands Cohort Study was initiated in 1986 when a self-administered
questionnaire on risk factors for cancer was completed by 120 852 subjects aged 55-69
years. After 9.3 years of follow-up through the Cancer Registry, 1535 incident colorectal
cancer cases (869 men and 666 women) were available. Nineteen of the 150 items in the
validated dietary questionnaire related to consumption of specific types of fresh and
processed meat. Heme iron content was calculated as a type-specific percentage of the
total iron content and chlorophyll content of vegetables was derived from the literature.
Results: Multivariate rate ratios (RRs) for quintiles of heme iron intake and colon cancer
were 1.00, 0.98, 1.04, 1.13, 1.29 (p-trend: 0.10) among men and 1.00, 1.31, 1.44, 1.18,
1.20 (p-trend: 0.56) among women, respectively. No consistent associations were
observed for rectal cancer. RRs for colon cancer increased across successive quintiles of
the ratio of heme to chlorophyll among men only (1.00, 1.08, 1.01, 1.32, 1.43; p-trend:
0.01). No associations were observed between fresh meat and colorectal cancer.
Conclusion: Our data suggest an elevated risk of colon cancer in men with increasing
intake of heme iron and decreasing intake of chlorophyll. Further research is needed to

confirm these results.

102



Heme, chlorophyll and colorectal cancer risk |

Introduction

Results from cohort studies suggest that consumption of (fresh) “red” meat is modestly
associated with the risk of colon cancer (1-3). However, results differ between studies and
over time. In some, no association was observed (4), while in others a strong association
was seen (5,6). Recent results from seven cohort studies (7-13) only partly confirm a
modest association with red meat (including processed meat in most cases) (9-12).
Virtually all cohort studies found an increased risk for colon cancer with processed meat
consumption (2,7-12). Results for rectal cancer were inconsistent.

An explanation for the inconsistent and relatively modest associations might be that not
total red meat intake, defined by many authors as beef, pork and lamb, but heme
increases risk. Heme is the iron porphyrin component of hemoproteins, such as
hemoglobin and myoglobin and gives meat its red color. These proteins are digested in the
upper gastrointestinal tract, releasing heme in the gut lumen (14). Heme is a pro-oxidant
that has been previously demonstrated to increase colonic epithelial proliferation and
toxicity of fecal water in rats (15). These effects were specific for heme because equimolar
dietary ferric citrate and protoporphyrin did not increase proliferation and cytotoxicity (15).
Dietary heme was metabolized in the gut lumen and resulted in the formation of a highly
cytotoxic factor that damaged the colonic mucosa (16). This resulted in a compensatory
hyperproliferation of the epithelium, which may increase the risk of colon cancer (17). In
addition, Pierre et al. (18) showed that red meat and heme increased formation of aberrant
crypt foci in rats. A role for heme in colorectal cancer etiology is further supported by
Bingham et al. (19,20). They showed in randomized cross-over experiments in a metabolic
suite that male volunteers, exposed to high amounts of red meat or heme, produced
higher levels of fecal N-Nitroso compounds than when exposed to the same amounts of
white meat or ferrous iron.

Previous results from the Netherlands Cohort Study indicated that fresh meat consumption
as such was not a risk factor for colon cancer (4). However, intake of iron was found to be
a risk factor in men (21). Lee et al. (22) previously reported that the relative risks for
(proximal) colon cancer increased more than twofold across categories of heme iron intake
in the lowa Women’s Health Study, especially among women who drink alcohol. Larsson
et al. (23) also observed an increased risk for colon cancer with a high heme iron intake in

a female Swedish cohort, but the association was equally likely as that for meat as such.

103



| Chapter 6

To date, heme intake is usually assessed by applying a fixed factor to the total iron content
of all meat items, regardless of the origin of the meat. However, it is apparent from the
literature that not only the absolute total iron content differs substantially between meat
from different origins, but also the percentage iron from heme, which is high in beef and
low in poultry and fish (24). In order to assess heme intake more accurately, we took the
origin of the meat, i.e. beef, pork, chicken, etc., into account, by estimating the heme
content of specific types of meat based on published literature.

In addition to a hypothesized positive association between heme intake and colorectal
cancer risk, we hypothesized that chlorophyll, the ubiquitous pigment in green vegetables,
modifies this association. Chlorophyll is structurally similar to heme, as it contains a
porphyrin ring similar to that of heme but with a central, non-reactive, magnesium instead
of iron atom. Chlorophyll may block the reactivity of heme in the gastrointestinal tract and
thus prevent the formation of cytotoxic heme metabolites. We previously demonstrated in
rats that addition of spinach or purified chlorophyll to a heme diet inhibited heme
metabolism in the gut and prevented the heme-induced formation of a cytotoxic factor that
increased colonic cytotoxicity and epithelial proliferation (16).

The aim of this paper was to determine the association of heme in combination with
chlorophyll intake with risk of colorectal cancer in the Netherlands Cohort Study on Diet
and Cancer, a population-based prospective cohort study with 9.3 years of follow-up. To

our knowledge, this has not previously been studied in an observational setting.

SUBJECTS AND METHODS

Study population

The study design of the Netherlands Cohort Study on diet and cancer (NLCS) has been
reported in detail elsewhere (25). The NLCS was initiated in 1986 when a self-
administered questionnaire on dietary habits, lifestyle characteristics, medical history and
other potential risk factors for cancer was completed by 58 279 men and 62 573 women
aged 55-69 years. After baseline exposure measurement, a subcohort of 5000 subjects
was randomly sampled from the large cohort. Following the case-cohort approach, this
subcohort was followed-up for vital status and migration to estimate person time at risk

accumulated in the cohort. The cohort-at-large has been followed-up for incident cancer by
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record linkage to the Netherlands Cancer Registry and the Netherlands Pathology Registry
(PALGA) for 9.3 years (26).

After excluding subjects who reported prevalent cancer other than skin cancer at baseline
and subjects with incomplete or inconsistent dietary information, 869 male and 666 female
cases with primary colon (ICD-O 153.0-153.9) or rectal cancer (ICD-O 154.0 and 154.1)
and 2156 male and 2215 female subcohort members were available for analysis.

The Netherlands Cohort Study (NLCS) has been approved by the institutional review
boards of the TNO Nutrition and Food Research Institute (Zeist) and Maastricht University
(Maastricht).

Questionnaire

The dietary part of this questionnaire consisted of a 150-item semi-quantitative food
frequency questionnaire (FFQ) on the usual intake of food and beverages in the year
preceding the start of the study, which was validated against a 9-day diet record (27). The
Spearman correlation coefficients for fresh meat, processed meat (meat products), fish,
and vegetables were 0.46, 0.54, 0.53, and 0.38 respectively. As the classification of foods
into food groups did not entirely overlap, due to differences in the coding of recipes
between the FFQ and record, the observed correlation between the food groups was likely
to be lower than the true. On average, the FFQ captured between 85 and 98% of the
absolute intake of energy, animal protein and total (fresh) meat assessed by the record,
but only 57% of processed meat.

Questionnaire data of all cases and subcohort members have been key-entered twice and
blinded with respect to case/subcohort status to avoid random and systematic coding

errors.

Assessment of heme iron intake

The FFQ contained 14 items on consumption of meat with the hot meal (mainly fresh
meat, including chicken), 5 items on consumption of processed meat (meat products) used
as sandwich filling and 3 items on fish consumption. To derive an individual serving size of
fresh meat, a question was included on the quantity of meat usually purchased (per
person, per meal). For chicken and fish, standard serving sizes were used. Fresh meat
was defined as meat that has not undergone some form of preservation and includes beef,

pork, minced meat, chicken, liver and other meat (i.e., horse and lamb). Processed meat
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was defined as meat items that have undergone some form of preservation. i.e., smoking,
fermentation, and/or treatment with nitrate and/or nitrite salt (“curing”). Meat items in the
questionnaire were converted into mean daily consumption in grams.

We decided to use the total iron content of each heme-containing food item from the Dutch
Food Composition Database (28), which was used to calculate nutrient intake in the
NLCS, as a starting point, as this takes into account the specific types, cuts and fat
composition of the Dutch food items. To investigate the levels of heme for different types
of meat, poultry and fish, a literature search was performed. The results were used to
derive the mean percentage heme iron relative to total iron for each specific origin of the
meat (i.e., beef, pork, chicken, fish, etc). We selected only those studies that measured
total iron directly and, after lipid extraction, heme iron in the same meat sample (24,29-32).
The average percentages were 65, 39, and 26 for cooked beef, pork, and chicken or fish,
respectively. Multiplying the type-specific percentages of heme iron with the total iron
content (mg/g) yielded heme-iron contents for all heme-containing food items in the NLCS
database. Individual mean daily intake of heme iron was assessed by multiplying the

estimated heme-iron content with the mean daily intake of the relevant food items.

Assessment of chlorophyll intake

With regard to vegetable consumption, participants were asked to report their frequency of
consumption of a number of vegetables, both in summer and in winter. Usual serving sizes
were asked for string beans and cooked endive only, the mean of which served as an
indicator for serving sizes of all cooked vegetables (33). Standard serving sizes were used
for lettuce and other raw vegetables. For tomatoes and sweet peppers, consumption was
asked in pieces per week and month respectively, during summer and winter. We used the
derived individual portion sizes to convert these frequencies and amounts to consumption
in grams per day. Items included in the questionnaire covered almost all vegetables and
fruits eaten regularly at baseline measurement.

To assess chlorophyll intake, publications reporting chlorophyll content in vegetables were
searched. However, this information appeared to be scarce in published literature. Khachik
et al (34) reported total chlorophyll contents for: broccoli, cabbage, spinach, brussels
sprouts, and kale. We classified all vegetables from the NLCS food frequency
questionnaire into five categories most resembling these five vegetables analyzed by

Khachik et al. Throughout the classification of the vegetables we also took the level of
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green coloring, assumed to correlate with chlorophyll content, and the shape of the
vegetables into account, as vegetables growing on a head usually have a core that is pale
compared to the outer leaves. The five vegetable categories were: not green colored
(white, yellow, red etc) vegetables (0 mg/100 g), pale green vegetables with a light core
(leek, broad beans, 2 mg/100 g), green vegetables (brussels sprouts, green cabbage,
green beans, green peppers, 6 mg/100 g), green leafy vegetables (endive, spinach,
lettuce, 130 mg/100 g), dark green leafy vegetables (kale, 185 mg/100 g).

To check our classification of the vegetables included in our questionnaire but not
analyzed by Khachik et al, we also measured the chlorophyll content of some of these
vegetables relative to that of spinach, which was used as reference. We extracted
chlorophyll from freeze-dried endive, lettuce, tomato, and spinach (bought in a local
supermarket) by washing them with 80% acetone until colorless (35). The concentration
chlorophyll in the extracts of these vegetables was determined by comparing their
absorption spectra with those of standard chlorophyll a and b solutions in 80% acetone
(Sigma) on a spectrophotometer (Lambda 2; Perkin Elmer, Norwalk, CT). Our
classification of the vegetables concerned in the five chlorophyll categories was in
agreement with their classification based on the chemical analysis. Mean daily intake of
chlorophyll was calculated by multiplying the estimated chlorophyll content of the

vegetables with their respective intake.

Statistical analyses

All analyses were conducted separately for men and women. Cox proportional hazards
models were constructed to estimate hazard ratios and 95% confidence intervals relating
intake of heme iron and chlorophyll to the incidence of colorectal, colon and rectal cancer
(Stata version 9; Stata Corporation, College Station, Texas). The proportional hazards
assumption was tested using Schoenfeld residuals. Because of the case-cohort design,
the 95% confidence intervals were corrected for the additional variance introduced by
using a random sampled subcohort instead of the complete cohort, by using the robust
option. Rate ratios for heme iron were estimated for quintiles based on the sex-specific
distribution in the subcohort and as a continuous variable with an increment of 1 mg/day.
Two-sided tests for trend in the rate ratios were assessed by fitting ordinal exposure

categories as continuous variables. To evaluate whether early symptoms of disease
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before diagnosis could have influenced the results, early cases (diagnosed within 2 years
after baseline) were also excluded from the analyses.

Age at baseline, education, cigarette smoking, non-occupational physical activity, body
mass index, intake of energy, alcohol, folate, and fiber and total vegetable consumption
were considered as potential confounders based on their association with risk of colorectal
cancer. Of these, age at baseline (years), cigarette smoking status (never, former,
current), non-occupational physical activity (<30, 30-60, 60-90, >90 min/day), body mass
index (continuous, kg/m?), alcohol intake (gender-specific categories), and total vegetable
consumption (continuous, g/day) were included in the confounder-adjusted models as they
were associated with heme intake and appeared to affect the RR estimates. Family history
of colorectal cancer in first or second degree relatives, a strong determinant of colorectal
cancer risk, was added to the multivariate models to reduce residual variation.

To evaluate the combined effect of heme and chlorophyll on the risk of colorectal, colon
and rectum cancer, indicator variables were included in the regression model, representing
tertiles of heme iron by tertiles of the intake of chlorophyll, using the lowest tertile of heme
and the highest tertile of chlorophyll as the reference category. Total vegetable
consumption was analyzed in the same manner. Presence of effect modification (on the
multiplicative scale) was tested using the interaction term of the continuous heme and
chlorophyll variables. Biological interaction was assessed by comparing the sum of the
main effects with the combined effect (36). In addition, risk of colorectal cancer was
estimated for quintiles of the molair ratio of heme to chlorophyll. Subjects with a high score
on an error index for measurement of vegetable consumption, which was available in the
dataset (33), were excluded from this analysis to avoid unrealistic high and low ratios.
Colon cancer was also divided in proximal (cecum through transverse colon; ICD-O codes
153.0,153.1, 153.4, 153.5, 153.6) and distal cancer (splenic flexure through sigmoid colon;
ICD-O codes 153.2, 153.3, 153.7) for the analyses of main effects of heme, chlorophyll,
and the heme/chlorophyll ratio.

Modification of the heme-colorectal cancer association by alcohol consumption was
assessed by dividing subjects in three (gender-specific) categories of alcohol

consumption.
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Results

A description of the 869 male and 666 female colorectal cancer cases and 2156 male and
2215 female subcohort members is presented in Table 1. On average, cases were older,
more overweight, and more likely to report a family history of colorectal cancer than
members of the subcohort. Heme intake was higher among men compared to women and
heme intake was positively associated with BMI, total energy and alcohol intake, fresh
meat, processed meat, and total vegetable consumption in both genders.

Table 2A and B presents rate ratios for heme intake and colorectal cancer estimated in a
Cox proportional hazard model. After adjustment for confounders, there was an indication
of a consistent positive, but not statistically significant association between heme iron
intake and risk of colorectal and colon cancer in men, which became more evident after
exclusion of cases diagnosed in the first 2 years of follow-up (Table 2). The RR for colon
cancer and the continuous heme variable was 1.16 (95% CI: 0.94-1.43) per increment of
heme intake of 1 mg/day. After additional adjustment for fresh and processed meat, the
RR increased to 1.38 (95% CI: 0.99-1.92) per increment of 1 mg heme per day. No
association was observed for male rectal cancer, or for both cancer sites among women.
Results for proximal and distal colon cancer showed that the associations were not
confined to a particular site (data not shown).

Table 3 presents rate ratios for heme-related variables that may alternatively explain the
relation between heme intake and colon cancer. Whereas among men no association was
observed between total iron and fresh meat and colon cancer, a small increased risk was
seen for men eating more than 20 g processed meat per day (RR: 1.33; 95%CI: 0.89-
1.99).
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The combined effect of heme and chlorophyll intake was evaluated by calculating the risk
of colorectal cancer for heme in tertiles of chlorophyll intake (Tables 4 and 5). The
category that we hypothesized to be associated with the lowest risk (low heme in
combination with high chlorophyll) was used as the reference category. High intake of
heme in combination with low intake of chlorophyll appeared to be associated with an
elevated risk of colon cancer in men (RR: 1.58; 95%CI: 0.99-2.54). There was no evidence
of effect modification on the multiplicative scale (p-value for interaction: 0.40) and weak
evidence for biological interaction assessed on the additive scale. Similar results were
observed for the combined effect of heme and vegetables, although the dose-response
association was less consistent. The hypothesized highest risk category corresponded
with a RR of 2.02 (95% CI: 1.22-3.34) compared to the lowest risk category. Neither for
male rectal cancer nor for female colon or rectal cancer an association emerged in the
hypothesized direction. We also estimated the heme colon cancer risk for the molar ratio
of heme to chlorophyll. Multivariate RRs (95% ClIs) for successive quintiles of the
heme/chlorophyll ratio compared to the lowest quintile were 1.08 (0.77-1.51), 1.01 (0.72-
1.41), 1.32 (0.95-1.84), and 1.43 (1.03-1.97) in men (p-value for trend: 0.01) (Fig. 1) and
1.33 (0.94-1.87), 1.15 (0.81-1.64), 1.34 (0.95-1.89), and 1.12 (0.78-1.59) in women (p-
value for trend: 0.61). These results were very similar for proximal and distal colon cancer
(data not shown).

Tables 4 and 5 also address the association of heme and colorectal cancer across three
levels of alcohol consumption. In men, no evidence of a differential association was
observed. In women, a small elevated risk of colon and rectal cancer was observed for
those in the highest tertile of heme intake and drinking more than 5 g alcohol per day as
compared to non-drinkers with a low heme intake (RR for colorectal cancer: 1.48, 95% CI:
1.00-2.19).
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Rate ratio
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Figure 1. Rate ratios (dots) and 95% confidence intervals (vertical bars) of colon cancer in men according to

quintiles of the molar ratio of heme to chlorophyll intake (p-trend: 0.01).

Discussion

In this cohort study with 539 male and 448 female incident colon and 333 male and 185
female incident rectal cancer patients, a small positive association was observed between
heme intake and colon cancer among men, but not among women. After stratification by
chlorophyll intake, the male subjects with the lowest chlorophyll and the highest heme
intake had the highest risk of colon cancer and this was also shown by the statistically
significant positive association between the heme/chlorophyll ratio and colon cancer in
men. No consistent associations were observed for rectal cancer, both in men and women.
The prospective design and the completeness of follow-up of our study (>95% (37))
ensured that information bias due to disease status and selection bias due to loss of
follow-up are unlikely. In addition, the associations did not appear to be spuriously
produced by symptoms of early, but not yet diagnosed disease, as the exclusion of cases
diagnosed within the first two years of follow-up made the associations more evident,

indicating that early cases had a somewhat lower heme intake than later cases.
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Our study also has some limitations. Measurement error can be substantial in dietary
assessment. The validation study of our food frequency questionnaire has shown that it
performs relatively well (27), but measurement error will still have attenuated associations.
Furthermore, as neither heme nor chlorophyll was included in the Dutch food composition
table, the content of these compounds was estimated on the basis of reported levels in the
literature. This may have resulted in additional measurement error, although the estimation
of heme intake was based on more available data than that of chlorophyll intake. However,
although there is a considerable chance of misclassification, it is unlikely that this
misclassification would be differential with regard to the endpoint. Also, heme-iron content
values as calculated in this study (i.e., based on type-specific percentage of total iron
content) appeared to be in reasonable agreement with absolute heme-iron values in meat
and fish available from the same literature sources. Finally, even though our results for
heme support prior biological hypotheses and agree with studies in rats (15) and in
humans (20), we can not rule out the possibility of chance findings within small subgroups.
Previously published results on meat and colorectal cancer risk in the NLCS, based on 3.3
years (4) and 7.3 years (21) of follow-up, showed no association between consumption of
total fresh meat and fish and colon cancer risk in men and women. A positive association
for both men and women was initially observed for processed meat and colon cancer (4),
but diminished, particularly in women, after longer follow-up. The current results for fresh
meat and colon cancer, based on extended follow-up, are still in line with the previous.

The weak, but consistent association between heme intake and colon cancer observed in
men, was driven by consumption of (cooked) beef, which contains 3-4 times as much
heme as (cooked) pork. The contribution of each type of meat to the total fresh meat
consumption was approximately 40, 42, 14, and 4% for beef, pork, chicken, and other
meat (including horse and lamb) in this population. The relative high proportion of pork
may explain the absence of an association with fresh meat in our study. Other cohorts
have frequently used “red meat”, which includes beef, pork and lamb, as key variable in
meat and cancer studies, but have only rarely reported on the association between
colorectal cancer and specific types of meat, also because some frequently used food
frequency questionnaires did not distinguish beef from pork consumption. In North-
American cohorts, consumption of beef is roughly three times higher than that of pork.

However, recent results from the European Prospective Investigation into Cancer and
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Nutrition (EPIC) showed a stronger association of colorectal cancer risk with pork than with
beef plus veal (12).

The rate ratios for heme and colon cancer became stronger when additional adjustment
for fresh and processed meat was performed, indicating that a meat effect, if any, is more
likely to be due to heme and not to other constituents or preparation methods of meat.
Most epidemiologic studies that determined the risk of specific constituents of (red) meat
considered only total dietary iron (38). However, as approximately 90% of the total dietary
iron consists of non-heme iron, associations of total dietary iron with colorectal cancer in
most epidemiologic studies may be attenuated by other compounds contained in the non-
meat sources of this non-heme iron. Two studies examined associations among colon
cancer incidence and dietary intake of heme iron among women (22,23). Both observed
an increased risk of colon cancer with increasing heme-iron intake; however this
association was confined to proximal colon tumors in the lowa Women’s Health Study
(22), whereas the study in Sweden likely observed the association for distal tumors only
(11). In both studies, the positive association between heme iron and colon cancer was
stronger among women who consumed alcohol than among those who consumed little or
no alcohol. Neither study took the type of meat into account in the assessment of heme
iron as they applied a fixed percentage (40%) to the total iron content of all meat items.
Although we did not observe an association between heme intake and colon cancer
among women, we observed a suggestion of an association with colon and rectal cancer
among women who drank more than 5 g alcohol (0-1 glass) per day, which is comparable
to the level above which an effect was seen in lowa and Sweden (22,23).

We did not beforehand anticipate a different association for men and women. However,
there are several plausible explanations for the different findings. An explanation could be
the total intake of heme and chlorophyll. Men are known to consume more food in general
and more meat and relatively less vegetable than women, as was also evident from our
data. Alternatively, it could also be hypothesized that, as women need more iron due to
menstrual losses, and as heme iron is more easily absorbed compared to non-heme iron,
relatively more iron from heme is absorbed in women, so that less heme is available
during lifetime up to menopause to form the cytotoxic factor in the bowel.

Our results are also consistent with those of experimental studies among human
volunteers (19,20). As these studies were conducted in men only, we do not know whether

women would have shown a different effect of red meat and heme.
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Evidence of a protective effect of (green) vegetables for colorectal cancer risk (39,40)
stimulated us to investigate the interaction of heme and spinach in an animal model study.
We demonstrated that spinach or an equimolar amount of chlorophyll inhibited dietary
heme-induced luminal cytotoxicity and damage to colonic mucosa in rats (16). The
addition of chlorophyll to a heme diet prevented the formation of a cytotoxic heme
metabolite. We speculated that chlorophyll traps heme in hydrophobic heme-chlorophyll
complexes in the gut lumen and as a result blocks the pro-oxidant activity of heme (16,41).
This mechanism implies that heme and chlorophyll must be consumed simultaneously.
The present study indicates that an increase in risk is indeed associated with an increase
in the heme iron to chlorophyll ratio, although the evidence for biological interaction
between heme and chlorophyll was not strong. However, our FFQ was not designed to
capture combinations of specific types of meat with specific types of vegetables in the
same meal, even though vegetables are mostly eaten in combination with meat, in
particular in this population with traditional dietary habits. We can therefore expect that
biological interaction, if present, is underestimated, due to dilution effects of the heme and
chlorophyll variables calculated as mean daily intake. A human experimental study has not
observed inhibition of heme-induced formation of N-nitroso compounds by vegetables, but
the vegetables used in that study (broccoli, peas, and Brussels sprouts) were low in
chlorophyll compared to high levels of heme in the type and quantities of meat used (42).
Our rat studies showed only detrimental dietary heme-induced effects in the absence or at
low concentrations of chlorophyll (manuscript in preparation). Furthermore, processed
meats, in contrast to fresh meats, are often not consumed together with vegetables. This
might also explain why the association with processed meats and colorectal cancer is
clearer than for fresh meats.

In conclusion, we hypothesized that heme might be positively associated with colon cancer
risk despite absence of an association with meat and that chlorophyll intake would modify
this association. Our results confirm these hypotheses in part, but further research is

needed, particularly on the role of chlorophyll and the association in women.
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Epidemiological studies show that consumption of diets with a high percentage of red meat
and processed meat, in contrast to white meat, is associated with an increased risk of
colon cancer (1). Consumption of vegetables and especially green vegetables is
associated with a decreased risk of colon cancer (2,3). The mechanism by which
consumption of red meat and green leafy vegetables modulates colon cancer risk is still
unknown. Therefore we studied what molecular mechanism explains the effects of

consumption of red meat and green leafy vegetables on the risk of colon cancer.

Heme

Red meat could be associated with increased colon cancer risk because of its high content
of heme (4,5). Previous studies showed that metabolites of the poorly absorbed dietary
heme increased the amount of irritants in the gut lumen and caused hyperproliferation in
the colon mucosa of rats (6). We recently demonstrated that this epithelial
hyperproliferation was accompanied with injury to the colon surface epithelium (chapter 2).
Furthermore, heme-induced cytotoxicity decreased apoptosis in the colon mucosa. This
implies that heme disturbs cell homeostasis of colonic epithelium. Homeostasis is the
balance between cell proliferation at the base of the crypt and cell loss and death at the

luminal surface (Fig. 1).

< Exfoliation
Homeostasis:

Differentiation
and maturation

Cell loss

Cell proliferation
S R Proliferation

Figure 1. Homeostasis in the colonic crypt. The pacmans represent dietary heme-induced injury to the

surface epithelium.
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Disruption of homeostasis, i.e. increased proliferation and decreased apoptosis, could
increase the risk of acquiring endogenous mutations in tumor suppressor genes and
oncogenes initiating colon epithelial cell carcinogenesis.

Colon tissues of rats fed heme did not show signs of inflammation, indicating that the
integrity of the basal lamina is maintained. We speculate that heme-induced injury to the
surface epithelial cells is repaired by a process of epithelial restitution. During this process
epithelial cells bordering the wound are stimulated to migrate and replace the injured cells,
maintaining integrity of the surface epithelium. This repair process is regulated by
numerous peptide and non-peptide factors that come from the luminal environment or are
produced by a variety of mucosal and submucosal cells (7-9). In the mean time, signals
sent to the stem cell compartment at the base of the crypt (arrows in Fig. 1) stimulate
epithelial proliferation to restore cells lost from the crypt surface.

Besides heme-induced modulation of physiological markers, we also showed that changes
in the amount of luminal irritants modulated gene expression of some colon-expressed
genes (10). Most striking was a heme-induced 10-fold down-regulation of a novel mucosal
pentraxin (Mptx) (10,11). The high fold-changes in expression of colon-expressed genes
imply that the expression of these genes is very susceptible to diet-induced changes in
luminal irritants compared with the response observed on a physiological marker like
epithelial cell proliferation. The functional implications of the changes in gene expression
are unfortunately not yet clear and should be the subject of future research. Nevertheless,
these results provided us with an extra biomarker to study the response of colon mucosa
to changes in composition of the luminal contents. We studied dietary heme-induced
effects in our rat-model only for two weeks, but it was also shown that long-term feeding of
heme, after carcinogen induction, not only increased cytotoxicity but also the number of
aberrant crypt foci in rat colon (12). Aberrant crypt foci are considered early markers for
the development of colon tumors.

Based on current epidemiological evidence combined with our animal experimental results
we suggest that intake of heme modulates colon cancer risk and explains the different

associations between red meat and white meat and the risk of colon cancer.
Heterocyclic amines and apparent N-nitroso compounds

The association between red meat and colon cancer risk might also be explained by the

intake of carcinogens formed during preparation of the meat. When meat is heated to high
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temperatures for a substantial amount of time, mutagenic heterocyclic amines (HCA) are
formed as a result of the reaction between creatinine (from meat or fish), amino acids and
sugars (13). However, an association between HCA exposure and the risk of colon cancer
is questionable because levels of exposure for humans are very low and probably
insufficient to produce cancers by themselves (14-16). In addition, the concentration of
some HCAs in cooked white meat exceeds the level in cooked red meat (17).
Furthermore, mutation fingerprints of human colon tumors are mainly associated with C-to-
T transitions (18) and not with typical G-to-T transversions or G-to-A transitions
characteristic for HCAs (19). We feel, therefore, that it is not likely that HCAs cause the
increased colon cancer risk observed after prolonged high consumption of red meat.
Alternatively, consumption of red meat could increase the presence of N-nitroso
compounds (NOCs), which might be important in colon carcinogenesis. These NOCs are
formed endogenously within the colon from amines and amides produced primarily by
bacterial decarboxylation of amino acids that are N-nitrosated in the presence of a
nitrosating agent, such as NO (20). Transitions of G-to-A in the K-ras gene (oncogene)
observed in colorectal cancers could be characteristic for alkylating agents such as NOCs
(21). However, in our opinion G-to-A transitions are not specific for NOCs. First, NOCs do
not give a specific mutation fingerprint but rather a random profile of transitions and
transversions (22). Second, the G-to-A transition in the sense strand could be equivalent
to a C-to-T transition in the antisense strand, which is characteristic of an endogenous
mutation not repaired after cell division (23). Nevertheless, Bingham and co-workers
(24,25) showed a dose-response effect between red meat consumption in humans and
formation of apparent NOCs in feces, whereas consumption of white meat did not have an
effect on fecal NOC levels (24). Furthermore, recent experiments from Cross et al. (26)
demonstrated that a supplement of heme (as liver paté and blood sausage) almost
mimicked the effect of red meat consumption on the formation of fecal apparent NOCs.
This suggests that heme has a crucial role in the formation of NOCs.

Consumption of green vegetables is possibly associated with a decreased risk of colon
cancer. Therefore, NOC formation was also studied after consumption of a diet with a
combination of red meat and green vegetables but this did not prevent the formation of
apparent NOCs (27). However, this could be due to the use of broccoli, brussels sprouts,
and green peas, which are vegetables with low chlorophyll contents (Fig. 5B, Introduction).

Taken together, apparent NOCs might be important in risk modulation of colon cancer,
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even though the structures of these NOCs and their effects on the colon mucosa are still
unknown. At least, the above results indicate that further studies on the role of heme,

protein, and green vegetable consumption in the formation of apparent NOCs are needed.

Heme, chlorophyll, and chlorophyllin

We studied whether spinach, as a model for green leafy vegetables, modifies the
detrimental heme-induced effects on colonic cell turnover in rats. We were able to show
that all detrimental heme-induced effects were prevented after mixing spinach through the
heme diet (28). Furthermore, the preventive effects of spinach could be totally mimicked
by addition of equimolar amounts of chlorophyll to the heme diet (28). This could imply that
the association between the consumption of green vegetables and a decreased risk of
colon cancer is due to prevention of the detrimental heme-induced effects by chlorophyll.
Chlorophyll is a phytol-esterified magnesium porphyrin and thus a structural analogue of
heme. In an additional rat intervention study we demonstrated that chlorophyllin, a
hydrophilic analogue of chlorophyll, did not prevent detrimental heme-induced effects on
the colon mucosa (29). Thus optimal prevention of the detrimental heme-induced effects
requires intact chlorophyill.

These initial studies used a high dose of chlorophyll (1.2 mmol/kg), which extrapolates to
consumption of 450 g of spinach daily to neutralize the effects of heme in humans.
However, we demonstrated with a dose-response study that even a low dose of
chlorophyll (0.5 mmol/kg) daily prevents all heme-induced changes in luminal cytotoxicity,
epithelial proliferation, and gene expression in rat colon.

Chlorophyll mimicked the effect of spinach entirely when mixed with the heme diet. This
does not imply that chlorophyll is the only protective component in green leafy vegetables
that might decrease the risk of colon cancer. Other components in green leafy vegetables
such as folic acid might also be associated with a decreased risk of colon cancer.
However, we focused on a protective effect of spinach and chlorophyll in the context of an

interaction with heme.

A molecular mechanism
All heme-induced effects are mediated by a cytotoxic heme factor (heme factor), which is a
lipid-soluble covalently modified porphyrin formed in the gut lumen of the rat (30). The

molecular structure of this heme factor is still unknown, which hampers the formulation of a
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molecular mechanism of its formation in the gut lumen. However, based on the increased
presence of lipid peroxidation products in feces of heme-fed rats compared with controls,
we speculate that radical reactions catalyzed by heme are involved in the formation of the
heme factor. This is in line with results showing that antioxidants prevented the heme-
induced cytotoxicity in rat colon (31). Chlorophyll, but not chlorophyllin, inhibited this heme-
induced lipid peroxidation. To simulate heme reactivity in vivo, we studied pro-oxidant
reactivity of heme towards polyunsaturated fatty acids in vitro. Addition of chlorophyll in
this model decreased this reactivity (data not shown). However, the heme-induced
reactivity was also inhibited after addition of chlorophyllin. The discrepancy between
chlorophyll and chlorophyllin preventing the formation of the heme factor in vivo and
inhibiting heme reactivity in vitro might be explained by the molecular characteristics of
these components. Heme and chlorophyllin are both negatively charged under
physiological conditions such as prevail in the intestines. In contrast, chlorophyll remains a
neutral molecule. The negative charges of heme and chlorophyllin might cause repulsive
forces and prevent formation of a complex. However, this does not explain why
chlorophyllin inhibits pro-oxidant heme reactivity in vitro. An alternative explanation is that
heme and chlorophyll dissolve in a hydrophobic environment, while chlorophyllin prefers a
hydrophilic environment (chapter 4). We speculate that dietary heme dissolves in the
hydrophobic phase of the gut contents and catalyzes lipid peroxidation. Chlorophyllin
prefers the hydrophilic phase of the gut contents and is not near heme to scavenge
radicals or obstruct covalent modifications to the heme molecule. In contrast, chlorophyll is
very hydrophobic and, like heme, poorly absorbed in the gut lumen (32,33). Furthermore,
chlorophyll and heme have a high affinity towards each other (chapter 5). Therefore,
chlorophyll might interact with heme and scavenge free radicals or prevent covalent
modifications to the heme molecule in vivo.

We demonstrated that dietary chlorophyll equimolar to heme prevented all heme-induced
detrimental effects. In figure 2A and B we speculate how heme and chlorophyll are
present in the gut lumen. Figure 2A shows a part of a micelle with heme. For simplicity, we
left out interaction of heme with other surfactants such as bile acids, fatty acids and
phospholipids. In this micelle, heme is susceptible to covalent modifications. Figure 2B
shows the interaction between heme and chlorophyll. This interaction prevents the

formation of the heme factor. More insight into the stoichiometry of the heme-chlorophyli
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complex might be obtained in vitro with for example a chlorophyll titration study of the pro-

oxidant reactivity of heme.

Water
phase

Lipid
phase

Water
phase

Lipid
phase

Figure 2. Presence of heme and chlorophyll in the intestinal lumen. Porphyrin ring part of heme molecules in

the micellar phase of the gut contents (A). Interaction of heme and chlorophyll in the micellar phase (B).

If chlorophyll functions as antioxidant in vivo, studying the effect of known fat-soluble
dietary antioxidants such as quercetin or vitamin E on the formation of the heme factor

might provide more insight into the protective mechanism of chlorophyll. Pierre et al. (31)
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have already demonstrated that a mixture of a fat-soluble antioxidant, butylated
hydroxyanisole, and a more water-soluble antioxidant such as rutein inhibited the heme-
induced cytotoxicity and formation of aberrant crypt foci. However, the possible differential

effect of these components is not known.

Effects of heme and chlorophyll in humans

To validate the results we obtained in our rat studies we would like to study the effects of
heme and chlorophyll on the colon mucosa of humans too. However, it should first be
studied whether the heme factor is indeed formed in the intestinal lumen of humans after
red meat or heme consumption. Secondly, sampling of colon mucosal tissue during a diet
intervention study to examine epithelial cell turnover is not easily achieved. An alternative
approach was to study data from the Netherlands Cohort Study on diet and cancer to
examine an association between heme intake and the risk of colon cancer and whether
this association could be modulated by chlorophyll (chapter 6). We were the first to study a
role of chlorophyll in the risk of colon cancer and we could demonstrate that increasing the
molar heme to chlorophyll ratio was associated with an increased colon cancer risk in
men. No consistent associations between heme intake and colon cancer risk were
observed in women. Intake of heme to chlorophyll in ratios > 0.5 increased colon cancer
risk in humans, which was close to the ratio heme to chlorophyll of > 1 that induced
detrimental effects on the colon mucosa in rats (chapter 5). The differences might be
accounted for by measurement errors in calculation of heme and chlorophyll intake in
humans, as Spearman correlation coefficients for fresh meat, processed meat (meat
products), fish, and vegetables were only 0.46, 0.54, 0.53 and 0.38 respectively. Possibly
more important is the different timing of heme and chlorophyll intake. Our animal studies
show that simultaneous intake is crucial for the prevention of the detrimental heme-
induced effects. It is likely that people do not consume all green vegetables simultaneously
with red meat. Thus, in humans part of the chlorophyll from green vegetables can not
interact with heme from red meat and this may explain why the critical heme to chlorophyll
ratio is lower in humans than in rats. Since we were the first to study the association
between heme and chlorophyll consumption and the risk of colon cancer, other cohort
studies, such as the European Prospective Investigation into Cancer might be used to

examine this association further. The more studies supporting our hypothesis the more
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likely the effect of chlorophyll is indeed real, which will eventually lead to better dietary

advice to the general public.

Conclusion

We demonstrated that dietary heme and chlorophyll modulated the cytotoxicity of the
colonic contents and consequently colonic epithelial cell homeostasis in rats (Fig. 3),
which is an important step in early colon carcinogenesis. Furthermore, we verified our
animal experimental data in humans and demonstrated that increasing the heme to
chlorophyll ratio was associated with an increased risk of colon cancer in men. Our results
suggest that chlorophyll interacts with heme (in a molar ratio of heme to chlorophyll of 1 to
1) in the hydrophobic phase of the gut lumen of the rat and prevents the formation of the

cytotoxic heme factor.

Response of Colon

Diet Colonic lumen epithelium carcinogenesis

Normal
epithelium

\ 4
Cell death 4 Proliferation 4*
> Cytotoxicityf -> > .
o Apoptosis ¢
Exfoliation ¢ v
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Spinach » Chlorophyll \d
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Tumor
formation

» Cytotoxic

Heme heme factor

Figure 3. Proposed mechanism of the effects of dietary heme and chlorophyll on carcinogenesis in rat colon.

ACF: aberrant crypt foci.
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Dikke darmkanker is €én van de belangrijkste doodsoorzaken van kanker in de westerse
wereld. In Nederland wordt jaarlijks bij 9000 mensen de diagnose dikke darmkanker
gesteld en 4400 mensen overlijden jaarlijks door dikke darmkanker. De kans dat iemand
darmkanker krijgt, hangt niet alleen af van erfelijke factoren, maar ook van
omgevingsfactoren zoals de samenstelling van de voeding. Uit bevolkingsstudies blijkt, dat
het eten van veel rood vlees de kans op darmkanker met 70% verhoogt, dit in
tegenstelling tot het eten van wit vlees (zoals kip of kalkoen). Regelmatig eten van rauwe
groenten en groene bladgroenten kan de kans op het ontstaan van darmkanker juist
verkleinen. Het onderzoek beschreven in dit proefschrift geeft een mechanistische
verklaring hoe het eten van rood vlees en groene bladgroenten de kans op darmkanker

beinvloedt.

Celhoeveelheid in balans

Voedingsstoffen die niet door de dunne darm worden opgenomen, komen in de dikke
darm terecht. Ze kunnen daar de kans op darmkanker beinvioeden, omdat sommige van
deze stoffen irriterend zijn voor de cellen in de darmwand. Deze irritatie kan leiden tot
beschadiging van de darmwand. Om de wand te herstellen en “gezond” te houden,
moeten de beschadigde cellen vervangen worden en nieuwe cellen versneld worden
aangemaakt. De hoeveelheid cellen in de darmwand is daardoor altijd in balans. Het
verstoren van deze balans verhoogt de kans op darmkanker, want er is minder tijd
beschikbaar om mutaties in het DNA gevormd tijdens de celdeling te repareren.
Opeenstapeling van deze mutaties kan leiden tot ongebreidelde groei van epitheelcellen
en uiteindelijk resulteren in de vorming van darmtumoren. We hebben in eerste instantie in
studies met ratten onderzocht hoe voedingsstoffen de wand van de dikke darm
beinvloeden. Aangezien het darmepitheel van de rat en de mens sterk op elkaar lijkt en
omdat uit eerder onderzoek bleek, dat voedingseffecten op de dikke darm vergelijkbaar
zijn tussen rat en mens, kunnen we de resultaten van onze rattenstudies gebruiken om het

risico voor de mens in te schatten.

Heem
De aanwezigheid van heem (fig. 1A) is een belangrijk verschil tussen rood en wit viees.
Heem is de ijzerdrager van rood vlees, die van belang is voor het zuurstoftransport en

verantwoordelijk is voor de rode kleur van het vilees. Heem is één van de
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voedingscomponenten die slecht wordt opgenomen door de dunne darm en het eten van
veel rood vlees zorgt er dus voor, dat er veel heem in de dikke darm terechtkomt.
Toevoeging van heem aan de voeding van ratten bleek te resulteren in verhoogde
oxidatieve stress waardoor destructieve moleculen, bekend als radicalen gevormd werden.
Deze toevoeging ging ook gepaard met een sterke verhoging van de concentratie
irriterende stoffen in de darminhoud. Dit had tot gevolg, dat de cellen van de darmwand

zich sneller gingen delen.

HO-ﬁI-CHQ CHz CH, CH, - C - OH Phytyl-O-(“J-CHz CH;
I

0] 0 (0] CH30 -T|3

0]

Figuur 1. (A) Moleculaire structuur van heem, (B) moleculaire structuur van chlorofyl, phytyl:
CH,CHC,H3(CH,CH,CH,CoH4)3CHa.

We hebben nu uitgezocht dat deze verhoogde hoeveelheid irriterende stoffen in de
darminhoud inderdaad schade gaf aan de cellen van de darmwand. Verder werd duidelijk
dat niet alleen de celdeling, maar ook het proces van doodgaan van de darmcellen
verstoord was. Heem blijkt de balans in de regulatie van de hoeveelheid cellen in de
darmwand te veranderen. Deze ontregeling kan de kans op afwijkende cellen in de
darmwand sterk verhogen. Hoe heem de verhoogde irritatie veroorzaakt is nog niet
duidelijk. We weten wel dat niet heem zelf, maar een metaboliet van heem
verantwoordelijk is voor de schadelijke effecten van heem. We hebben aanwijzingen dat
heem zich aan andere componenten bindt tijdens het verblijf in de darminhoud en dat de

aanwezigheid van oxidatieve stress belangrijk is voor de vorming van deze verbinding.
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Spinazie en chlorofyl

Zoals eerder gezegd, blijkt het eten van groene groenten de kans op darmkanker te
verminderen. Eén van de belangrijkste kenmerken van groene bladgroenten is de hoge
concentratie aan chlorofyl (Fig. 1B). Chlorofyl is een molecuul dat in de plant betrokken is
bij de fotosynthese. Chlorofyl lijkt qua structuur heel sterk op heem, waardoor we dachten
dat chlorofyl mogelijk de schadelijke effecten van heem kon remmen. Allereerst hebben
we onderzocht, of de effecten van heem in ons rattenmodel geremd konden worden door
spinazie. Dit als voorbeeld van een typische groene bladgroente met een hoge
concentratie aan chlorofyl. Hiervoor hebben we spinazie toegevoegd aan een voeding met
heem en de effecten vergeleken met een controlevoeding en een voeding met alleen
heem. Evenals in voorgaande proeven verhoogde heem de hoeveelheid irriterende stoffen
in de darminhoud en de delingssnelheid van de cellen van de darmwand. Echter, de ratten
die de gecombineerde voeding van heem plus spinazie kregen, bleken geen verhoging te
hebben van de hoeveelheid irriterende stoffen in de darminhoud; met als gevolg dat de
delingssnelheid van de cellen van de darmwand vergelijkbaar bleef met die van de
controlegroep. Om onze hypothese verder te onderzoeken hebben we ook de effecten van
pure chlorofyl getest. Dit onderzoek was deels een herhaling van het spinazie-experiment,
maar nu met een extra groep ratten die een voeding kregen met heem (0.5 mmol/kg) plus
pure chlorofyl (1.2 mmol/kg). Wat bleek... de toevoeging van chlorofyl aan een
heemvoeding gaf dezelfde bescherming als de spinazie! Dit wijst erop, dat chlorofyl de
belangrijkste component in spinazie is die verantwoordelijk is voor de beschermende

werking.

Mechanisme

De belangrijkste moleculaire kenmerken van chlorofyl zijn de aanwezigheid van een
porfyrine ring en een lange “staart” van 20 koolstof atomen. Nadat we het beschermende
effect van chlorofyl gevonden hadden, waren we erg geinteresseerd in het mechanisme
hoe chlorofyl de schadelijke effecten van heem kon voorkomen. Daarom hebben we een
proef gedaan waarbij we chlorofyl vervangen hebben door chlorofyline om te bestuderen
welk deel van het chlorofyl verantwoordelijk is voor het beschermende effect. Chlorofyline
is een water oplosbare vorm van chlorofyl waarbij de lange staart van chlorofyl weg is.

Echter het mixen van chlorofyline met heem resulteerde niet in dezelfde beschermende
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effecten als chlorofyl en geeft dus aan, dat voor de preventie van de schadelijke heem
effecten, het gehele chlorofyl molecuul vereist is.

Verder is bekend dat chlorofyl nauwelijks opgenomen of afgebroken wordt gedurende de
passage door de dunne darm. Hierdoor ontstaat een hoge concentratie chlorofyl in de
dikke darm. Hoe chlorofyl zijn beschermende werking precies uitoefent is nog niet bekend.
Wel is duidelijk dat chlorofyl voorkomt dat heem een irriterende werking uitoefent op de
cellen van de darmwand. Chlorofyl zou kunnen fungeren als antioxidant, waarbij de heem
geinduceerde oxidatieve stress wordt geremd. Een andere optie is, dat heem gevangen
wordt in een complex waarbij chlorofyl verhindert dat er binding van andere componenten
aan heem plaatsvindt. Het exacte mechanisme is echter onderwerp van toekomstige
studies.

In bovengenoemde experimenten werden chlorofyl en spinazie gebruikt in een dosis, die
bij mensen vergelijkbaar zou zijn met een consumptie van ongeveer een halve kilo
spinazie per dag om de effecten van heem te neutraliseren. Om te onderzoeken of deze
hoge dosis vereist was, hebben we een dosis proef gedaan, waarbij we verschillende
concentraties chlorofyl gemengd hebben met het heem voer. Uit deze studie bleek dat de
schadelijke werking van 0.5 mmol/kg heem volledig voorkomen werd door 0.5 mmol/kg
chlorofyl. Concentraties heem en chlorofyl in de verschillende voedingsmiddelen
verschillen sterk (zie fig. 4B en 5B uit de introductie), wat zou kunnen beteken dat de
schadelijke effecten van de consumptie van 150 gram rood vlees worden geremd bij een

gelijktijdige consumptie van 75 gram spinazie of meer dan 750 gram broccoli.

Mensen

Bij voorkeur hadden we deze studies natuurlijk allemaal bij mensen uitgevoerd. Om
praktische redenen zijn we echter begonnen met het bestuderen van voedingseffecten in
ratten. Om toch dichter bij de mens te komen, hebben we de voeding van de deelnemers
aan de Nederlandse Cohortstudie naar voeding en kanker (NLCS) bestudeerd. In deze
studie bekeken we, of het eten van viees en meer specifiek heem geassocieerd was met
de kans op dikke darmkanker en of een eventuele associatie beinvioed werd door het eten
van chlorofyl. Uit de resultaten bleek dat inderdaad het eten van heem een associatie had
met een verhoogd risico op darmkanker bij mannen (alhoewel dit net niet significant was),

in tegenstelling tot het eten van de totale hoeveelheid viees per dag.
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Wij waren de eerste onderzoekers die in mensen de associatie van chlorofyl met het risico
op darmkanker hebben onderzocht. Chlorofyl zelf verminderd niet het risico op
darmkanker maar we konden wel aantonen dat het verhogen van de verhouding tussen
inname van heem en chlorofyl resulteerde in een verhoogd risico (Fig. 2), wat erop kan
duiden dat de verhouding van heem en chlorofyl in de maaltijd belangrijk is voor het risico
op darmkanker. Bij vrouwen zijn geen consistente associaties gevonden tussen heem en
chlorofyl en het risico op darmkanker. De verhouding heem-chlorofyl bij mannen voor een
verhoogd risico was 0,5 en dit was redelijk in de buurt van een verhouding hoger dan 1 die
in de rattenstudies de balans tussen celdeling en celdood verstoorde. De associatie
tussen chlorofyl en heem en het risico op darmkanker zal nu ook in andere studies
onderzocht moeten worden om te bestuderen of het niet een toevallige vinding is geweest

die we hebben gedaan.
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Figuur 2. Relatieve risico op dikke darmkanker bij mannen in de NLCS. Langs de x-as de hoeveelheid
gegeten heem, de y-as de hoeveelheid gegeten chlorofyl en op de verticale z-as het relatieve risico van
dikke darmkanker. Het eten van weinig heem en veel chlorofyl is gesteld op een relatief risico van 1 (1 is

geen invloed van de voeding op het risico).
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Conclusie

De resultaten uit de NLCS laten zien dat het verhogen van de verhouding heem-chlorofyl
geassocieerd is met een verhoogd risico op darmkanker in mannen. Uit onze rattenstudies
blijkt dat de schadelijke werking van irriterende stoffen in de dikkedarminhoud, veroorzaakt
door heem uit rood vlees, geneutraliseerd kan worden door chlorofyl uit groene groenten.
Voorlopige resultaten suggereren dat chlorofyl een interactie aangaat met heem (met een
moleculaire ratio van 1:1) in de darminhoud van de rat. Met als gevolg dat de heem-
geinduceerde verstoring in de balans tussen celdeling en celdood in de darmwand wordt
voorkomen. Dit mechanisme zou kunnen verklaren, waarom consumptie van groene

groenten geassocieerd is met een verminderde kans op dikke darmkanker.
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