
The Effect of Wild Rice on Colon Cancer in Rats

A thesis submitted to the faculty of the University of Minnesota by 

Lindsey Croll

In partial fulfillment of the requirements for the degree of Master of Science 

Faculty Advisor: Dr. Daniel Gallaher

August 2020



 Copyright 2020

  Lindsey Croll

All rights reserved



Acknowledgements

Thank you to Dr. Daniel Gallaher and Cindy Gallaher for all your help and guidance.

Thank you to Dr. Emily Onello for helping us with the project and driving the lake-

harvested wild rice down.

Thank you to Mr. Jeff Savage, Elder of the Fond du Lac Band of Lake

Superior Chippewa, who provided the traditionally harvested and processed manoomin

for this study

Thank you to the Whiteside Institute for Clinical Research in Duluth Minnesota who

funded this research project



Abstract

Colon cancer is one of the leading causes of cancer-related deaths. Diet is a major

environmental factor that can alter the risk of colon cancer. Antioxidants, such as ferulic

acid and y-oryzanol, which are found within wild rice, have been reported to reduce risk

of colon cancer in mice models. However, there are few studies that look at the effect of

whole grains rich in antioxidants, like wild rice, on early morphological markers of colon

cancer risk, such as colonic aberrant crypt foci, or on biochemical markers such as

DCLK1. The purpose of this study was to examine the effect of wild rice on aberrant

crypt foci (ACF) number and DCLK1 expression in carcinogen treated rats fed the Total

Western Diet as a background diet. The rats were adapted to a basal diet for 10 days,

during which they were injected with dimethylhydrazine, a mutagen, to initiate colon

cancer. The rats were then split into three groups, a Basal diet group, Total Western Diet

group, and a Total Western Diet with Wild Rice group and fed their experimental diets

for 12 weeks. At the end of the 12 weeks, the rats were anesthetized, and the tissues were

harvested for data collection and further analysis. ACF were enumerated in the distal

colon using brightfield microscopy after staining with methylene blue. DCLK1 protein

expressing was examined immunohistochemically. There were no statistically significant

differences among the groups in ACF number in the distal colon. However, there was a

reduction in DCLK1 staining within the Total Western Diet with wild rice group when

compared to the Total Western Diet group. As DCLK1-expressing ACF are thought to be

more dysplastic, a state that is considered at greater risk for tumor development, this

suggests that wild rice feeding reduced the number of dysplastic ACF and therefore may

have reduced colon cancer risk.
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Chapter 1: Review of Literature
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Colon Cancer

Incidence

Cancer is the second leading cause of death behind cardiovascular disease, with colon

cancer being the third most diagnosed cancer within the United States and globally (1). In

2019 there was an estimated 101,420 new cases of colon cancer and more than 50,000

estimated deaths (2). Incidence of colorectal cancer is almost equal between men and

women, with men being slightly more at risk than women. According to the CDC, colon

cancer is more common within the black community than among other races in the

United States (2). As with many cancers, the risk of being diagnosed with colorectal

cancer is greater within developed countries (1). Cancer risk varies substantially across

the world but studies have shown that colon cancer is more prevalent within more

“westernized” countries with a higher incidence in Asia, Europe, and North America (3).

The lowest rates of colon cancer are found in Africa and South-Central Asia, where the

population consumes a more vegetable-based diet including whole grains (4).

Environment plays a role in the risk for developing colon cancer. Research examining the

link between environmental risk and colon cancer has ascertained greater colon cancer

risk in those emigrating from a low risk country to a high-risk country. For example, one

study found that US born Japanese men experienced twice the risk as native-born

Japanese men and a 60% increase compared to US born white men (5). It has also been

found that consumption of red and processed meat increased the risk of developing colon

cancer in Japanese men who were living in Japan, providing more evidence that

components of a western-style diet influences cancer risk (6).  Within a large population-



3

based study comparing dietary patterns in Japan it was found that a westernized diet

increased the risk and incidence of colon cancer, whereas a diet consisting of high intakes

of vegetables, fruits, soy products, and noodles decreased the risk (7). The risk of colon

cancer has been found to be roughly 30% higher in those who consume a “western”

dietary pattern compared to those who consumed a healthy dietary pattern (8). Other

studies have found a link between lower socioeconomic status and increased risk for

colon cancer, which may be because behavioral risk factors vary between people who

have higher educational status or economic status. For example, the adoption of healthier

lifestyles and behaviors is more likely within neighborhoods of higher socioeconomic

status (9). Factors that reduce the risk of colon cancer include access to healthy foods,

healthy lifestyle patterns, and access to health care and screening techniques.

Although some risk factors that can be controlled, like dietary habits and lifestyle,

genetics also predispose to an increased risk for colon cancer. Familial Adenomatous

Polyposis (FAP) and Lynch syndrome account for some of the inherited syndromes that

increase a person’s risk for colon cancer (10).  Those with FAP have a risk of colon

cancer between 1-10%, whereas people with Lynch syndrome have a 24-75% increased

risk of developing colon cancer (11). Those who have inflammatory bowel disease and

Crohn’s disease are also at an increased risk due to their elevated state of colonic

inflammation (12).
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Relation to diet

Red and processed meat

Many studies show a link between diet and colon cancer, both regarding prevention and

risk factors. Westernized diets have been found to increase risk of colon cancer. A

westernized diet is defined as high intake of saturated fat, red and processed meats, sugar,

and a low intake of dietary fiber (13). Population-based studies comparing diets high in

red and processed meats versus those made up of more fruits and vegetables have shown

that diets with increased meat consumption correlate with an increased risk of colon

cancer (14). An analysis of dietary patterns within Western New York found that a high-

fat diet was positively associated with increased colon cancer risk in men (15). Other

studies have shown that diets lower in red meat consumption reduce the risk of

developing colon cancer (16, 17). A hypothesized mechanism for this is the increase in

bile acids within the gastrointestinal tract (18). Bile acids are involved in absorption of

lipids and fat-soluble vitamins, and some studies have found that a high dietary fat intake

increases the quantity of bile acids within the gastrointestinal tract (18). Within the colon,

the bile acids are metabolized by the gut flora and converted into secondary bile acids,

which are thought to be a cause of genetic instability within the colon, increasing the

likelihood that malignant cells develop within the colon (19). Other research shows that

the high intake of fat is linked to the development of bacterial flora that degrades the bile

salts into potentially carcinogenic compounds (3).

Obesity and insulin resistance

Obesity due to consumption of a westernized diet leads to an increased colon cancer risk

(20). Obesity leads to metabolic stress and induces a state of low level, chronic
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inflammation that increases cell proliferation while decreasing apoptosis, leading to colon

cancer growth (20). Insulin resistance often occurs secondary to obesity and is

characterized by an impaired response to insulin, resulting in greater insulin secretion

(21). Insulin resistance is linked with changes in DNA synthesis as well as gene

expression. Studies have found that insulin resistance increases levels of insulin growth

factor (IGF), which promotes intestinal epithelial cell proliferation, increasing the

likelihood of a mutation to occur leading to carcinogenesis within the colon (21).

Furthermore, obesity and insulin resistance increase oxidative stress, thereby increasing

TNF-α, an inflammatory cytokine, which has been shown to increase the risk of

carcinogenesis within the colon (21).

Dietary Fiber

A diet that follows the westernized pattern usually lacks in consumption of fibrous foods,

like fruits, vegetables, and whole grains. Fiber increases stool mass and decreases transit

time, which could reduce the time of contact of carcinogens with the colon. However, not

all fiber is created equal, and the viscous, fermentable fiber may have more preventative

properties than other fiber in colon cancer prevention (22). Fermentable fiber, as well as

resistant starch, is broken down by bacteria within the gut, leading to the production of

short-chain fatty acids (SCFA), butyrate, acetate, propionate, which have anti-

inflammatory effects, and help maintain health within the gastrointestinal tract (22).

Butyrate helps to promote the healthy growth of colonocytes and inhibits the growth of

cancer cells (23). It is proposed the butyrate may induce apoptosis and repair damaged

colonocytes during the initiation phase of oncogenesis and reduces the production of pro-

inflammatory mediators (19, 24). The effects of butyrate on colon cancer in
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azoxymethane treated rats shown to significantly reduce tumor size and reduce colon

cancer risk (24). A low intake of dietary fiber reduces the colonic microbiota diversity,

thus reducing the amount of SCFAs, and this dysbiosis of the microbiome may increase

inflammation and cancer risk (19). However, increasing dietary fiber consumption

changes the colonic microbiota and increases the amount of SCFAs produced (25). A

study assessing how a high-fiber, low-fat diet could alter the colonic microbiota, found

that after the two weeks of eating the high-fiber, low-fat diet an increase in colonic

microbiota and a reduction in inflammation (26). Consuming whole grains and a high-

fiber diet is found to have a protective effect against inflammation in the colon, which

reduces the risk of mutations in the colonic epithelium. Populations that consume a high-

fiber diet are found to have a decreased risk colon cancer and other cancers (27, 28).

Characteristics of Colon Cancer

Colon cancer can vary within the colon with right sided colon cancer and left sided colon

cancers. Those who have right sided colon cancer have a worse prognosis than those who

have left sided colon cancer (29). This could be due to better diagnosis with left sided

colon cancer since the symptoms of left sided colon cancer include rectal bleeding and

change in bowel habits, which could prompt more people to get tested. Patients with right

sided colon cancer were found more likely to be older than those with left sided colon

cancer and have more comorbidities, which was found to be attributed to their poor

prognosis (29). Clinically, colon cancer symptoms depend on where the colon cancer is

found, size and if there are metastases. The most common symptoms are abdominal pain,

change in bowel habits, like diarrhea and constipation, blood within the stool, black

stools, fatigue, or involuntary weight loss (30).
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The pathophysiology of colon cancer begins with the development of neoplastic polyps

within the mucosal lining of the colon. These can develop into adenomas which may turn

into a malignant tumor, referred to as adenocarcinomas (30). Colon cancer is thought to

be the result of the accumulation of several genetic abnormalities that contribute to the

rapid and unregulated cell division within the colon leading to dysplasia within the colon.

Genetic instability, found during the initiation phase of adenoma, could be activated by

proto-oncogenes and the inactivation of tumor suppression genes, such as the

adenomatous polyposis coli (APC) gene (31). A mutation within the APC gene is found

to be one of the most common mutations that leads to increased risk of colon cancer (30).

When functioning properly the APC gene is responsible for tumor suppression, however,

in colon cancer a mutation to the APC gene is found, which contributes to the tumor

initiation and the promotion within the colon (32). When there is a mutation to the APC

gene, rendering the gene inactive, it leads to an accumulation of beta-catenin within the

nucleus, which activates other transcription factors leading to intestinal tumorigenesis

(33). This genetic instability is seen in aberrant crypt foci (ACF), early neoplastic lesions

in colon cancer, and is thought to be the earliest stage of the adenoma-carcinoma

sequence of colon cancer (34, 35). A greater number of ACFs within the mucosal lining

of the colon is correlated with the increased risk of the abnormal crypts giving rise to

carcinomas (36).

Measures of Colon Cancer Risk

A well-studied, although controversial measure of colon cancer, are aberrant crypt foci

(ACF), which are defined as crypts that have altered luminal openings, exhibit thickened

epithelia, and are larger than surrounding normal crypts (36). Aberrant crypt foci are the
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earliest morphological changes found in the epithelium during the progression to colon

cancer and have been found in both carcinogen treated mice as well as humans (37).

Increased ACF multiplicity, ACFs with multiple crypts, is shown to be predictive of

tumor incidence within the colon (38). ACF are categorized as either hyperplastic or

dysplastic lesions, with the dysplastic lesions exhibiting more carcinogenic changes when

compared to hyperplastic ACFs (37). A review of epidemiological studies showed that

increased prevalence of ACFs and a higher proportion of dysplastic ACFs was found in

subjects with colon cancer (39). Hyperplastic ACF are more slow-growing and show

normal beta-catenin expression, leading some to believe that they are not involved in

tumorigenesis (40). Dysplastic ACFs are characterized by increased crypt multiplicity,

dysregulation of the Wnt pathway, increased accumulation of beta-catenin within the

nucleus, and mucin depletion, and are associated with tumor development within both

animal models and human models of colon cancer (35, 37, 40).

Dysplastic crypts are identified in animal studies by several different methods. One

method is to observe sections of the colon after staining with methylene blue and rinsing;

it is thought that ACF which retain the dye after rinsing are dysplastic lesions (37). The

colons then go through a second round of staining to categorize them as mucin depleted

crypts or beta-catenin-accumulated crypts. Within humans, dysplastic lesions are detected

through magnifying chemoendoscopes, which can also detect mucin depletion and beta-

catenin-accumulation (37). The number of ACF within the human colon increase with

age and it has been shown that polyps overlap with aberrant crypts giving evidence that

ACF are possible precursors to cancer (41). People with confirmed colon cancer had

higher prevalence of aberrant crypts compared to those without cancer, and dysplastic
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features of aberrant crypts were correlated with increased polyps (41). Mice that were

treated with dimethylhydrazine (a carcinogen) were found to have increased ACF

multiplicity as treatment progressed and showed mucin-depletion, supporting the idea

that dysplastic ACFs are markers for carcinogenesis within the colon (42).

Aberrant crypt foci have been shown to be valid makers for colon cancer, however, other

markers are being studied that are thought to be more useful.  Some markers are being

explored through the cancer stem cell hypothesis, stem cells that undergo mutations and

give rise to malignant cells with the ability to self-renew (43).  One pathway that is being

explored in the regulation of self-renewal and oncogenesis is the Wnt pathway. Wnt

proteins are intracellular proteins that regulate development and can lead to cancer

development when these proteins cause dysregulation (44). Studies looking at epidermal

and gut progenitors suggest that the Wnt pathway may regulate the stem cell self-renewal

pathway and increased levels of β-catenin, which has been associated with carcinogenesis

(44). Increased levels of β-catenin are found within ACFs and are thought to be part of

the increased risk of the aberrant crypt progressing into a cancerous lesion. Wnt signaling

promotes proliferation within the intestinal epithelium and within around 90% of colon

cancers there is a mutation within the Wnt/β-catenin pathway (45). Specifically, the

mutations are found within the APC gene which leads to the Wnt/β-catenin pathway

activation. This leads to an accumulation of β-catenin within the nucleus which is

detected in a majority of colon cancer tumors and higher levels are correlated with a poor

prognosis in colon cancer patients (45).

DCLK1, another colon cancer marker, is expressed in tuft cells, which are found within

the intestinal epithelium and located near the intestinal stem cells (46). The tuft cells
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expressing DCLK1 have been shown to increase substantially during inflammation, such

as the beginning stages of cancer (46). The short isoform of DCLK1 is expressed in

human colorectal tumors, while the long isoform of DCLK1 is expressed by normal

colonocytes (47). Within dysplastic crypts where DCLK1 was expressed, the crypts

expressed more β-catenin within the nucleus when compared to normal crypts (48). Other

studies have shown that high levels of DCLK1 induce tumorigenesis through various

mechanisms. One study looked at DCLK1 and the relationship with miR-200c, a tumor

suppressive miRNA, and found that when DCLK1 was present there was a reduction in

miR-200c levels, showing that the DCLK1 negatively regulated miR-200c, leading to

tumor activity (49). Because it is thought that DCLK1 is a cancer stem cell marker, these

cancer cells have the ability to self-renew and resist apoptosis through pro-survival

signaling (44). One study utilized a heterozygous mutation in the APC gene (APC min/+)

mouse model to examine the relationship between DCLK1 and pro-survival signaling,

since the adenomatous polyposis coli (APC) gene is found to be mutated in most colon

cancer tumors (32, 50). They found that within the tumor stem cells there was

significantly more DCLK1 staining than in the wild type mice with no APC mutation

showing that DCLK1 levels were correlated with a poor prognosis (50).

Cereals and Colon Cancer

Cereal composition

Cereals, or cereal grains, make up at least half of the world’s population calories. The

major cereal grains are wheat, rice, and maize, and oats, while the minor grains are rye,

barley, buckwheat, sorghum, and millet (51). Cereal grains are composed of the bran,
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endosperm, and germ. The bran are rich in vitamins and minerals and is considered the

fiber of the grain; the nutrient content of the cereal is influenced by how much of the bran

is removed during the milling process (52). Starch and protein is concentrated in the

endosperm of the grain and is less affected by grain processing (52). The germ, or

embryo, of the grain contains the genetic material and much of the grain’s lipids (52).

Cereal grains contain starch and protein as their major dietary components as well as

other bioactive compounds, like lipids, non-starch carbohydrates, phytic acid, vitamins

and minerals as the minor components (53). Whole-grain cereals are a source of dietary

fiber and other bioactive compounds. Dietary fibers encompass the carbohydrates and

lignin that are not digested readily in the small intestine but are fermented to different

degrees by the microbes within the colon, producing metabolites such as short chain fatty

acids. However, the types of fiber vary with the type of grain, as they have different

proportions of non-starch polysaccharides, resistant starch, oligosaccharides, and lignin

(54). Dietary fiber is classified as insoluble or soluble, and can vary between 3%-15% of

the grain composition depending on the grain and its processing (53). Cereal grains also

contain antioxidants like arabinoxylans and vitamin E. Arabinoxylans, a type of dietary

fiber, contain phenolic compounds such as ferulic acid, which is found to have

antioxidant activity. Ferulic acid residues within the arabinoxylans act as anti-

inflammatory compounds as well as decrease the oxidative harm from free radicals and

lipids (55). Cereal grains are also rich in tocotrienols, which may be anticarcinogenic, as

they been shown to affect many pathways linked to tumorigenesis (56). Antioxidant

activity is important since reactive oxygen species (ROS) has been shown to increase the

risk of cancer (57). ROS can be produced by an inflammatory response or through
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environmental mutagens and can induce DNA damage or mutations (12). Antioxidants

act to neutralize the ROS and reduce the damage that they can do within the body.

Composition of Wild Rice

Rice is a type of cereal grain with many subtypes, varying across region. Wild rice is an

aquatic grass that is primarily found in the Great Lakes region and was historically the

staple food for the local Native American tribes (58). Wild rice is a rich source of dietary

fiber and antioxidants, including tocotrienol and ferulic acid, and vitamins and minerals,

when compared to white rice (58). There is a greater amount of g-oryzanol, a mixture of

ferulic acid esters and triterpene alcohols and sterols, and bioactive components in wild

rice than brown rice (59). Due to the antioxidant properties of ferulic acid, g-oryzanol has

been studied for its anticarcinogen properties and potential prevention of chronic

diseases. g-Oryzanol, in rodent models, has been shown to lower circulating blood

glucose levels and circulating levels of cholesterol, showing potential benefits for

cardiovascular disease and diabetes (60). Within cell and rodent models ferulic acid and

g-oryzanol have been shown to reduce lung, colorectal, and breast carcinogenesis (60).

Wild Rice and Colon Cancer Risk

Epidemiological

There have been no epidemiological studies of the association between wild rice

consumption and colon cancer risk. However, it has been found that consumption of

brown rice once per week was associated with a decreased risk of polyp formation (61).

Brown rice and other rice varieties, like purple rice and wild rice, contain ferulic acid,

flavonoids, and g-oryzanol in higher concentrations than white rice (61, 62). These
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compounds have been shown to decrease inflammation and are hypothesized to reduce

cancer development through a variety of mechanisms. Consuming whole grains, due to

their antioxidant properties, have been found to have a protective effect against

inflammation, which may reduce the risk of mutations in the colonic epithelium (63).

Experimental

There are no published animal studies examining wild rice as a potential

chemopreventive agent against colon cancer. There are, however, studies examining the

effect of compounds found in wild rice on colon cancer risk. Dietary rice bran, which

contains dietary fiber and chemopreventative compounds, like g-oryzanol and ferulic

acid, has been studied in animal studies for its potential to prevent cancer (61). A global

gene expression analysis on Caco-2 cells, a colon cancer cell, found that ferulic acid

disrupted genes that regulated the colon cancer cell cycle (64). Some researchers

examined the effects of ferulic acid on colon cancer within a rodent model and found that

ferulic acid significantly lowered aberrant crypt foci development. A second study was

done by introducing ferulic acid in the initiation phase and found that the ferulic acid had

an inhibitory effect against neoplasms within the colon (65). Another study sought to

examine the ability of g-oryzanol, as well as ferulic acid and phytic acid, to reduce tumor

growth in mice transplanted with CT-26 colon cancer cells (66). g-Oryzanol and phytic

acid lead to a significant dose-dependent reduction in tumor growth. Thus, compounds

present in wild rice appear to have chemopreventive properties. However, the ability of

these compounds to reduce colon cancer risk when present within a food matrix, such as

wild rice, is unknown.
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Chapter 2: The Effect of Wild Rice on Colon Cancer Risk in Rats
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Introduction

Colon cancer is the third most commonly diagnosed cancer globally and one of the

leading causes of death (3). Colon cancer incidence is concentrated more in developed

and “westernized” countries, with the highest rates in the United States, Australia, and

Western Europe (3). Though some risk factors are inherent, many colon cancer risk

factors are preventable (3). Nutrition is a modifiable risk factor and studies have shown

that a diet composed of red and processed meat, high-fat, refined grains, and added sugar,

otherwise known as a “westernized dietary pattern”, increases the risk of developing

colon cancer (67). Various population based studies have shown that a diet high in fat and

red or processed meats is linked to higher incidence of colon cancer (15, 17, 67, 68).

Dietary patterns that include higher intakes of whole grains, fruits, and vegetables and

lower intakes of red meat are correlated with a decreased risk of colon cancer (7).

There are a number of measures of colon cancer risk, such as dysplastic aberrant crypt

foci, β-catenin, and DCLK1 (35, 69, 70). Aberrant crypt foci that have increased

multiplicity (e.g. more aberrant crypts per foci) are more likely to progress into neoplastic

lesions and are known as dysplastic aberrant crypt foci (71). These dysplastic crypts have

increased nuclear accumulation of β-catenin, which is correlated with tumorigenesis (37).

DCLK1 is found to be expressed in various cancers and its expression is thought to be

important for the progression of tumor growth (70). DCLK1 suppression halted colon

cancer cell development, and when expressed, it was correlated with accumulation of β-

catenin (48, 70).

Nutritional components found in whole grains, fruits, and vegetables have been shown to

have a positive effect against colon cancer. Antioxidants, such as ferulic acid and g-
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oryzanol within wild rice, decrease tumor growth when concentrated amounts are fed to

mice with colon cancer (72). Unfortunately, there are few studies that look at the effect

that antioxidants from whole grains, like wild rice, have on aberrant crypt foci and

DCLK1. The purpose of this study was to examine the effect of wild rice on aberrant

crypt foci and DCLK1 expression in carcinogen treated rats.

Materials and Methods

Animals

Forty male Wistar rats weighing 100-124g were purchased from Envigo labs and housed

individually in a 12-hour light-dark cycle, environmentally controlled room. Food and

water were provided to the animals ad libitum for the duration of the study. Animal

handling and housing was in accordance with the National Institutes of Health guidelines.

Experimental procedures were approved by the University of Minnesota Animal Care

and Use Committee.

Diet composition

The rats were adapted to the control diet, AIN-93G diet, for 10 days before they were

assigned to their experimental diets. The control diet was composed of (g/kg): sucrose,

100.0; corn starch, 397.5; maltodextrin 132.0; soybean oil, 70.0; casein, 200.0; cellulose,

50.0; mineral mix, 35.0; vitamin mix, 10.0; NaCl, 0; L-cystine, 3.0; cholesterol, 0.4;

choline bitartrate, 2.5; tert-butylhydroquinone, 0.014 (73). After the adaptation period the

rats were injected with a colon-specific carcinogen, as described below, separated into

three groups, then given the experimental diets: the control diet, the Total Western Diet,

and Total Western Diet with 30% Wild Rice. The Total Western Diet is an animal diet
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formulated to mimic the Westernized dietary pattern, and therefore is a high fat, high

sugar diet (7, 74). To accomplish this, the Total Western Diet had more sucrose and

soybean oil, for a high sugar and high fat diet, and less cellulose, casein, L-cystine, and

choline bitartrate. Traditionally harvested and processed wild rice was obtained from the

Fond du Lac Band of Lake Superior Chippewa and a proximate analysis of the wild rice

was done showing that the wild rice had 227 g/kg carbohydrate, 8.7 g/kg fiber, 40.2 g/kg

protein, and 3.7 g/kg fat. This was considered when the wild rice was incorporated to the

Total Western Diet to ensure that they were matched for macro nutrients. The rice was

cooked, using tap water and a metal pot, until done and then dried in an oven on low heat

for 24 hours. It was then ground into a fine powder using a grain mill and incorporated

into the Total Western Diet at a final concentration of 30% of the diet. Mineral and

vitamin mixes formulated for the Total Western Diet were used for both the experimental

diets. Experimental diets were matched for caloric content but had a greater caloric

density compared to the control diet.

Table 1. Diet Composition.

Nutrient (g/kg) Basal Total Western Diet
Total Western Diet with Wild

Rice
Wild rice 0 0 300
Sucrose 100.0 261.4 261.4
Corn Starch 397.5 230.0 52
Maltodextrin 132.0 70.0 20.3
Soybean Oil or
Oil Mixture 70.0 165.0 161.3
Casein 200.0 190.0 149.85
Cellulose 50 30 21.3
Mineral Mix 35 35 35
Vitamin Mix 10 10 10
NaCl 0 4 4
L-Cystine 3 2.85 2.85
Cholesterol 0.4 0.4 0.4
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Choline
Bitartrate 2.5 1.4 1.4
TBHQ in oils
Total Weight 1000.4 1000.05 1019.8

Table 2. Caloric content of the diets

Diet component
(kcal/kg) Basal Total Western Diet

Total Western Diet
with Wild Rice

Carbohydrates 2518 2245.6 2245.6

Fiber 100 60 60

Protein 812 771.4 771.4

Fat 630 1485 1485

Total kcal/kg 4060 4562 4562

Experimental Design

The rats were adapted to a basal diet for 10 days, during this time they underwent two

injections with a carcinogen, dimethylhydrazine, to initiate colon cancer. Each rat was

injected with a dose of 50 mg/mL∙kg body weight dissolved in 0.9% sodium chloride

solution and brought to neutral pH. Five days after the second injection of carcinogen, the

rats were divided into three dietary groups of 12 animals each. Twelve rats were

continued on the control diet, twelve rats were fed the Total Western Diet, and twelve

rats were fed the Total Western Diet with 30% Wild Rice. They were fed their

subsequent experimental diets for twelve weeks and had their body weights and 24-hour

food intakes recorded weekly. Two rats from the Total Western Diet were not included in

the study because of injuries and illnesses that might have skewed the data. At the end of

the twelve weeks the rats were fasted for 8 hours, beginning at midnight, and anesthetized

with isoflurane. Blood was collected in EDTA-containing syringe by cardiac puncture
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and tissues were harvested. Blood samples were centrifuged at 3000 g for 20 minutes at

4°C and the plasma was collected and stored at -80°C until analysis. Liver, colon, cecum,

cecal contents, and epididymal fat pads were collected, weighed and frozen using dry ice

and stored at -80°C. Cecal contents pH was recorded before being emptied. Colons were

kept on ice in phosphate buffer solution (PBS) until fixation.

Colon fixation

The colons were rinsed in a phosphate buffer solution (PBS) and slid onto a glass rod.

The tissues were frequently bathed in PBS to keep from drying out. While on the glass

rod, the tissues were submerged in 10% formalin for fixation and then cut open with a

razor blade, so the mucosal side was exposed. A 2 cm x 1 cm section of each colon was

taken from the distal aspect of the colon to be embedded in paraffin for

immunohistochemistry. The tissue was then transferred to a pre-wet labelled piece of

filter paper and the fixing was continued overnight in formalin.

Aberrant crypt foci enumeration

After being fixed in formalin for 24 hours the tissues were transferred to 70% ethanol for

methylene blue staining. The tissues were stained with 0.2% methylene blue in PBS to

quantify ACFs as described by Kim et al. (75). After staining, the tissue was kept wet and

examined, mucosal side up, with a standard light microscope using magnification 40x.

Colons were coded with a two-letter code until the end of the experiment to reduce any

experimental bias. The colons were examined and ACFs were quantified based on ACF

multiplicity and area of distal colon examined.
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Immunohistochemistry

Slides with paraffin-embedded en face sectioned (µm thickness) distal colons were

heated at 60° C for 15 minutes and washed in xylene three times for 5 minutes each.

They were transferred to 100% ethanol and rehydrated in diluted ethanol in water

solutions. Once rehydrated, the sections were covered with Hydrogen Peroxide Block

(Abcam) for 10 minutes to ensure that any endogenous peroxidase activity is inhibited.

Antigen retrieval for DCLK1 was performed in a Decloaking Chamber at 99° C for 18

minutes in citrate buffer. The sections were treated with Protein Block (Abcam) for 17

minutes to reduce non-specific background staining. Sections were incubated with a

1:1250 dilution of rabbit polyclonal anti-DCLK1 antibody (ab31704, Abcam) at 4° C for

24 hours. Sections were rinsed and incubated with a secondary biotinylated-conjugated

antibody (Abcam) for 10 minutes followed by streptavidin peroxidase (Abcam) for

another 10 minutes. They were then covered with DAB chromogen (Abcam) and stained

with hematoxylin. Slides were dehydrated with xylene, permounted, and slip-covered for

microscopy.

Imaging and analysis

All slides were examined under a standard microscope at 40X with an attached camera.

Images of all ACFs found on each DCLK1 stained slide were acquired and saved. The

images were analyzed with ImageJ plug-in, Color Deconvolution for H-DAB images

(NIH). This allowed separation of the DAB-hematoxylin stain from the discrete DCLK1

stained points within the ACF. Each ACF was analyzed using this software to determine

the average DCLK1 area for each tissue section. Using the saved images, the ACF was

outlined within ImageJ giving the full area of the ACF. The highlighted ACF is then
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analyzed with the Color Deconvolution for H-DAB and the threshold was manually

adjusted to highlight the stained portion of DCLK1 within the ACF. The areas of the

ACF and the DCLK1 stained were calculated by the software and the percent DCLK1 per

ACF was calculated with this information.

Statistics

All results were analyzed by analysis of variance using SAS 9.4. ACF and DCLK1

variables were ranked and analyzed by analysis of variance. A non-parametric

Spearman’s correlation was used to determine the relationship between ACF number and

percent DCLK1 staining. Difference among means were determined using Duncan’s

multiple range test. A p-value of less than 0.05 was determined to be statistically

significant.

Results

Body weight and energy intake

Body weights and energy intakes were analyzed for each week of the study. There were

no significant differences among the groups in body weight over the course of the 10

weeks, although the Basal group did show a slightly lower average weight than the other

two groups, starting in week 3 of the experiment (figure 1). The groups did not differ in

their weekly energy intake throughout the experiment and showed no significant

difference in mean energy intake (figures 2 and 3).

Liver weight, epididymal fat pad weight

Liver weight was significantly lower in the Basal group than Total Western Diet and

Total Western Diet with Wild Rice (figure 5). The rats fed the Basal diet had the lowest
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liver weight followed by the group fed the Total Western Diet with Wild Rice.

Epididymal fat pads were measured to estimate whole body adiposity. The epididymal fat

pads within the Basal group were significantly lower than two other groups (figure 6).

This was expected as the Total Western Diet and Total Western Diet with Wild Rice

were high-fat diets.

Cecal contents pH and cecal weight

Cecal contents pH and cecal weight are shown in figures 7 and 8.  Cecal contents pH and

cecal weight (empty of contents) are indicators of large intestinal fermentation. There

were no significant differences in cecal contents pH or cecal weight among the three

groups.

Aberrant crypt foci (ACF)

The basal group had significantly more ACFs with a multiplicity of 2, however, there was

no difference between any of the three groups among other ACF multiplicities (figure 9).

Though the basal diet group had more ACF per area compared to the Total Western diet

and Total Western Diet with Wild Rice groups, there was no significant difference among

the groups (figure 10). All ACF data was ranked due to larger variability between the

groups.

DCLK1

There was a significant reduction in the percentage of DCLK1 immunostaining per ACF

area found in the Total Western Diet with Wild Rice group compared to the Total

Western Diet group (figure 11). While the Total Western Diet group with Wild Rice had
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reduced DCLK1 percentage per ACF area compared to the Basal group, there was no

significant difference found (figure 11).

Figure 1. Final Body weight. Values represent means ± SEM, n=10-12.
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Figure 2. Weekly body weight. Values represent means ± SEM, n=10-12.
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Figure 3. Average daily energy intake. Values represent means ± SEM, n=10-12.
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Figure 4. Daily energy intake by week. Values represent means ± SEM, n=10-12.
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Figure 5. Liver weight. Values represent means ± SEM, n=10-12. Values that do not
share a common letter are significantly different, p<0.05.
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Figure 6. Epididymal fat pad weight. Values represent means ± SEM, n=10-12. Values
that do not share a common letter are significantly different, p<0.05.
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Figure 7. Cecal contents pH. Values represent means ± SEM, n=10-12.
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Figure 8. Cecal weight. Values represent means ± SEM, n=10-12.
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Figure 9. ACF multiplicity per distal colon area. Values represent means ± SEM, n=10-
12.
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Figure 10. Total ACF per distal colon area. Values represent mean ± SEM, n=10-12.
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Figure 21. Percent DCLK1 area stained per ACF. Values represent mean± SEM, n=32.
Values that do not share a common letter are significantly different, p<0.05.
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Discussion

Colon cancer is one of the leading causes of deaths in the world and is strongly related to

diet and lifestyle (68). Dietary risk factors include consuming a westernized dietary

pattern characterized by a high intake of processed red meat, high-fat, and high-sugar

foods, and low consumption of fruits, vegetables, and fiber. Population-based studies

show that colon cancer incidence increases with consumption of a westernized dietary

pattern. For example, people who immigrate from a low risk country to a high risk

country, like the United States, have an increased risk of colon cancer (5, 7, 14, 15, 17,

26, 67, 68). The westernized dietary pattern increases the incidence of obesity and

oxidative stress, both of which are correlated with increased colon cancer risk (20, 76).

Antioxidants have been shown to reduce inflammation by neutralizing free radicals

induced by inflammation, which reduces the risk of DNA damage (77). Wild rice has

been found to have higher concentrations of γ-oryzanol and ferulic acid, both exhibiting

antioxidant and chemopreventive properties, than other types of rice (66). Rats fed ferulic

acid were found to have developed significantly lower ACFs and when fed ferulic acid

during the initiation phase, it inhibited the growth of intestinal neoplasms (65). Mice

treated with γ-oryzanol were found to have reduced tumor size and it was found that the

tumors shrank significantly more when the γ-oryzanol was given in a dose-dependent

manner (66). The purpose of this study was to test the effects of wild rice on colon cancer

markers in dimethylhydrazine (DMH) treated rats in the background of a westernized

diet.

The Total Western Diet, a rodent diet formulated to represent the westernized dietary

pattern, is higher in fat and sugar and lower in fiber and micronutrients compared to
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commonly used rodent diets. Animals consuming this diet may show an increase in body

weight since it is a diet with higher fat, however, this is more likely if it is matched with

an increase in energy intake (74). There were a few time points when the Basal diet group

consumed less energy than the Total Western Diet group, however, this was not

significant, and there was no significant difference among the three groups for energy

intake. The lack of a significant difference in body weight among the three groups would

therefore be expected since they had similar energy intakes. It would be expected to show

a difference in body weight if there was a significant increase in energy intake of the

Total Western Diet or the Total Western Diet with Wild Rice, since high fat diets have

been shown to induce obesity (78). In the present study, the Basal group had a

significantly lighter epidydimal fat pad weight compared to the Total Western Diet and

Total Western and Wild Rice groups. Studies have shown that the Total Western Diet

increases adiposity as indicated by heavier fat pads compared to control diets (79). Cecal

weight and cecal contents pH are indicators of fermentation within the large intestine, and

when a fiber is fermentable, the pH decreases while the cecal tissue weight increases

(80). There were no differences shown among the three groups for cecal weight or cecal

contents pH showing that the wild rice was not fermentable to a measurable degree.

Higher fat diets, like a Total Western Diet, have been shown to increase liver fat

deposition and liver weight (81, 82). The Total Western Diet and Total Western Diet with

Wild Rice groups had significantly higher liver weights compared to the Basal group,

which would be expected due to the high-fat composition of the diet. Though not

significant, there was a slight reduction in liver weight in the Total Western Diet with

Wild Rice group compared to the Total Western Diet group. Liver lipids were not
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analyzed as part of this experiment, however, it has been shown that wild rice reduces

liver cholesterol levels, and could possibly explain the slight reduction between groups

(83).

There was no significant decrease in the total ACF per distal colon number among the

three groups, however, there were fewer ACFs with greater multiplicity. It has been

shown that ACFs with greater multiplicity, are often dysplastic ACFs, and are correlated

with tumorigenesis (71). Since all the groups had more ACFs with multiplicity lower than

4 (figure 9) it is less likely that they would develop into tumors and show reduced colon

cancer risk (35, 38). Determining the degree of dysplasia would likely help clarify the

chemopreventive effect of wild rice, since total ACF as a measure of colon cancer risk

has significant limitations. It is possible that the ratio of dysplastic to hyperplastic ACFs

could differ, such that the Total Western Diet group had more dysplasia, but analyzing

other markers, like DCLK1, might be more indicative in determining degree of dysplasia

within the crypts.

DCLK1 is a marker for intestinal tuft cells, which line the intestinal epithelium, and have

been found to be important in the modulation of the intestinal immune response (46).

DCLK1-expressing tuft cells are overexpressed in response to chronic inflammation,

which is correlated with carcinogenesis (70, 84).  It has also been shown that knockdown

or inhibition of DCLK1 through nanoparticle-based siRNAs may result in suppression of

tumor growth in rodents and colon cancer cell lines (84, 85). Knockdown of DCLK1

decreases cell cycle progression and increases apoptosis within colon cancer cell lines

(49). DCLK1 can also promote epithelial-mesenchymal transition (EMT), which is

associated with colon cancer tumors and metastasis, by downregulating tumor
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suppressing microRNAs (49, 86). The Total Western Diet with Wild Rice group showed

significant reduction in DCLK1 per ACF compared to the Total Western Diet group,

showing a potential chemopreventive effect of wild rice.

Conclusions

Based on our experiment it is unclear if wild rice can prevent colon cancer. ACF are

classified as hyperplastic and dysplastic, and dysplastic ACF are found to be more

indicative of colon cancer as they often progress into tumors (37). Because of this,

analyzing total ACF is less informative when discussing prevention of colon cancer risk

by wild rice since there was no significant reduction in the total amount of ACFs among

the three groups. Quantifying the amount of dysplastic ACF compared to hyperplastic

ACF through analyzing characteristics of dysplastic ACF is potentially more indicative of

colon cancer risk. Percent DCLK1 per ACF was found to be significantly reduced in the

Total Western Diet with Wild Rice group compared to the Total Western Diet group. It is

possible that DCLK1 is marking the dysplastic ACFs within our experiment and,

therefore, shows that wild rice may have a protective effect against colon cancer risk

(48).  DCLK1 has been shown to increase nuclear β-catenin, a marker of dysplastic

crypts, within ACFs and future studies should be done to know if wild rice reduces this,

as nuclear β-catenin was not analyzed during this experiment (48, 70, 71).  Ferulic acid

and γ-oryzanol, components of wild rice have been found to have anti-inflammatory

effects and further research could be done to see if any inflammatory markers were

significantly reduced within the Total Western Diet with Wild Rice group.

It was also found that the Total Western Diet with Wild Rice liver weight was slightly

lower than the Total Western Diet group, though not significantly. It has been shown that
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wild rice can reduce liver cholesterol levels and increase fecal cholesterol excretion, and

this would be an opportunity for future experiments (83).
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Appendices

Image analysis using ImageJ

Colour Deconvolution Macro for H-DAB

· Open FIJI
· Open the image that you would like to work with, make sure this is correctly

labelled à Load this to FIJI
· On plugins tab, choose run. The file you will run is under: G:Driveà Gallaher
à Lab Methods à Histologyà Colour Deconvolution for H-DAB
images.ijm. This macro automatically sets you up to do the following:

Part I:

Select the area of the entire ACF that you wish to measure

You will see the following:

· Using the wand tool, , click on a portion of the ACF that allows you to outline the
entire ACF that you wish to analyze. [Note: You may have to click on the ACF more
than once to get the correct region highlighted]

· Once you are finished, press OK. A results window opens. You will see the area of
the entire ACF:
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You are now ready to start the colour deconvolution analysis

PART II:

Colour_1: Hematoxylin-stained portion of the ACF

You will see the following:

· Make sure Colour_1: hematoxylin-stained portion of the ACF - window is
selected, and go to Imageà Adjustà Threshold.

· When the Threshold window pops up, you should automatically be set to:
‘Default, Red’

· The default setting is the one you are trying to measure. This red color is what
the program senses as hematoxylin staining. In order to eliminate unwanted
variability due user error, use the program’s default settings. [If you move the slide
bars, pressing ‘Auto’ will revert all settings back to the default setting you want]

It is a good idea to compare the red filtering that shows the color adjustment with your original

image.

· Once you finish, press OK. The ACF where you adjusted the threshold gets filled
in automatically (the color changes from red to black).

You will then see the following:

The colour deconvolution program automatically sets your image into 3 individual color channels.

However, this macro will only use 2. Thus, when you choose to run this macro, the image is

automatically separated into 2 different channels:

· 1 will be hematoxylin-stained portion of the ACF: (Colour_1),
· 1 will be 3,3’-diaminobenzidine (DAB)-stained portion of the ACF: (Colour_2)

Make sure you keep your original image open. This will allow you compare your two separate color-

channel images to the original!
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· Using the wand tool,  , click on the ROI (region of interest is the ACF stained
with DAB) that you wish to measure for area. This of the ACF will be outlined in
yellow. To select multiple areas, hold down the shift button while you are
selecting the ROI.

· Once this is selected, press OK. The ROI window will pop up automatically. You
will see:

· These are the x-y coordinates of the ACF were you have selected the ROI. This
information is useful if you need the location of the ROI, not the area.

· However, you will also see a Results window appear. This window is the one
that you need. This shows you the area of Colour_1: the hematoxylin-stained
portion of the ACF

You are now ready to start threshold analysis for the DAB-stained portion

of the ACF

Part III

Colour_2: the DAB-stained portion of the ACF

Again, you should see the following:
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Make sure Colour_2: DAB-stained portion of the ACF - window is selected,

The threshold window should already be opened from Colour_1, if it is not go to

Imageà Adjustà Threshold.

· When the Threshold window pops up, you should automatically be set to:
‘Default, Red’

· Again, use the default settings. The program automatically senses all areas that
are stained with DAB.

· On the bottom slider, you will see a number which indicates the number of the
threshold analysis. In the middle left area, you will see a percentage which
indicates this as well. Make sure to record these numbers for you statistical
analysis.

This is the threshold adjustment that determined the area of DAB staining, which you will use in

your final analysis. Make sure to record this number, as it will be useful in your final analysis.

· Once you finish, press OK.
· This macro is programmed so that once you do this, all images disappear.

However, you will see the results window appear with third area. This is the area
of the 3rd threshold adjustment (the DAB-stained portion of the ACF). You will
notice that is labeled Colour_2:

Created by: Vanessa Thyne, 8-2015
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