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ABSTRACT 

Red and processed meat are classified as Group 2A and 1 carcinogens respectively, because they have been 

correlated with colon cancer development. Many studies have investigated the mechanism behind this effect, 

mainly focusing on the short-term effects and on the initial stages of colon cancer progression, i.e. mutations 

in the intestinal cells. However, the effect of red and processed meats on further stages of colon cancer 

progression, i.e. proliferation, metastasis and invasion, and also the long-term impact of the micro-

environment, as created by consumption of red/processed meat, is largely unexplored.  

 

In this thesis, a novel long-term approach was used to investigate the impact of meat matrix components 

and microbial metabolites formed after the consumption of (processed) red meat, administered to the 

HCT8/E11 intestinal cancer cell line in sub-toxic concentrations, including hemin, butyrate, kynurenine and 

kynurenic acid. The long-term effects were determined by cell exposure to sub-toxic concentrations for up 

to thirteen days. Effects on cell proliferation (MTT assay, IncuCyte Live Cell Analysis), on cell adhesion 

(clonogenic assay) and on endoplasmic stress were observed. Further, short-term effects on cell migration 

(wound healing (scratch) assay, IncuCyte Live Cell Analysis) and on oxidative stress (ROS assay) were observed 

by exposing the cells to sub-toxic concentrations for 24 hours. 

 

Cell exposure to hemin in concentrations ranging between 0.0001 and 10 µM gave rise to proliferation in 

HCT cells. However, no effect could be observed in wound healing nor in colony formation ability, thereby 

suggesting that hemin has a prominent effect in earlier stages of cancer development. Treatment with sodium 

butyrate in concentrations higher than 1 mM most likely led to differentiation and cell cycle arrest based on 

butyrate inhibiting histone deacetylation and thereby making DNA accessible for transcription. Long-term 

exposure to lower concentrations (0.01-1 µM) sodium butyrate, however, improved cell growth supported by 

the Warburg effect. Kynurenine and kynurenic acid, both products of tryptophan catabolism, gave rise to 

higher cellular activity and cell numbers upon long-term treatment. Even more, kynurenic acid gave rise to 

decreased cell adhesion and cell migration. These results indicate a direct effect of kynurenine and kynurenic 

acid on cell metabolism rather than solely the known effect on the immune system. 

 

In conclusion, the novel in vitro long-term approach has opened perspectives that contribute to clear up the 

complex relation between the consumption of red and processed meat and the higher risk of colorectal 

cancer, especially in the later stages of colon cancer development.  
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SAMENVATTING 

Rood en verwerkt vlees worden respectievelijk geclassificeerd als Groep 2A en 1 carcinogenen, omdat ze 

eerder al gecorreleerd werden met de ontwikkeling van colonkanker. Verschillende studies hebben het 

mechanisme achter dit effect onderzocht, waarbij voornamelijk gekeken werd naar de korte termijn effecten 

en naar de beginfase van colonkanker ontwikkeling, met name mutaties in de intestinale cellen. Het effect 

van rood en verwerkt vlees op latere fases in de ontwikkeling van colonkanker, zoals proliferatie, metastase 

en invasie, werd daarentegen nog niet grondig onderzocht. Bovendien is de lange termijn impact van de 

micro-omgeving bepaald door de consumptie van rood/verwerkt vlees ook nog grotendeels onbekend. 

 

In deze thesis werd een innovatieve lange termijn aanpak gebruikt om de impact van componenten uit de 

vleesmatrix en metabolieten gevormd na de consumptie van (verwerkt) rood vlees te onderzoeken. Deze 

componenten, met name hemine, butyraat, kynurenine en kynureninezuur, werden toegediend aan de 

HCT8/E11 intestinale colonkanker cellijn in sub-toxische concentraties. De lange termijn effecten werden 

bepaald door blootstelling van de cellen aan deze componenten voor maximum 13 dagen. Daarbij werden 

effecten op cel proliferatie (MTT assay, IncuCyte Live Cell Analysis), op celaanhechting (clonogenic assay) en 

op endoplasmatische stress bekeken. Verder werden de korte termijn effecten op celmigratie (wound healing 

(scratch) assay, IncuCyte Live Cell Analysis) en op oxidatieve stress (ROS assay) bekeken door de cellen aan 

de componenten bloot te stellen voor 24 uur. 

 

Blootstelling van de cellen aan hemine in concentraties tussen 0.0001 en 10 µM gaven aanleiding tot 

proliferatie in de HCT cellen. Er werd daarentegen geen effect gevonden op wondheling of op celaanhechting, 

wat zou kunnen aanwijzen dat hemine eerder een prominent effect heeft in de beginfases van 

kankerontwikkeling. Behandeling met natriumbutyraat in concentraties hoger dan 1 mM leidde hoogst 

waarschijnlijk tot differentiatie en een groeistop gebaseerd op het feit dat butyraat histonendeacytelatie 

inhibeert en daardoor DNA bereikbaar blijft voor transcriptie. Lange termijn blootstelling aan lagere 

concentraties (0.01-1 µM) natrium butyraat, daarentegen, stimuleert celgroei via het Warburg effect. 

Kynurenine en kynureninezuur, beide producten van de afbraak van tryptofaan, gaven aanleiding tot hogere 

cellulaire activiteit en een hoger celaantal na lange termijn behandeling. Meer nog, kynureninezuur gaf 

aanleiding tot verminderde celaanhechting en celmigratie. Deze resultaten duiden op een direct effect van 

kynurenine en kynureninezuur op het celmetabolisme bovenop het gekende effect op het immuunsysteem. 
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Samengevat brengt deze nieuwe lange termijn in vitro aanpak nieuwe perspectieven die bijdragen aan het 

ontrafelen van de complexe relatie tussen de consumptie van rood en verwerkt vlees en het verhoogde risico 

op colonkanker, vooral gericht op de latere fases in de ontwikkeling van colonkanker. 

 

Kernwoorden: Rood vlees, verwerkt vlees, colonkanker, vleescomponenten, microbiële metabolieten, lange 

termijnblootstelling 
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PROBLEM STATEMENT 

With the concept of a healthy lifestyle being so present in modern society, people strive after being the best 

version they can be, mentally as well as physically. A part of that journey is the search for a healthy and 

sustainable diet. The main protein source in our Western omnivorous diet is meat. Red meat is known to 

contain high biologically value protein and is a source of vitamins B6 and B12, niacin, ω-3 fatty acids and 

minerals such as zinc and iron (McAfee et al., 2010; Oostinder et al., 2014). Nevertheless, meat consumption 

gained a negative perception leading to decrease in meat consumption in western society and diets have 

shifted to more plant-based alimentation. Not only the influence of meat consumption on aspects as animal 

suffering and climate change are being questioned, but also common health and long-term diseases are 

linked to meat consumption. It is known that high consumption red and processed meat contributes to the 

development of non-communicable diseases, which include cardiovascular diseases, obesity, diabetes and 

cancer. That’s why processed meat is classified by the IARC (International Agency for Research on Cancer) as 

a Group 1 carcinogen (‘carcinogenic to humans’) and red meat is classified as a Group 2A carcinogen 

(‘probably carcinogenic to humans’) (Bouvard et al., 2015). 

Particularly colorectal cancer (CRC), defined as cancer of the colon and/or the rectum, is of concern. CRC is 

the second most common cancer diagnosed in women and the third most commonly diagnosed in men 

worldwide (Torre et al., 2015). The numbers are alarmingly high with 97,220 new cases of colon cancer 

and 43,030 new cases of rectal cancer in the United States in 2018 (American Cancer Society, 2018). Based on 

several studies confirming the concerning influence of red and processed meat on CRC, this impact is the 

main focus of this thesis. These studies consist of mainly observational human studies. According to Santarelli 

et al. (2008) three meta-analyses, carried out since 2000, showed that meat consumption in general is not 

related to higher colorectal cancer incidences, but the consumption of red meat does correlate to an increase 

in colorectal cancer diagnosis. Even more, it is stated that the association of CRC risk with processed red meat 

is higher than that with fresh red meat.  

Even though observational studies give substantial information on the matter, because of the complexity of 

the problem, other kinds of analysis are needed. In this research, we used an in vitro approach to gather 

information on more specific and detailed questions. The main research question is ‘which of the components 

related to red and processed meat consumption cause an increase in incidence of colorectal cancer in an in 

vitro experimental set-up, to which extent and on which specific pathways do these components have an 

impact?’. In vitro research on long-term effects of food components in low concentrations on colon cancer 

cells is a rather unexplored area, but is promising to contribute crucial information to the knowledge on colon 
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cancer and the effect of red and processed meat on its progression, mainly focusing on the later stages of 

cancer development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 

 

LITERATURE STUDY 

1. MEAT AND COLORECTAL CANCER 

 

Meat, as defined by Food Standards Australia New Zealand (FSANZ), is “the whole or part of the carcass of 

any buffalo, camel, cattle, deer, goat, hare, pig, poultry, rabbit or sheep, slaughtered other than in a wild state, 

but does not include eggs, or fetuses” (Warner, Bittner, & Ashman, 2017). 

 

Further, the meat industry refers to ‘red meat’ when talking about meat from cattle, sheep and goat (Santarelli, 

Pierre, & Corpet, 2008). In some definitions, pork meat is also included, although it has less heme, the 

substance that gives meat its red color, and therefore has a color that is substantially less red. The inclusion 

of pork meat in the definition of red meat gave rise to ‘the white meat controversy’. Heme is one of the 

components linked to an increase in incidence of colorectal cancer (see 2.3 Heme iron) and meat is our main 

source of heme. Red meat, containing more red muscle fibers, contains 10 times more heme than white meat 

which has more white muscle fibers (Schwartz & Ellefson, 1985). Lombardia-Boccia and others observed in 

2002 that pork meat, which was always considered as red meat before the U.S. National Pork Board started a 

campaign to position pork meat as being ‘white’ meat, that pork meat contains an amount of heme 

comparable to the amount present in chicken meat. This amount is considerably lower than heme 

concentrations in beef. However, in epidemiology, the relation between poultry and colorectal cancer is non-

existing whereas an influence of pork meat on the incidence of CRC has been observed. This is contradictory 

and shows that the heme concentration, although it is a strong and substantiated hypothesis, does not 

explain the relation with CRC as a whole. 

 

‘Processed meat’ is used to describe an product containing 30% or more meat that has been transformed by 

processes like smoking, curing, fermentation,… (Santarelli et al., 2008) The process of freezing is not included 

in the definition. Processing improves flavor enhancement and/or preservation. Most processed meats 

contain pork or beef meat, but also other kinds of red meat, poultry or meat by-products such as blood can 

be used in processed meat products.  

 

Based on the known correlation between red and processed meat and colorectal cancer, supported by 

observational and human studies and because of the lack of more specific knowledge on the mechanisms 
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meat consumption stimulate in the body, the general recommendation on the consumption of red meats is 

<500 g/week and the consumption of processed meats should be avoided. (Belgian Superior Health Council, 

2013).  

2. HYPOTHESES 

 

Several hypotheses exist to explain the increase in colorectal cancer incidences due to a high consumption 

of red and processed meat products. However, scientists acknowledge that none of these hypotheses fully 

explain the link between red and processed meats and colon cancer (Demeyer, Mertens, De Smet, & Ulens, 

2015).  

The hypotheses that are most described in literature may be classified under different categories. First, 

components related to the meat matrix such as the fat content and heme concentration are envisaged. The 

second group includes the components formed during meat preparation such as polycyclic aromatic 

hydrocarbons (PAHs) and heterocyclic amines (HCAs). Also, possibly carcinogenic are meat additives, for 

example nitrite. Finally, metabolites formed during digestion through the gastro-intestinal tract, such as N-

nitroso compounds (NOCs), malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) trigger tumor initiation 

or progression (Demeyer et al., 2015). All these categories of components have, via different mechanisms 

shown in Figure 1, their own specific effect in colon cancer development. The most prominent mode-of-

actions in current literature are discussed below. 

  

Figure 1: Mechanisms that are the link between red meat and colorectal cancer (Bastide et al., 2011) 
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2.1 PAHs and HCAs 

 

Polycyclic aromatic hydrocarbons (PAHs) are toxic compounds formed by incomplete combustion and are 

ubiquitous in the environment as well as in food products. Heterocyclic amines (HCAs) are formed during the 

heating of meat and fish during the Maillard reaction. Higher amounts of HCAs are found in meats that are 

in the “well done”-stage, with a brown or black crust. PAHs and HCAs are carcinogenic as they induce 

mutations. As PAHs are also present in all other foodstuffs than meat in equal amounts, which are not related 

to colorectal cancer such as in cereals and fish, the presence of PAHs in red and processed meat is not the 

main source of the increased incidence of CRC (Demeyer et al., 2015). Similarly, not enough reliable evidence 

is present (yet) to consider HCAs as a major factor in the relation between meat consumption and CRC 

(Jeyakumar, Dissabandara, & Gopalan, 2016). 

2.2 N-nitroso compounds 

 

N-nitroso compounds, or NOCs, include all substances with N-nitroso groups, such as N-nitrosamides and 

N-nitrosamines. NOCs are alkylating agents that can induce mutations and therefore can induce 

carcinogenesis. NOCs are found in meat products, specifically meats processed at high temperatures. The 

major part of NOCs is found in processed meat products, but also dairy products, fish and spices can contain 

considerable amounts of NOCs. Once more, since these compounds are not exclusively found in red and 

processed meats, it cannot solely explain the increase of incidence of CRC (Zhu et al., 2013). 

2.3 Heme iron 

 

Heme, a large heterocyclic organic ring with an iron atom in the center, transports oxygen in the blood. It is 

present in the form of myoglobin and hemoglobin in the blood and is therefore present in high 

concentrations in red meat, making it an important source of iron for the body. Red meat iron has a higher 

bio-availability compared to other iron sources, where the iron is not embedded in the heme group. Even 

though two-thirds of the iron in the European diet is present as inorganic iron (Carpenter & Mahoney, 1992), 

it is less available than the one-third heme iron from our diet because it is bound to chelators, making it 

unavailable for absorption (Conrad & Umbreit, 2000). In processed red meat, heme occurs in its nitrosylated 
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form due to the use of curing salt, containing nitrate and nitrite, during processing (Figure 2) (Bastide et al., 

2011).  

Figure 2: Structure of heme in red meat and nitrosylated heme in processed red meat (Bastide et al., 2011) 

 

Several epidemiological and experimental studies have linked heme consumption to an increased risk of CRC 

(Bastide et al., 2011; Sasso & Latella, 2018; Kruger & Zhou, 2018). After the degrading action of enzymes on 

the meat, heme is released and taken up by enterocytes in the gastrointestinal lumen. Inside the cells, heme 

oxygenase helps the iron release from the heme (Conrad & Umbreit, 2000). However, the iron uptake in our 

body is highly regulated, so a large portion of heme will remain in the gastrointestinal tract, pass the small 

intestine and reach the colon, especially if the iron balance is normal (Jeyakumar et al., 2016).  

 

Three mechanistic mode-of-actions have been suggested for the correlation between colorectal cancer and 

heme. The first one is the catalytic effect heme has on the endogenous formation of NOCs. Further, heme 

also has a catalytic effect on lipid oxidation. Lastly, heme is metabolized in the gut into a cytotoxic and 

promoting factor in normal cells, but not in premalignant cells (Bastide et al., 2011). However, the link between 

red and processed meat and CRC cannot be entirely ascribed to heme iron due to the formerly mentioned 

‘White meat controversy’ (see Problem statement). It is a paradox that pork meat has a similar amount of 

heme to poultry (white meat), but still has a carcinogenic effect unlike poultry (Bingham et al., 2002; Corpet, 

2011; Santarelli et al., 2008). 
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3. CANCER 

3.1 Cancer development 

 

Colorectal cancer may be characterized by several stages of severity, stage 0 (early stage) to stage IV. The 

higher the stage of the cancer, the more it is spread throughout the body. This is a guideline to determine 

how serious the specific case is and how to treat it (American Cancer Society, 2019). 

In the earliest stage, aberrant crypt foci (ACF) begin to develop in the innermost lining of the large intestine, 

the mucosa. These ACF grow into a noncancerous polyp (Figure 3, stage 0 ). The most common type of polyps 

are the adenomatous polyps or adenomas, which are formed from glandular cells which produce mucus to 

lubricate the colon (American Cancer Society, 2014). Theoretically adenomas can evolve into cancer, but in 

only 10 % of the cases they turn malignant. The likelihood that adenomas become cancerous increases as 

they become larger. In the next stage, the formed cancer in the inner lining of the colon can grow into the 

wall of the intestine or rectum (Figure 3, stage I and II). Further it can also invade in lymph and blood vessels 

(Figure 3, stage III) and in the final development stage the cancer cells spread to distant body parts through 

the vessels. This is called metastasis (Figure 3, stage IV). 

 

Figure 3: Colorectal cancer development in different stages (American Cancer Society, 2019) 
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3.2 Cancer cells versus normal cells 

 

There are many crucial differences between normal somatic cells and cancerous cells. It is important to know 

and understand these differences when approaching cancer research and cancer treatment. Cancer cells 

always originate from mutations in genes caused by external or internal carcinogens. Because these genes 

are translated into the production of proteins which, among other factors, regulate cell growth, mutations 

can disturb the whole system. This can cause over- or underproduction of growth factors or growth 

suppressors which can have large consequences for the cell. It is a combination of these single mutations and 

protein abnormalities that lead to a cancerous cell. Because of these abnormalities, cancer cells will have 

different characteristics than normal cells. These differences are summarized in Figure 4. 

 

Figure 4: differences between normal cells and cancer cells (Verywell) 

 

A first characteristic is that cancer cells are substantially different looking in morphology compared to normal 

cells. They can have a different size and shape and they often have a bigger and darker nucleus containing 

excess DNA. Another difference, an important aspect in cancer research, is the ability of cancerous cells to 

metastasize through the blood stream or lymph channels. Where normal somatic cells secrete adhesion 

molecules that help the cells to stick together, cancer cells don’t secrete these substances which gives them 

the ability to “float away” to other parts of the body.  
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Besides an altered morphology and adhesion, fundamental differences in the metabolic pathways occur in 

cancerous cells. In this master thesis, the focus lies on differences in cell proliferation, cell migration and 

induced oxidative stress. 

3.3 Pathways in cancer cells 

3.3.1 Cell proliferation 

 

A first important mechanism that is different between cancer cells and normal somatic cells is the difference 

in cell growth or cell proliferation. Not only do cancerous cells divide faster than normal cells, they also don’t 

stop proliferating when a boundary is reached. This continuous proliferation is possible because cancer cells 

avoid several mechanisms that restrict excessive cell growth in normal cells.  

Firstly, due to mutations in a gene coding for growth factors, overproduction can occur. As a result, cancer 

cells keep multiplying even if enough cells are present which leads to large clusters of cells and eventually to 

tumor formation.  

Another reason for the unlimited expansion of cancer cells is the presence telomerases, which are enzymes 

that elongate telomers. Telomers are the ends of chromosomes and with each dividing step, they become 

smaller until they disappear. Thanks to telomerases, cancer cells can avoid this system, allowing the cell to 

divide eternally. 

A third reason is that cancer cells divide before maturity of the cell occurs. Normal cells differentiate into a 

cell with a well-defined function whereas cancer cells keep dividing before maturity is reached.  

And lastly, damaged cancer cells avoid the normal mechanism of repair or apoptosis. This mechanism is 

regulated by a tumor suppressor gene coding for the protein p53 which is part of an important checkpoint 

pathway. If a mutation occurs in this checkpoint gene, leading to an abnormal function of p53, damaged cells 

are not removed or repaired. Mutations in the p53 gene is present in more than half of the human tumors 

(Kim & Lozano, 2017). 

 

In order to expand faster than normal cells, the generation of energy in cancer cells is different than in normal 

cells. In general, dividing cells rely on three basic mechanisms: the rapid generation of adenosine triphosphate 

(ATP) for energy, a high biosynthesis of macromolecules and the maintenance of an appropriate cellular redox 

state (Cairns et al., 2011). In cancer cells, however, as the tumor micro-environment is characterized by low 

extracellular pH, low glucose concentration and hypoxia, energy generation happens mostly anaerobically, 

thereby producing ATP through glycolysis, whereas normal cells generate ATP through oxidative 
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phosphorylation. This shift in energy generation is known as the Warburg effect. Studies have shown that the 

Warburg effect occurs even when normal oxygen levels are present (Liberti & Locasale, 2016). ATP generation 

through glycolysis occurs faster, but less ATP is generated through glycolysis than through the aerobic way.  

This makes glycolysis a rather inefficient way of generating energy. Nevertheless, the Warburg effect has 

shown to have other advantages for cancer cells, summarized in Figure 5.  

One of the functions of the Warburg effect is that it is proposed to be an adaptation mechanism to support 

the biosynthetic requirements that go hand in hand with uncontrolled proliferation. The excess glucose 

consumption leads to excess carbon which is used as a source for the de novo generation of proteins, lipids 

and nucleotides (Vander Heiden, Cantley, & Thompson, 2009; (DeBerardinis, Lum, Hatzivassiliou, & 

Thompson, 2008). 

The Warburg Effect also has a stimulating effect on proliferation when considering the tumor 

microenvironment. Production of lactate through glycolysis causes acidification of the microenvironment 

(Estrella et al., 2013), creating a beneficial environment for tumor cells. One hypothesis suggests that H+ ions, 

secreted from the tumor cells, diffuse into the surrounding environment allowing for enhanced invasiveness 

by changing the tumorstroma interface (Estrella et al., 2013). 

 

 

 

Figure 5: Summary of the suggested functions of the Warburg effect (Liberti & Locasale, 2016) 
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3.3.2 Oxidative stress 

 

Reactive oxygen species (ROS) represent a broad range of reactive species with diverse biological applications 

such as in cell signaling and in maintaining redox homeostasis (Winterbourn, 2008). A low level of ROS is 

necessary in normal cells to maintain a good cell turnover and, amongst other things, for signal transduction 

in metabolic reactions in the mitochondria of eukaryotic cells. However, the ROS levels can increase 

dramatically when cells are under stress and this stress can both be internal (ROS) and external (triggered by 

factors such as smoking, UV-light,…). Cancer cells have reduced NADPH (nicotinamide adenine dinucleotide 

phosphate), which has reducing power and acts as a cofactor in many enzymatic reactions. Due to this lower 

reducing power in cancerous cells, these cells have a higher reactive oxygen species (ROS) level that can cause 

damage to the cell and can eventually lead to cell death. This aspect is therefore also an interesting subject 

in cancer research (Cairns et al., 2011). To avoid accumulation of too much ROS without compromising the 

high energy demand, cancer cells perform alternative metabolic pathways (Sosaa et al., 2013).  

 

ROS can influence several stages in cancer development. At tumor initiation for example, which is the stage 

were normal somatic cells start to become cancerous due to an accumulation of mutations, inflammatory 

triggers can cause enzymes such as NADPH oxidase to produce high ROS levels. These high ROS 

concentrations are known to cause DNA strand breaks (Demeyer et al., & Ulens, 2015). Also, during cancer 

progression, under influence of additional oxidative stress, further mutations in DNA can occur. This contains 

breakage in single- and double-stranded DNA, modifications in bases, DNA cross-linking and modification 

of deoxyribose (M Ahmed, 2016). 

ROS levels can be measured in cells and give a good representation of the damage that cells can bear. In 

practice, ROS levels are measured with a dichloro-dihydro-fluorescein diacetate (DCFH-DA) stain (see 

Materials and methods, 2.3.3 ROS assay). 

 

3.3.3 Cell migration 

 

In later stages of cancer development metastasis takes place, which is the final hallmark of cancer cells can 

acquire. In order for invasiveness to be possible, metabolic changes take place. Although the exact 

mechanisms that lead to invasiveness remain unclear, many studies propose an epithelial-mesenchymal 

transition (EMT) as the key mechanism (Kalluri & Weinberg, 2009). Some of the biochemical changes that 

happen during the EMT include reduced cell-cell adhesion and therefore increased migratory capacity, 
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elevated resistance to apoptosis and increased production of extracellular matrix components. E-cadherin is 

a key molecule in this process. It is an adhesion molecule that is disrupted during tumor progression and 

thereby inactivates the cell adhesion system (Hirohashi, 1998), resulting in the EMT.  

 

Another biochemical change that EMT induces, is de-differentiation of the cancer cells to transform them into 

cancer stem cells (CSCs). These cells acquire characteristics of stem cells and can seed secondary tumors 

(Garza-Treviño, Said-Fernández, & Martínez-Rodríguez, 2015). CSCs are characterized by a high adaptability 

and they are constantly influenced by genetic, epigenetic and micro-environmental factors (Kreso & Dick, 

2014), leading to the great diversity that is seen within tumor cells. As mentioned before, the exact mechanism 

behind EMT remains unclear, however, it is certain that EMT requires extracellular signals to drive the 

transition and is thus not a cell-autonomous process (Bates & Mercurio, 2005). Recently, studies have shown 

that the de-differentiation may be induced by molecules in the micro-environment of the cancer cells, such 

as a range of growth factors, for example insulin-like growth factor (IGF-IR) and epidermal growth factor 

(EGF). Also cytokines such as TGF-β and TNF-α  produced by the micro-environment can lead to the de-

differentiation (Garza-Treviño et al., 2015). The loss of adhesiveness combined with the de-differentiation, 

increased mobility and eventually invasion are all hallmarks of increased malignancy, indicating that the EMT 

proposes a mechanism for cancer cells to transform into a more aggressive phenotype (Bates & Mercurio, 

2005). 

3.3.4 Wnt pathway 

 

Several pathways are specifically important in the intestinal tract such as the Wnt pathway. It is the main 

pathway used for proliferation of intestinal stem cells (ISC) and maintenance of these cells (Novellasdemunt, 

Pedro Antas, & S W Li, 2015). The Wnt pathway controls the level of the protein β-catenin which is a key 

modulator in signal transduction in the cell. This process is linked with the tumor suppressor APC 

(adenomatous polyposis coli). In normal healthy cells, APC forms a complex with other components which 

phosphorylates and degrades β-catenin. In cancer cells on the other hand, mutations in the APC gene often 

occurs which leads to accumulation of cytoplasmic β-catenin. This protein then translocates into the nucleus 

where it triggers transcription of the Wnt target genes by displacing the repressor of these genes. The result 

is an increase in proliferation of the intestinal crypt compartment which results in a polyp (Bienz & Clevers, 

2000).  
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4. IN VITRO STUDY APPROACH 

4.1 Human and animal studies 

 

A variety of methods are used to determine the influence of red and processed meats on colorectal cancer. 

Firstly, human epidemiologic studies are used to find a relationship between the intake and a health outcome. 

It gives information about whether there is a correlation and how strong this correlation is. However, where 

observational studies can find correlations between the meat intake and the incidence of CRC, it can never 

give a causal link between the two. Other downsides are that existing studies often have contradictory 

outcomes due to the fact that there is high variability in environment, genetics of study objects, what kind of 

meat is used, etc. between studies (Oostindjer et al., 2014) 

 

For a faster and cheaper solution, animal studies are often used. These are helpful to examine a causal 

relationship in cancer development, to understand underlying mechanisms and to eventually find potential 

chemoprotective agents. Animals mostly used in these studies are rodent models with genetic susceptibility 

to cancer. However, the downside of animal studies is the difficulty to track tumor progression while the 

animal is still alive. 

 

4.2 In vitro studies 

 

Due to the disadvantages of human and animal studies, a good way to investigate underlying molecular 

mechanisms, is by using in vitro models. Working with cancer cell lines has the advantage of obtaining results 

in a shorter period of time and the ability of screening a large number of compounds. Although this approach 

also has its limitations, mainly the fact that the context of the whole body is absent and that cell-cell 

interactions happen in a different way, it is a useful approach for cancer research (Oostindjer et al., 2014). 

Even though the loss of body context is a disadvantage, the simplicity of in vitro research generates more 

information on specific effects treatments have on cells. As such, it is a suitable approach to understand the 

underlying mechanisms in tumor biology. 

 

Nevertheless, there are some differences that should be kept in mind between in vitro cell lines and the cells 

in the human body. In humans, the colon epithelium has undifferentiated stem cells in the crypts which will 

eventually differentiate in 4-6 days into cells such as enterocytes and mucin-producing cells (Oostindjer et 
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al., 2014). When mutations occur in stem cells it will have a higher impact on cancer progression since they 

differentiate much faster compared to the cell lines used in vitro in which mutations have a lower impact. 

Although stem cells are being isolated to use in in vitro studies, in this research, a cell line of carcinogenic 

cells is used (see Materials and methods, 1.1 Cell lines). 

 

The choice of a model is always a compromise between biological and practical motives. Biological motives 

include the similarity with the environment of the digestive system, and a high specificity and sensitivity to 

the treatment. Practical motives include the time and money a study needs to be conducted, the availability 

and genetic stability. In vitro studies have been proven to be of great importance to support in vivo studies. 

For example, in vitro studies have been shown to be successful in cancer research by unraveling most of the 

current knowledge of mechanisms and pathways related to epithelial-mesenchymal transition (EMT) (Bates 

& Mercurio, 2005; Bhowmick et al., 2001; Ellenrieder et al., 2001).  
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MATERIALS AND METHODS 

1. MATERIALS 

1.1 Cell lines 

A human colon cancer cell line was used: HCT-8/E11-Luc-SC1-eGFP3.2 (abbreviated in this thesis as 

HCT8/E11). These cells are an in-house made cell line derived from HCT8/3-10S cells that were obtained from 

an ileocecal adenocarcinoma. After cultivating in falcons, a clone was isolated that was named HCT8/E11 

(01/06/1994). Next, these HCT8/E11 cells were transfected with vector pGL4.50 [luc2P/CMV/Hygro]. Then the 

cells were subcutaneously (hence the ‘SC1’) introduced in a Swiss nu/nu mouse from which they were 

retrieved again after tumor formation. Lastly, another transfection was done using the pLenti6(Blast)-eGFP-

V5 vector. In contrast to the widely used HCT116 cell line which is known to be aggressive with little capacity 

to differentiate (M Yeung, C Gandhi, L Wilding, Muschel, & F Bodmer, 2010), the HCT8/E11 cell line contains 

well-differentiated cells (Van Hoorde, Pocard, Maryns, Poupons, & Mareel, 2000). Where HCT116 cells have 

already been used abundantly in vitro, the use of HCT8/E11 cells is rather limited. However, a recent study 

(Drebert et al., 2018) included in vitro use of the HCT8/E11 cell line to research the effect of glucocorticoids 

on cell proliferation and cell migration in colon cancer similar to this research. The cells were cultivated in 

monolayers on plastic surfaces, according to the ATCC guidelines. The HCT8/E11 cell line has a KRAS 

mutation, allowing it to proliferate continuously. 

1.2 Components 

In the context of this master thesis, four components were envisaged, that are directly or indirectly connected 

to the consumption of red and processed meats. The cell lines were treated with these components and 

analyzed with different assays.  

1.2.1 Hemin 

 

The first component used to treat the cells was hemin. Hemin (Sigma) is a form of hemoglobin in which the 

protein part is removed, the iron atom is oxidized to Fe3+, which is stabilized by chlorination (Figure 6) 

(Demeyer et al., 2015). It’s structure is quite similar to the structure of free heme after intestinal digestion. 

Heme iron is usually absorbed in the small intestine, but the uptake of iron is strictly regulated by the body 
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so a large part of it also reaches the colon, especially at high intake for example by eating higher portions of 

red meat. This supply of heme to the colon is enough to possibly have an impact on colorectal cancer.  

1.2.2 Butyrate 

 

A second compound used on the cells was sodium butyrate (Sigma). Butyrate is a short-chain fatty acid (SCFA) 

and an end product of anaerobic bacterial fermentation of dietary fiber (Gonçalves & Martel, 2013). Epithelial 

cells use it as a metabolic substrate and it is known to inhibit and prevent carcinogenesis (Zhu & Sun, 2018). 

Even more, Bingham et al. (2003) found in an observational study that there is an inverse relationship between 

the level of butyrate and the incidence of colon cancer. Even though butyrate is not directly related to the 

consumption of red and processed meats, it could be considered as a protective component in cancer 

research. Therefore, in this study, sodium butyrate is used as a control for anti-cancer effects.  

1.2.3 Kynurenine 

 

A third component used to treat the cells was kynurenine (Sigma). Kynurenines are a product of the 

catabolism of tryptophan by the enzyme indoleamine 2,3-dioxygenase 1 (IDO-1) (Puccetti et al., 2015) (Figure 

7). From this so called ‘kynurenine pathway’, amongst other kynurenines, the stable L-kynurenine is formed. 

In both in vitro and in vivo studies, Fallarino et al. (2002) found that L-kynurenine induces apoptosis of T-

helper-type-1 cells and in this way weakens the immune system. This makes kynurenines an excellent target 

for immunotherapy (Puccetti et al., 2015). In a recent study (Rombouts et al., 2017) involving digestion 

samples of white meat as well as red meat, higher levels of kynurenine and kynurenic acid were found in red 

meat (Rombouts et al., 2017). This makes these components interesting to focus on in the colon cancer 

research. 

Figure 6: Structure of hemoglobin, heme and hemin. 
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1.2.4 Kynurenic acid 

 

Kynurenic acid is a carboxylic acid formed out of tryptophan catabolism (Figure 7). It is known to be a 

neuroprotective agent in the central nervous system (Walczak, A Turski, & Rajtar, 2014).  

 

 

In a study performed in 2014 where HT-29 cells were treated with kynurenic acid, it was observed that 

millimolar concentrations of the component increased the β-catenin expressions (Walczak et al., 2014). 

However, in the same study, it was also stated that the translocation of β-catenin into the nucleus where it 

stimulates the Wnt pathway, was not observed. In addition, kynurenic acid seemed to be a chemoprotective 

agent since at concentrations of 1 mM antiproliferative properties were seen. These conflicting results have 

to be placed in perspective as, according to the authors, “the interactions between kynurenic acid, Wnt 

signaling pathway and β-catenin need further studies to exclude potential effect of kynurenic acid on colon 

carcinogenesis” (Walczak et al., 2014). Because of the strong similarity to kynurenine, kynurenic acid is also 

included in this thesis. 

Figure 7: Part of tryptophan catabolism, showing formation of kynurenine and kynurenic acid. 
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2. METHODS 

2.1 Cell maintenance 

The cell lines were kept in cell culture flasks obtained from Greiner Bio-one (Kremsmünster, Austria). The 25 

cm² bottom surface of the flasks is tissue-culture treated to make the hydrophobic polystyrene plastic surface 

more hydrophilic, in order to obtain optimal attachment of the cells. Further, the flasks have a vent cap to 

ensure gas exchange. The cells were kept in culture with Dulbecco’s modified Eagle’s medium (DMEM) 

(Thermo Fisher Scientific, Hampton, USA) fortified with GlutaMAX (Thermo Fisher Scientific). To ensure 

consistent growth of the cells, 10% (vol/vol) fetal bovine serum (FBS) (Greiner bio-one, Wemmel, Belgium), 

1% non-essential amino acids (NEAA) (Thermo Fisher Scientific) and 1% Penicillin/Streptomycin (Thermo 

Fisher Scientific) were added. 

Cells were kept in an incubator (Memmert, Schwabach, Germany) at 37°C and with a C02-level of 10%. The 

cells were split every few days at a confluence level of 75-85%. Cell confluence indicates the percentage of 

the flask surface covered in cells. To split, the cells in the 25 cm² flasks were washed with 4 mL PBSD- 

(Phosphate buffered saline) (so not containing Calcium and Magnesium ions) and then detached from the 

bottom using 2 mL trypsin-EDTA (Thermo Fisher Scientific). PBSD- was used to wash away traces of serum and 

Ca2+- and Mg2+-ions because these ions inhibit trypsin to hydrolyze the proteins responsible for cell-cell end 

cell-surface interactions. 

The obtained cell suspension was diluted with a factor between 5 and 20 in a new flask with fresh growth 

medium where the cells could then attach again to the surface and grow. 

2.2 Cell seeding 

To seed the cells, they were trypsinized to obtain a cell suspension. Next, the suspended cells were coloured 

with Trypan Blue (0.5 g/100 mL, Sigma) in a 1:1 ratio and counted in a Bürker counting chamber. Trypan Blue 

is only taken up by dead cells through the damaged membranes so living cells remain white against the blue 

background and can be counted. 50 squares of the chamber are counted using a light microscope (TENSION 

Motic AE31) according to the instructions of the chamber, and the number of counted cells is multiplied by 

104 to obtain the estimated amount of cells per mL in the suspension. The suspension is then diluted to seed 

plates in a known cell density. 

All the cell work was done in a cell culture hood (VWR, Leuven, Belgium) to ensure sterility. Other measures 

to avoid contamination such as the wearing of gloves and a mouth mask during sterile cell work, were also 

taken. Further, hands and work surface were regularly decontaminated with either denaturol (Sigma, St. Louis, 

USA) or umonium (COVARMED, Kortrijk, Belgium). 
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2.3 Bio-assays 

2.3.1 MTT assay 

The MTT-assay is based on the absorbance of insoluble, blue formazan derived from the water soluble, yellow 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Figure 8). As only viable cells have the 

ability to convert MTT into formazan, the blue color formation is a measure for the viability of cells measured 

through mitochondrial activity. It is thought that the reaction involves the transfer of electrons to MTT by 

NADH or other reducing molecules, although the exact cellular mechanism is not yet understood (J Marshall, 

J Goodwin, & J Holt, 1995). After the conversion of MTT, the blue formazan product precipitates and forms 

blue crystals in the cells as well as on the cell surface and in the culture medium. 

 

The assay was done as described by the lab protocol (De Ryck et al., 2014). Cells were seeded in a 96-well 

plate seeded at a density of 2000 cells per well (~6250 cells/cm²) and with a medium volume of 200 µL. After 

one week of treatment, when the confluence of the cells increased to about 80%, 100 µL culture medium was 

removed from the wells and 20 µL of 5 mg/mL MTT solution (dissolved in PBSD- (Thermo Fisher Scientific) 

and filter sterilized with a 20 mL syringe (Novolab, Geraardsbergen, Belgium) through a 0.22 µm filter 

(MilliPore, Burlington, USA)) was added to the wells. After an incubation period of two hours the liquid was 

removed and the formed formazan crystals at the bottom of the wells were dissolved in 200 µL DMSO (Sigma). 

The absorbance of the formed blue liquid was measured at 570 nm using a multireader (Spectramax, 

Molecular Devices, Berkshire, UK). As a blanc, six wells filled only with 200 µL DMSO were measured as well. 

The MTT assay is considered as an endpoint assay given the cytotoxic nature of MTT. To account for the exact 

cell number in each well, the MTT assay is always combined with a protein measurement such as the SRB 

assay (see Materials and methods, 2.3.4 SRB assay). The advantage of the MTT assay is that the blue crystals 

Figure 8: Principle of MTT assay: conversion of MTT into formazan crystals. 



 

20 

 

can easily be seen under the microscope, which gives the ability to evaluate the mitochondrial respiration by 

different cell populations of the cell line. 

2.3.2 Resazurin assay 

Resazurin (sodium salt, Sigma) is a cell-permeable, blue dye which is converted to the pink, highly fluorescent 

resorufin under the influence of reductants NADPH and NADH, coming from cell respiration (L Riss et al., 

2014). Similar to the MTT assay, this redox reaction is used to monitor cell viability whereby the quantity of 

resorufin is proportional to the number of viable cells. The produced resorufin migrates to the extracellular 

medium which is then measured in a multireader to give fluorescence at 560 nm excitation and 590 nm 

emission. Cells were seeded in 96-well plates at 2000 cells/well (~6250 cells/cm²) with a medium volume of 

200 µL and treated with the right components. After a week of treatment, at a cell confluence of about 80%, 

the cells were exposed to 10 µg/mL resazurin dissolved in serum-free medium. After an incubation time of 

one and a half hour at 37°C, the supernatants were transferred to a black 96-well plate and the fluorescence 

was measured (Ex. 560 nm, Em. 590 nm). Also, six wells which did not contain cells were filled with this 10 

µg/mL resazurin medium to measure background. The advantage of this assay is that resazurin in the 

concentration used and with a controlled incubation time is not toxic for the cells. Therefore, the same cells 

can be used to perform another assay such as SRB or a second resazurin assay. 

2.3.3 ROS assay 

Reactive oxygen species (ROS) are a product of metabolic reactions in mitochondria in cells. Cancer cells have 

a high proliferation rate, leading to high levels of ROS that are a measure for the amount of oxidative stress 

the cells are under (Sosa et al., 2013). In this assay, the ROS stain DCFH-DA (dichlorodihydrofluorescein 

diacetate) was used. This cell-permeable probe is widely used to detect H2O2 and more generally oxidative 

stress. After cell uptake, DCFH-DA is hydrolysed to the DCFH carboxylate anion and then oxidized by reactive 

oxygen species into the fluorescent dichlorofluorescein (DCF). 

 

To perform a ROS assay following a general protocol for 96-well plates (OZ Biosciences), cells were seeded 

in a black 96-well plate at a cell density of 20 000 cells/well (~62500 cells/cm²) with a medium volume of 200 

µL per well. After 2 to 3 days of cell growth, at about 80% of cell confluence, the cells were exposed to the 

treatments for 4 hours. Then, the liquid was removed from the wells and the cells were washed with 200 µL 

PBS containing calcium and magnesium (Thermo Fisher Scientific). These ions are important because they 

prevent the detachment of the cells from each other and from the well surface. Then the PBS was removed 

and the cells were exposed to a solution containing 20 µM DCFH-DA dissolved in serum-free DMEM for 30 
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minutes. Then, 200 µL PBS was added to each well and fluorescence of the plate was measured using a 

multireader (Ex.485 nm, Em.535 nm). Once again this assay is followed by a SRB assay to compensate the 

data with the exact cell count.  

2.3.4 SRB assay 

The SRB assay is used to measure cell proliferation through the binding of the dye sulforhodamin B (SRB) to 

cell proteins. The amount of bound proteins is a measure for cell mass which then can be extrapolated to 

represent cell proliferation. This assay was performed as prescribed by the general lab protocol (De Ryck et 

al., 2014). It was done after resazurin assays and ROS assays on the same plates, and parallel to the MTT assay 

on another plate seeded in the same way. First, the cells were fixated by addition of 50 µL trichloroacetate 

(50% TCA in milliQ-water) to each well. After that, the plate was kept at 4°C for at least one hour. 

Subsequently, the plate was washed several times with tap water and dried using air. Then, 50 µL SRB solution 

(0.4% in 1% glacial acetic acid) was added to each well. The plate was set aside for 30 minutes to allow the 

solution to stain the cells after which the excess stain was washed away with 1% glacial acetic acid in milliQ-

water and once again dried to the air. Next, to solubilize the stained proteins, 200 µL of a 10 mM Tris-buffer 

(tris(hydroxymethyl)aminomethane) was added using a pipette and tip until a homogenous liquid was 

reached. Finally, the absorbance was measured at 490 nm using a multireader. For background correction, six 

empty wells were filled with 200 µL Tris-buffer. 

2.3.5 Endoplasmic reticulum stress assay 

To measure endoplasmic reticulum stress (ER stress), cells were plated in a black 96-well plate and washed 

two times with 100 µL T-PBS (0.1% Tween20 in PBS). Then, the cells were fixed using 4% paraformaldehyde 

for 10 minutes. After another two washing steps with T-PBS, the cells were homogenized with 0.05% Triton-

X100 for 10 minutes to lyse the cells. Then, the cells were washed with T-PBS two times and 50 µL of 5 µM 

thioflavin as well as 50 µL of 100 % ethanol were added and mixed into each well. Thioflavin shows enhanced 

fluorescence when bound to protein aggregates and is a direct measure of ER stress (Beriault & Werstuck, 

2013). Finally, the fluorescence was measured (Ex. 460 nm, Em. 520 nm) with a bottom measurement using 

the fluorimeter. 

2.3.6 IncuCyte® live cell analysis 

IncuCyte® is a microscope equipped with a camera inside an incubator set at 37°C and 5% CO2 thereby 

enabling live-cell analysis. It automatically generates images of up to 600 wells by photographing each well 

at several chosen time points. The camera allows to take simple phase-contrast pictures as well as 

measurements of green and red fluorescence. The obtained images can then be analysed using the 
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IncuCyte® software, providing real-time kinetic data. The IncuCyte® software provides the possibility to 

design a masking for the pictures in which the area covered by cells is recognized and coloured which results 

in optimal distinction between the cells and the background by the software. This so called processing 

definition is then launched for all images, providing us with quantitative data for all the wells and all time 

points. The IncuCyte® technology was used for a spheroid-assay and a scratch-wound assay. 

2.3.7 Spheroid-assay 

Using a PrimeSurface 384 ULA plate (Sbio, Hudson, USA) seeded with 3000 cells per well, a spheroid 

experiment was performed. This plate has wells with rounded bottoms which are equipped with Ultra-Low 

Attachment (ULA) surface to reduce the adhesion of cells to the surface. This way, the cells will adhere to each 

other and because of the rounded shape of the wells form a so-called ‘spheroid’ in the bottom of the well 

(Figure 9). 

The cells were exposed to several treatments and left in the IncuCyte® incubator at 37°C for 11 days. Each 

well was photographed through a microscope using the phase-contrast and green-fluorescence channel 

every six hours. This led to more than 9000 pictures to process. The generated images were analysed using 

the IncuCyte® software. An image collection of 15 representative pictures was used to define the masking of 

the cells (Figure 10). 

Figure 9: spheroid formation. 

Figure 10: spheroid phase-contrast image (A) before masking and (B) after masking 
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2.3.8 Wound Healing 

The wound healing assay is a cheap and easy way to explore cell migration. By making a scratch in a 100% 

confluent monolayer of cells and then monitoring the healing of the wound, substantial information can be 

gathered. This assay was done in two different ways.  

2.3.8.1 Manual 

In this assay, HCT8/E11-Luc-SC1-eGFP3.2 cells were plated in a 12-well plate (Greiner Bio-one) with a surface 

area of 3.5 cm². When confluent, PBSD- was brought onto the wells for 30 minutes (determined by an 

optimization test). PBSD- does not contain Ca2+- and Mg2+- ions to make sure the cells would detach from 

each other while making the scratch. After that, a ‘wound’ was created in the cell monolayer with a yellow tip 

(Novolab). This scratch was made manually by tilting the plate upwards and, with a steady hand, pulling the 

tip from the top of the well downwards in one controlled motion. Afterwards the cells were washed again 

with PBSD- to make sure all detached sheets of cells and individual cells were removed. The scratching of the 

cells was done following the protocol described by De Ryck et al. (2014). After washing, DMEM with 2% FBS 

containing the treatments was added to the wells. This was considered the initial time of the wound healing 

process (t0) and at this point several locations in each well were photographed using a camera attached to 

the microscope (Zeiss AxioCam ERc 5S). To mark these areas, a thin line was drawn at the bottom of the plate. 

This way the same area could be photographed after 24 hours to monitor the wound healing process. Of 

each condition, 12 areas were photographed. Next, of each picture taken the wound area was determined 

using the program ImageJ and the accessory MRI Wound Healing Tool. Using this tool, the area of the wound 

was outlined and automatically evaluated and the course of the wound healing could be quantified (Figure 

11). 

Figure 11: Recognition of the wound by the MRI Wound Healing Tool. 
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For each picture, the wound area was determined and presented as a percentage of the total picture area. To 

compare the wound area of the end point to the beginning point, the cell confluence in the wound was 

calculated as 1- wound area, the wound confluence at t=0 hours was set to 0% for each wound and the 

wound confluence at t = 24h is the percentage calculated as 1- remaining wound area. 

2.3.8.2 IncuCyte® 

To make the wound healing assay more reproducible, it was repeated in a more automatized way with an 

IncuCyte® Scratch Wound and ClearView Chemotaxis assay. Therefore, HCT8/E11-Luc-SC1-eGFP3.2 cells 

were seeded in an IncuCyte® ImageLock 96-well plate and as before, when confluent, PBSD- was added to 

the wells for 30 minutes. This time, a scratch was made with the IncuCyte® WoundMaker, which is a 

mechanical device that has 96 pins to create a homogeneous wound in each well simultaneously. Unlike the 

manually made scratches, these wounds were horizontal and much more homogeneous (Figure 13). Next, 

the cells were washed with PBSD- and treated. Subsequently they were put in the IncuCyte incubator to be 

analyzed for 5 days. A picture was made from each well every three hours which led to 2880 pictures to 

process. Again, the masking was defined on a selection of images, and then applied to all pictures (Figure 

12).  

 

 

Figure 12: Masking of wound healing pictures. (A) phase-contrast image as retrieved from camera, (B) cell masking, 

(C) wound masking and (D) wound masking (yellow) and initial wound (blue). 
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As illustrated in Figure 13, the resolution of the IncuCyte camera is much higher than from the pictures taken 

manually. This makes it much easier and more reliable to analyze the data.  

2.3.9 Clonogenic assay 

To test the ability of a single cell to form a colony, a clonogenic assay was performed. A colony is defined as 

a group of at least fifty cells (Franken et al., 2006). The number of colonies is therefore a measure of the ability 

of every single cell to divide ‘endlessly’. To perform this assay, HCT8/E11-Luc-SC1-eGFP3.2 cells were seeded 

with a low cell density of 500 cells per well on a 12-well plate (surface area: 3.5 cm² so ~143 cells/cm²) and 

immediately afterwards treated with different compounds of interest, each in six repetitions (Franken, 

Rodermond, Stap, Haveman, & Van Bree, 2006). The treatments were diluted using DMEM with 10% FBS, as 

they were subsequently left to incubate for 11 days (at 37°C and 10% CO2). When the incubation time was 

over, the cells were fixed by adding 0.5 mL of 50% TCA (in milliQ-water) (Sigma) and left at 4°C for at least 

one hour. Then, the plate was rinsed five times with tap water and dried to the air after which the cells were 

stained with SRB solution (0.4% in 1% glacial acetic acid) (Sigma) for 30 minutes. The excess stain was then 

washed away with 1% glacial acetic acid after which the colonies were visible to be photographed with a 

camera (Nikon Coolpix B500). Of each generated image the colony area and colony count was determined 

using the program ImageJ and the Colony Area Plugin (Guzmán, Bagga, Kaur, Westermarck, & Abankwa, 

2014) (Figure 14). 

Figure 13: (A) scratch made by hand and picture taken by microscope camera; (B) scratch made by WoundMaker and 

picture taken by IncuCyte camera 
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Using the number of colonies counted, the plate efficiency (PE) of the cell line was calculated. The PE is the 

ratio of the number of colonies formed out of untreated cells to the number of seeded cells (Franken, 

Rodermond, Stap, Haveman, & Van Bree, 2006b).  

𝑃𝐸 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
∗ 100 

From this plate efficiency, the surviving factor (SF) can be calculated as  

𝑆𝐹 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 ∗ 𝑃𝐸
  

This number allows us to have an idea about the effect of the treatments on colony formation. 

3. EXPERIMENTAL SET-UPS 

3.1 Experiments on 96-well plates 

The short-term experiments performed on 96-well plates in this research include the ROS assays, ER stress 

assay and a resazurin assay performed on two plates exposed to growth media with different concentrations 

of glucose. For these assays, 20 000 cells per well were seeded in 96-well plates (~62500 cells/cm²) with 

normal growth medium (DMEM containing 1% pen/strp, 1% NEAA and 10% FBS) and left overnight in the 

incubator at 37°C and 10% CO2. To avoid edge effects such as evaporation of the liquid in the wells, only the 

inner 60 wells were used. The wells at the outer edge of the plates were filled with PBS. After 24 hours, when 

the cells were attached to the bottom of the plates, they were exposed to different treatments. The exposure 

time was two to three days for the plates designated to the resazurin assay and the ER stress assay with 

treatments under 2% serum-containing medium, as was determined by an optimization. Two or three days 

after treatment, the assays were performed. The plates used for the ROS assays had an exposure time of only 

4 hours, and therefore were treated under serum-free medium.  

Figure 14: (A) initial picture taken by Nikon camera, (B) thresholded picture to determine colony area and (C) colony 

count. 
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Next to the short-term experiments, a longer-term MTT experiment was performed in a 96-well plate. For 

this assay the seeding and treatment conditions were similar as described for the short-term experiments. 

Only, the plates were seeded with a much lower cell density, namely 2000 cells per well, and the treatments 

were given under 5% serum-containing medium. After a week of exposing the cells to the treatments the 

assay was performed. 

3.2 Experiments on 12-well plates 

The manually performed wound healing assay and the clonogenic assay were both performed on 12-well 

plates. For the wound healing assay, cells were seeded at 20 000 cells per well so that after four days the cell 

monolayer was confluent and a scratch could be made. The seeding was done in DMEM with a serum 

concentration of 10%. Treatments were given after the scratch was made in 2% serum containing medium. 

Plates for the clonogenic assay, on the other hand, were seeded at 500 cells/well so that each cell had the 

opportunity to grow into a colony. These plates were seeded and immediately treated with several 

compounds in normal growth medium to make sure the cells could survive for a long period of time. 

3.3 IncuCyte® experiments 

For the spheroid-assay, cells were seeded and treated simultaneously in a 384-well ULA plate. This was done 

using DMEM with 10% FBS. Cells were seeded with a density of 3000 cells per well. After 11 days in the 

IncuCyte, all obtained images were processed. 

In the scratch-wound assay, cells were seeded in an IncuCyte® ImageLock 96-well plate left to grow for 6 

days until confluent. Then, the scratch was made and the cells were treated. The plate was put in the 

IncuCyte® for 5 days after which all images were processed. Only the first 24h are interpreted in terms of 

migratory capacity, because after that time, the cells will start dividing again.  

4. STATISTICS 

4.1 2D experiments 

A first step in testing the significance of the data was the determination of outliers. Many of the experiments 

done are sensitive to variability, especially those using the IncuCyte® software to mask and analyse data. 

Therefore, for all experiments outliers were calculated using the interquartile range (IQR). In all datasets, each 

condition was tested in five- or sixfold. For each condition (and each time point for the IncuCyte® 

experiments) from those repetitions the interquartile range was calculated as  

𝐼𝑄𝑅 = 𝑄3 − 𝑄1 

With Q3 = third quartile and Q1 = first quartile. 
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The outliers were then defined as the values that are outside the range of [Q1 – 1.5*IQR, Q3 + 1.5*IQR].  

Then, using IBM SPSS Statistics 25 the significance of all results was determined. Per assay that was performed, 

the data was ordered per condition. Then significance tests were done where the condition was the 

dependent variable and the absolute value obtained by the assays was the independent variable. To compare 

the means of all conditions with untreated cells an independent T-test was performed when only one 

condition was tested and a One way ANOVA test was done when multiple conditions were tested. The 

homogeneity of variances was also checked with the Levene test and the outcome of this test determined 

the post hoc test used in the One way ANOVA test to determine significance. When the assumption of 

homogeneity of variances was fulfilled (p>0.05 in Levene’s test), a post hoc Tuckey test HSD was performed 

on a 0.05 significance level. When this assumption was not fulfilled, Tamhane’s T2 post hoc test was chosen 

to still get an idea of significant differences. This approach was repeated for every condition in every 

experiment. 

4.2 3D experiments 

For the experiments conducted using the IncuCyte, outliers were calculated the same way as for the 2D 

experiments.  

Next, to be able to determine the significance of data at different time points (in the IncuCyte® experiments), 

the area under the curve (AUC) was calculated for each repetition (Figure 15). For each data point, the area 

of a rectangle under the curve was calculated using the formula 

𝑎𝑟𝑒𝑎 =  
𝑦1 + 𝑦2

2
∗ (𝑥2 − 𝑥1) 

as shown on the figure. The sum of the area of all rectangles of the data points give an estimation of the total 

area under the curve. Using this method, the element of time could be eliminated and for each repetition a 

value was obtained that represented the course of the data over time.  

Finally, as described for 2D experiments, statistical tests were used to determine the significance of the results. 

For the 3D experiments, the dependent value was the AUC calculated for the IncuCyte experiments.  

Figure 15: example of determination of AUC. 
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RESULTS 

1. CELL PROLIFERATION 

1.1 Optimization of seeding procedure 

To obtain a reliable and reproducible seeding method for long-term experiments, optimization experiments 

were performed on 96-well plates. A first experiment included a resazurin assay five days after the seeding 

of a plate with HCT116 cells at 5000 cells per well and in normal culture medium (DMEM containing 10% 

serum). The goal was to practice the seeding procedure, which includes working with pipettes and the 

counting of cells using the Bürker counter. Also, it was a good quality control to see if edge effects caused 

variability. This way, random variability due to the seeding, growth and analysis could be estimated in later 

experiments. As the whole plate is seeded and incubated under identical conditions, every well is expected 

to generate a similar outcome. Except some edge effects, which are eliminated in the other experiments by 

excluding the outer wells of the plate, the inter-well variability was indeed small. The mean value of resazurin 

absorbance of all the wells was 1570 ± 167 (mean ± standard deviation), indicating that every data point was 

10.6% or less away from the mean value.  

Because we want to expose cells to the compounds for longer time periods (>10 days), the optimal starting 

values for the parameters ‘seeding density’ and ‘serum concentration in the medium’ were determined in a 

second optimization experiment. In contrast to the short-term tests, the treatments of the long-term 

experiments had to be added to the cells in serum-containing medium, to guarantee growth at their normal 

rate and avoid stressful conditions. On the other hand, Fetal Bovine Serum (FBS) has a biological origin and 

can therefore cause extra variability, so especially in the longer experiments, we wanted to keep the 

concentration of serum as low as possible The experiment existed of seeding of HCT8/E11-Luc-SC1-eGFP3.2 

cells in different cell-densities and with media containing different serum concentrations. After five days, a 

resazurin assay was performed and an optimum was determined to use in later long-term experiments. Based 

on viability data and microscopic follow-up, the optimal combination for HCT8/E11 was a cell density of 4000 

cells/well and a serum concentration of 2 to 5% (Figure 16). Higher serum concentrations led to an amount 

of cell proliferation similar to when 10% serum was used which resulted in acidification and 100% cell 
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confluence at too early time points, thereby not allowing a long-term experiment. Therefore, in practice, 

unless stated otherwise, a serum-concentration of 2% was used in long-term tests.  

1.2 Long-term experiments 

 

To test the effect of the components on cell proliferation, two long-term experiments were performed. In the 

first experiment IncuCyte® Life Cell Analysis was used to monitor spheroid formation and growth. A second 

experiment consisted of an MTT assay and SRB assay on cells in a 2D configuration. 

The treatments used in these long-term tests are presented in table 1. For the IncuCyte® experiment a 384-

well plate was used. For each used component, seven concentrations were tested, each in five repetitions. 

The conditions that had the most clear effects were then used in other assays (indicated with a star in Table 

1).  

 

 

 

 

 

 

 

Figure 16: Results of all combinations of cell density and serum concentrations in medium used in the 2D 

optimization test using HCT8/E11 cells after incubation of 5 days. 
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Table 1: Treatments in the long-term experiments 

Treatment Conditions 

  pM nM µM mM 

Hemin 100 1 10* 100 1* 10 100   
Butyrate   10* 100 1* 10 100 1 10 

Kynurenine 100 1 10* 100 1* 10 100   
Kynurenic 
acid 

100 1 10* 100 1* 10 100 
  

 *these concentrations were used for the MTT assay.        
 

The components were dissolved in culture medium with 10% FBS and added to the cells. For the MTT assay, 

the treatments were dissolved in 5% serum-containing medium.  

Results are presented as confluence percentage over time (as quantified by the IncuCyte® Software) as 

described in materials and methods (2.3.6 IncuCyte® live cell analysis). As confluence is a measure for the 

amount of cells in a well, this could indicate cell growth. From each component, the three most relevant 

treatments are displayed. Other conditions are not mentioned because they show the same effect as the 

conditions in the figures. The same data, including confidence intervals for each treatment separately are 

shown in the appendix (see Supplementary data) The data collected during the first 6-12 hours after cell 

seeding shows a strong drop as the cells needed some time to migrate to the middle of the well and form a 

spheroid. A treatment with trametinib (50 nM) was included as a control. Trametinib is a MEK-inhibitor used 

as a cancer drug, which inhibits key MEK-enzymes in the MAPK/ERK pathway that is often overactive in cancer 

cells, thereby stimulating proliferation and differentiation. Because of the KRAS mutation in the HCT8/E11 

cell-line, it is sensitive to MEK-inhibitors. Therefore, cells treated with this component are expected to show 

little to no growth.  

In Table 2, p-values indicating the difference compared to untreated cells for each treatment are given. Based 

on a One way ANOVA test with a 95% confidence interval using the AUC of each condition, calculated over 

the time period of 11 days, followed by a Tamhane’s T2 post-hoc test, only exposure to 2 mM butyrate gives 

a significant difference in spheroid confluency. 
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Table 2: p-values of treatments used in spheroid experiment. The value is based on an independent samples T-test for 

Trametinib and on a One way ANOVA with Tamhane’s T2 post-hoc test for the other treatments. P-values under 0.05 

show a significant difference compared to untreated cells and are displayed with a *.  

Component Concentration Sig. 

Hemin 

1 nM 1.000 

10 nM 0.719 

100 nM 0.914 

Butyrate 

10 nM 1.000 

1 µM 0.593 

1 mM 0.001* 

Kynurenine 

10 nM 0.99 

10 µM 0.984 

100 µM 0.995 

Kynurenic acid 

100 pM 0.612 

1 µM 0.729 

10 µM 0.892 

Trametinib 50 nM 0.000* 

 

The results for each tested component are discussed below. 
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1.2.1 Hemin 

  

From the treatment with hemin in the spheroid experiment, the results can be found in Figure 17. 

Compared to the untreated cells, all concentrations of hemin caused a faster increase in cell confluency 

compared to untreated cells, although the AUC’s are not significantly different (Table 2). The increase was 

not dose-dependent. However, higher concentrations (10 nM, 100 nM) of hemin do have an effect when 

looking at the measurements at the end of the experiment., where the curves are not linear anymore but 

show big jumps. Higher concentrations of hemin (1 µM), which are not included in this figure, showed big 

jumps in the curve and even higher hemin concentrations were not interpreted due to a hemin precipitation 

formed in the wells. Lower concentrations than those shown on the figure had similar results than the ones 

discussed on the figure. In Figure 19, green fluorescent pictures of spheroids at around 250 hours after 

treatment with hemin in different concentrations are shown. No big difference is seen visually, thereby 

confirming the p-values.  

 

Figure 17: Course of cell confluence of HCT8/E11 spheroids after treatment 

with hemin and incubation for 11 days in the 3D spheroid experiment. 
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To support the spheroid experiment, a MTT assay was performed on HCT8/E11 cells treated with similar 

concentrations of the components. On day 7 pictures were taken of the formed formazan crystals that are 

formed during the MTT protocol. The darker the cells are, the more they have converted MTT into formazan 

and the larger the mitochondrial activity is. The pictures below (Figure 18) show two populations of the 

HCT8/E11 cell line. After exposure to 1µM hemin, the amount of darkly coloured cells had increased. 

1.2.2 Butyrate 

 

The results for spheroids treated with butyrate are displayed in Figure 21. Low concentrations (10 nM, 1 µM) 

have an increasing effect on cell confluency data. In contrast, at a higher concentration (1 mM), a decrease in 

growth is seen and the curve approaches the trametinib-control curve. Even higher concentrations of butyrate 

(10 mM), which are not shown on the figure, led to defective spheroids. From the statistics, only a treatment 

with 1 mM butyrate shows a significant difference (Table 2). In Figure 20, green fluorescent images of 

spheroids treated with different concentrations of butyrate as retrieved from the IncuCyte software are shown. 

The highest concentration of butyrate (most right on the figure) shows a decrease in spheroid size. 

 

Figure 18: formazan crystals from (A) untreated cells and (B) cells treated with 1µM hemin formed in the 

2D MTT assay on HCT8/E11 cells after 7 days of incubation. 

Figure 19: green fluorescent pictures of spheroid at around 250 hours of (A) untreated cells, (B) 1 nM hemin, (C) 10 

nM hemin and (D) 100 nM hemin. 
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 When looking at the pictures taken during the MTT assay performed on 2D cultures, a difference can be seen 

between the cells exposed to 1 µM butyrate and untreated cells (Figure 22). The exposed cells are much 

darker and the areas of differentiating cells are smaller, implying that also in 2D configurations, an increase 

in cell activity and growth is induced due to butyrate treatment. 

Figure 21: Course of cell confluence of HCT8/E11 spheroids after treatment 

with butyrate and incubation for 11 days in the 3D spheroid experiment. 

 

Figure 20: green fluorescent pictures of spheroid at around 250 hours of (A) untreated cells, (B) 10 nM butyrate, (C) 

1 µM butyrate and (D) 1 mM butyrate. 
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1.2.3 Kynurenine 

Treatment of kynurenine led to an increase of spheroid confluence as can be seen in Figure 23. However, this 

increase was not significant (Table 2). Cell exposure to 10 nM, which is the lowest concentration shown on 

the figure, induced the largest increase in comparison with the untreated cells. However, lower concentrations 

(1 nM and 100 pM) did not show an increase of that size, but rather an increase similar to the concentration 

of 10 µM. Therefore, a dose-dependent pattern cannot be detected. In Figure 24, green fluorescent pictures 

show the same trend. This is especially visible for treatment with 10 nM kynurenine. Also, from Figure 24 it 

can be seen that under exposure of 10 nM kynurenine, the spheroid shows some bulges. 

Figure 22: formazan crystals from (A) untreated cells and (B) cells treated with 1 µM butyrate formed in the 2D 

MTT assay on HCT8/E11 cells after 7 days of incubation. 

Figure 23: Course of cell confluence of HCT8/E11 spheroids after treatment 

with kynurenine and incubation for 11 days in the 3D spheroid experiment. 
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When comparing pictures of blue formazan crystals formed during the MTT assay, no big differences can be 

detected (Figure 25). Where an increase in the amount of darkly coloured cells was expected after treatment 

of 10 nM kynurenine, this is not or just slightly the case. However, the population of differentiated cells seem 

to have become darker, which might indicate that the differentiating cells were modified in some way. 

Figure 24: green fluorescent pictures of spheroid at around 250 hours of (A) untreated cells, (B) 10 nM kynurenine, 

(C) 10 µM kynurenine and (D) 100 µM kynurenine. 

Figure 25: formazan crystals from (A) untreated cells and (B) cells treated with 10 nM kynurenine formed in the 2D 

MTT assay on HCT8/E11 cells after 7 days of incubation. 
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1.2.4 Kynurenic acid  

Exposure to kynurenic acid was followed by an increase in cell growth (Figure 26), although this effect was 

not significant (Table 2). Once again, no dose-dependence is visible. Exposure to high concentrations of 

kynurenic acid (100 µM) led to loss of the linearity of the curve which could indicate toxicity of this high 

concentration. On the green fluorescent images retrieved from the IncuCyte software a similar effect is also 

visible, as the spheres treated with kynurenic acid seem a bit larger than untreated spheres (Figure 27).  

 

 

Figure 27: green fluorescent pictures of spheroid at around 250 hours of (A) untreated cells, (B) 100 pM kynurenine, (C) 1 

µM kynurenine and (D) 10 µM kynurenine. 

Figure 26: Course of cell confluence of HCT8/E11 spheroids after treatment 

with kynurenic acid and incubation for 11 days in the 3D spheroid 

experiment. 
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The pictures taken of the blue crystals formed during an MTT assay of cells exposed to 1 µM kynurenic acid 

show more dark areas indicating an increase in cell proliferation compared to untreated cells (Figure 28).  

  

2. OXIDATIVE STRESS 

In an attempt to explore the effect of the four meat-related components on oxidative stress of the cells, 

several ROS assays were performed as described in materials and methods (2.3.3 ROS assay). First, an 

optimization of the experimental set-up for this assay was strived after. Therefore, some positive controls for 

induction of oxidative stress were tested: hydrogen peroxide and TBHP (tert-Butyl hydroperoxide) in different 

concentrations, and UV radiation exposed to the cells for seven seconds. The chemical components were 

brought onto the cells for : (1) 24 hours and (2) 4 hours. However, no response was measured with the ROS 

assay in both set-ups. Since these strong oxidizers are very reactive, especially TBHP, the induced oxidative 

stress had most likely already dropped again after these time frames. Therefore, in a next attempt, the cells 

were exposed for only 10 min to TBHP. Remarkably, even then no extra oxidative stress was noticed. The use 

of UV radiation to induce oxidative stress did not give the desired results either. 

Besides the search for a reliable positive control, some assays were done with the four meat-related 

components. Cells were exposed to the treatments for 24 hours and in another assay for 4 hours to ensure 

the measurements contained the induced stress and not only the basal oxidative stress of the cells. Although 

some effects were seen, they were not reproducible when the experiments were repeated.  

Figure 28: formazan crystals from (A) untreated cells and (B) cells treated with 10 nM kynurenic acid formed in the 

2D MTT assay on HCT8/E11 cells after 7 days of incubation. 
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Nevertheless, exposure of four hours to kynurenic acid showed consistent results when the assay was 

repeated. With caution, the results are presented in Fout! Verwijzingsbron niet gevonden.Figure 29. This 

figure shows that exposure to kynurenic acid (100 µM for the 4 hour treatment and 1 mM for the 24 hour 

treatment) led to an increase in fluorescence of the ROS stain. However, based on an independent samples 

T-test, the increase in fluorescence after four-hour exposure to kynurenic acid was significant in none of the 

two cases (p = 0.559 for the first and p = 0.238 for the second repetition). Exposure to kynurenic acid for 24 

hours, showed no increase in oxidative stress. This could indicate that induced levels of oxidative stress are 

no longer present after long exposure. It should be noted that the 24 hour treatment was done with HCT116 

cells. This could also have an impact on the ROS activity. 

 

 

 

 

 

Figure 29: Results of several 2D ROS assays on HCT8/E11 cells and HCT116 cells with different incubation 

periods using treatment of kynurenic acid.  
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3. CELL MIGRATION 

To assess the effect of the compounds on cell migration, wound healing assays were done. First, a manual 

wound healing assay was performed where the scratch was made by hand and the wound area of several 

pictures were measured using the MRI Wound Healing Tool in ImageJ as described in materials and methods 

(Wound Healing, 2.3.8.1 Manual). Next, a more standardized wound healing assay was done using a 

WoundMaker to make the scratch and the IncuCyte® software to process the data (see paragraph 2.3.6 

IncuCyte® live cell analysis). In this second wound healing assay, treatments which gave the best results in 

the manually performed assay are focused on. An overview of the different concentrations used in each 

experimental set-up is given in Table 3. In both assays, the treatments were dissolved in 2% serum-containing 

medium. 

Table 3: Treatments used in the wound healing assays. 

Treatment Manual IncuCyte 

Hemin 
µM 

 
5 2 4 

 

Butyrate 
mM 

 
4 1 4 

 

Kynurenine 
µM mM 

100 60 600 1.25 

Kynurenic 

acid 

µM mM 

100 60 600 1.25 

 

As a control in the wound healing assay using the IncuCyte®, a treatment with 50 nM Trametinib was applied.  
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3.1 Manual 

A simple portrayal of the increase in cell confluence over time is given in Figure 30 where the wound 

confluence at 24 hours is given displayed as boxplots calculated from the 12 repetitions per condition. To 

compare the wound area of the end point to the beginning point, the cell confluence in the wound was 

calculated as described in materials and methods (Wound Healing, 2.3.8.1 Manual).  

 

This is important as in this assay a lot is done by hand and results should be critically looked at. As can be 

seen in figure, the wounds made in untreated cells were almost closed after 24 hours. Therefore cell 

confluence of the pictures approaches 100%. In 6 of the 12 pictures taken, the wounds had totally closed 

(Figure 31). Wounds of cells exposed to hemin had a similar pattern. The other treatments used on the cells 

led to a slower closing of the wounds. This effect is significant for cells treated with kynurenine and kynurenic 

acid. Indeed, this effect is also seen on the pictures taken of the wounds, as Figure 31 shows for kynurenic 

acid. For butyrate, a slower closing of the wounds was observed as well but the data contained great 

variability, even after removal of outliers. 

Figure 30: Results of the 2D manual wound healing experiment performed on HCT8/E11 cells 

displayed as boxplots of the cell confluence after 24 hours of incubation. Treatments marked with a 

* differ significantly from the untreated cells based on a One way ANOVA test (p<0.05). 
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3.2 IncuCyte® 

Repeating the same wound healing assay, but using the IncuCyte® software to track the cell migration over 

time led to following results. During 5 days, every three hours a picture was taken of each well. Since cell 

migration can only be monitored the first 24 hours, this is the time period shown on following graphs. After 

that, cell growth plays a role in the closing of the wound. The course of wound confluence and wound width 

over the whole monitoring period (5 days), including confidence intervals for each treatment at each time 

point is given in the appendix. The results are displayed as cell confluence in the wound and as wound width. 

To discuss the results, the curves are compared to untreated cells and a treatment of 50 nM trametinib as a 

negative control. 

In following table, p-values indicating the difference compared to untreated cells for each treatment are given 

in terms of wound confluence and wound width (Table 4). Based on a One way ANOVA test with a 95% 

confidence interval, only treatment with trametinib has a significant effect. 

 

 

 

Figure 31: Wound healing progress of (1) untreated cells: (A) at t=0 hours and (B) at t=24 hours; and (2) kynurenic 

acid at (A) at t=0 hours and (B) at t=24 hours. 
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Table 4: p-values of treatments used in wound healing experiment based on data of wound confluence and wound width. 

The value is based on an independent samples T-test for Trametinib and on a One way ANOVA test for the other 

treatments. P-values under 0.05 show a significant difference compared to untreated cells and are displayed with a *.  

Component Concentration Sig. Wound confluence Sig. Wound width 

Hemin 
2 µM 0.972 0.930 

4 µM 0.991 0.576 

Butyrate 
2 mM 0.053 0.094 

4 mM 0.615 0.354 

Kynurenine 

60 nM 0.947 0.994 

600 nM 0.995 0.945 

1.25 mM 0.961 0.929 

Kynurenic acid 

60 nM 0.970 0.105 

600 nM 0.999 0.438 

1.25 mM 0.524 0.067 

Trametinib 50 nM 0.230 0.036* 

 

In the first 10 hours, an exponential increase of cell confluence in the wound is observed for every condition. 

After that a more linear course of wound healing occurs. Exposure to trametinib led to a horizontal linear 

curve, indicating the differentiating properties of the treatment.  
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3.2.1 Hemin 

Treatment with hemin has no significant effect in the wound closing process, as can be seen in Figure 33. 

Both concentrations used led to a slightly faster increase in wound confluence, but in terms of wound width 

the difference is less clear. Looking at Figure 32, the same effect can be seen. For all pictures the yellow area 

appears to be equally large, but the blue area is larger for the images of treated cells. This indicates that the 

initial wound was larger for the exposed cells, but the wound is closing faster. 

Figure 33: Effect of treatment with hemin on wound healing portrayed as (A) wound confluence and (B) wound 

width.  

Figure 32: Wound area at t=24 hours (yellow) with indication of initial wound (blue) for (A) untreated cells, (B) cells 

treated with 2 µM hemin and (C) cells treated with 4 µM hemin. 
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3.2.2 Butyrate 

Looking at butyrate, the wound healing process is retained (Figure 34). Although the initial exponential 

increase of cell confluence and wound width decrease is observed, the curve flattens after that, similar to the 

curves of trametinib. The images displayed in Figure 35 show that the cells treated with butyrate change their 

morphology, indicating that they change into differentiating cells with different characteristics. 

 

Figure 34: Effect of treatment with butyrate on wound healing portrayed as (A) wound confluence and (B) wound 

width. 

Figure 35: Wound area at t=24 hours (yellow) with indication of initial wound (blue) for (A) untreated cells, (B) cells 

treated with 2 mM butyrate and (C) cells treated with 4 mM butyrate. 
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3.2.3 Kynurenine 

Cells exposed to kynurenine showed a slightly faster wound closing process compared to untreated cells, 

although not significant. However, this effect is no longer visible when looking at the curve of the wound 

width (Figure 36). The images in Figure 37 show the same effect. 

 

 

3.2.4 Kynurenic acid 

Treatment with kynurenic acid led to a decrease in wound healing speed which is, although not significant, 

the most pronounced for treatment with 1.25 mM kynurenic acid. The same effect can be seen when looking 

at the wound width (Figure 38). In Figure 39, the wounds after 24 hours do not show a visible difference 

compared to the untreated cells. 

Figure 37: Wound area at t=24 hours (yellow) with indication of initial wound (blue) for (A) untreated cells, (B) cells 

treated with 60 µM kynurenine, (C) cells treated with 600 µM kynurenine and (D) cells treated with 1.25 mM 

kynurenine. 

Figure 36: Effect of treatment with kynurenine on wound healing portrayed as (A) wound confluence and (B) wound 

width. 
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Figure 38: Effect of treatment with kynurenic acid on wound healing portrayed as (A) wound confluence and (B) 

wound width. 

Figure 39: Wound area at t=24 hours (yellow) with indication of initial wound (blue) for (A) untreated cells, (B) cells 

treated with 60 µM kynurenic acid, (C) cells treated with 600 µM kynurenic acid and (D) cells treated with 1.25 mM 

kynurenic acid. 
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4. OTHER RESULTS 

 

To look into the effect of the used components throughout this research on some other mechanisms of 

cancer cells, a few other experiments were done. 

4.1 Colony formation 

A clonogenic assay was performed as described in materials and methods (2.3.9 Clonogenic assay). The results 

of the assay are displayed below in boxplots to give a clear overview of the results including the variability of 

the data (Figure 40). Each condition was observed in six repetitions. In the figure, the results of differently 

treated cells measured using ImageJ are displayed in terms of the number of colonies and the area of the 

wells covered by those colonies. Results of colony formation of cells exposed to 4 mM butyrate are not taken 

into account in these figures as no colonies were observed in those wells.  

Over the course of 11 days, an initial number of 500 untreated cells per well with a well surface area of 3.5 

cm² gave rise to an average of 173 colonies. From these numbers, the plate efficiency was calculated using 

the formula described in materials and methods.  

→ 𝑃𝐸 = 34.6% 

From the PE, the surviving factor for the different treatments was calculated (see Materials and methods, 2.3.9 

Clonogenic assay). These are summarized in Table 5. 

 

 

 

 

Figure 40: Results of the 2D clonogenic assay on HCT8/E11 cells with an incubation time of 11 days displayed in 

boxplots in terms of (A) number of colonies and (B) area of colonies. Treatments indicated with a * show a significant 

difference compared to untreated cells based on a One way ANOVA test (p<0.05). 
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Table 5: Surviving factor of the treatments used on the cells with PE = 34.6%. 

Treatment 

no. of seeded 

cells no. of colonies SF (%) 

Untreated cells 500 173 100 

Hemin 5 µM 500 156,5 90.46 

Kynurenine 100 µM 500 180 104.05 

Kynurenic acid 100 µM 500 130.5 75.43 

 

At first sight, only a treatment with 100 µM kynurenic acid led to a significant decrease in colony number. 

However, looking at the area of the wells covered by colonies, a significant increase in cell confluence can be 

observed for cells exposed to kynurenic acid as well as kynurenine.  

Looking at the pictures taken of the colony formation, the same effect can be seen (Figure 41).  

In contrast to other treatments, exposure with hemin did not affect the number of colonies compared to the 

untreated cells. However, an observation made after treatment was that the hemin influenced the colour of 

the medium, turning it into a darker, even brownish liquid. During the following days, even some hemin 

precipitation was noticed in the form of black powdery particles at the bottom of the wells. This could indicate 

a too high concentration of hemin for this particular assay and therefore the results should be interpreted 

with caution.  

 

 

Figure 41: Thresholded pictures of colonies formed by (A) untreated cells (B) cells exposed to 100 µM 

kynurenine and (C) cells exposed to 100 µM kynurenic acid. 



 

51 

 

4.2 Endoplasmic reticulum stress 

An experiment was conducted to look into the effect of the components on endoplasmic stress. Therefore, 

an endoplasmic stress assay was performed as described in materials and methods (2.3.5 Endoplasmic 

reticulum stress assay). The concentrations used are displayed in Figure 42 and Figure 43. After correction for 

the exact number of cells per well based on the data of an SRB assay, for each condition the fluorescence of 

the ER stress marker is expressed as a percentage compared to the untreated cells. The data of ER stress and 

SRB measurements is displayed in Figure 42, the corrected ER stress is shown in Figure 43. 

As can be derived from the collected data, each treatment except for kynurenic acid led to an increase in ER 

stress. Kynurenic acid on the other hand, led to a rather large drop in ER stress. However, only treatment with 

1 µM kynurenine led to a significant increase in ER stress. It should be noted that the error bars on the 

uncorrected endoplasmic stress measurements are rather large (Figure 42). This should be taken into account 

when interpreting the results. 

 

Figure 42: Results of the 2D endoplasmic stress assay on HCT8/E11 cells after incubation of 3 days. (A) Measured 

endoplasmic stress and (B) measured SRB. 
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Figure 43: Results of the 2D endoplasmic stress assay on HCT8/E11 cells after incubation of 3 days 

indicating the endoplasmic stress of the cells after correction with data of the SRB assay. 

Treatments indicated with a * show a significant difference compared to untreated cells based on 

a One way ANOVA test (p<0.05). 
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DISCUSSION  

1. INTRODUCTION 

Long-term exposure of intestinal cells to food related components has been understudied so far, although it 

is a relevant topic since colon cancer development is a slow process that can take up to 15 years. To assure 

the intestinal epithelium to renew every 4 to 5 days (Clevers, 2013), stem cells in the intestinal crypts must 

continuously proliferate. These stem cell characteristics were also seen in a population of highly adaptable 

and proliferative cells coming from a proliferative shift in normal colonic crypt cells, associated with the APC 

mutation (Tao Zhang et al., 2001). These cells grow continuously and produce other cell types of the 

epithelium (Clevers, 2013). Therefore, mutations in these crypt cells have a higher impact on the development 

of colon cancer than mutations in mature enterocytes (Rossi et al., 2008). Besides the occurrence of mutations, 

it is now believed that the micro-environment of tumor cells also plays a role in cancer progression. The 

presence of certain molecules altering this tumor microenvironment could therefore have an impact on the 

adaptation of cancer cells to chemical and physical signals, and ultimately influence the cancer cell phenotype 

(Palmieri et al., 2017). 

 

In this master thesis, a novel long-term approach was used to observe the impact of sub-toxic exposure of 

HCT8/E11 cells to four meat-related components. Table 6 gives an overview of the observed effects 

throughout the different experiments. Effects on cell proliferation, cell migration, oxidative stress, cell 

adhesion and endoplasmic stress were observed. In this discussion, we highlight some of these effects. 
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Table 6: Summary of all effects seen. The symbol ‘=’ is used when no consistent change was observed in the measured 

parameter, ‘↑’ stands for an increase in the measured parameter, where ‘↓’ signifies a decrease. The symbol ‘x’ is used to portray 
the lack of (reliable) data for the given parameter. Significant effects are displayed with a *.  

  Cell proliferation Cell migration 
Oxidative 

stress 

Colony formation (cell 

adhesion) 
ER stress 

Treatment 
low 

concentration 

high 

concentration 
    

Colony 

number 

Colony 

size 
  

Hemin 
↑(100 pM-1 

µM) 
toxic (≥10 µM) = (2-4 µM) × = (5 µM) = 

= (100 

nM) 

Butyrate ↑(0.01-1 µM) 
↓ * (≥1 mM, until 

toxic) 
↓ ; toxic (2-4 mM) x x = (5µM) 

Kynurenine ↑ (0.01-100 µM) 

↓ * (manual) ; 

x = (100 µM) ↑ * 
↑ * (0.1-10 

µM) ↑ (IncuCyte) (60 nM-

1.25 mM) 

Kynurenic 

acid 
↑ (0.01 nM-10 µM) ↓ * (60 nM-1.25 mM) ↑  0.1 mM) 

↓  * (100 

µM) 
↑ * 

↓ (0.1-10 

µM) 

 

2. HEMIN TREATMENTS STIMULATE CELL PROLIFERATION IN LONG-TERM-LOW-DOSE 

SET-UPS 

The results of the 2D-experiments measuring mitochondrial respiration (MTT-assay) and cell growth (IncuCyte 

follow-up), combined with the data from the 3D spheroid experiment (IncuCyte follow-up), indicate that the 

presence of hemin in the medium stimulates cell proliferation when long-term exposure is performed, and 

low sub-toxic (for the cells) concentrations are used. Untreated cells that underwent the same seeding, 

culturing and measuring protocols resulted in lower values for the assays. The impact of hemin on 

proliferation did not result in clear dose-dependent effects. Nevertheless, it seems that for HCT8/E11 cells 

there is a small concentration range in between ‘no effect concentrations’ and ‘toxic concentrations’ where 

we see the increase in cell numbers, namely between 0.2 µM and 2 µM. Comparing these numbers with the 

‘active concentration range’ of other colon cancer cells observed in similar 2D-experiments in prior research, 

we see similar results. For the HCT116 cell line the range was 0.25 – 5 µM and for Caco-2 cells and HT-29 cells 

concentrations of 0.25 – 10 µM seemed to increase cell numbers (Alderweireldt, 2017). In similar in vitro 

research on colon cancer cells, comparable hemin concentrations (1 µM) are used (Yin, Fang, Liao, Maeda, & 

Su, 2014). Although a similar concentration range of hemin led to an increase in cell number for each tested 

colon cancer cell line, the increase in cell number was higher for HT-29 cells and even larger for Caco-2 cells 

compared to the HCT cell line. This could be explained by the pictures taken in the MTT assay carried out on 

HCT8/E11 cells displayed in the results of this thesis (Figure 18, Figure 22, Figure 25, Figure 28). It is clear that 



 

55 

 

this cell line consists of two populations including areas of differentiating cells surrounded by growing cells, 

indicating that HCT cell lines (including both HCT116 and HCT8/E11) are metastatic cells and originate from 

later stages of cancer development. The HT-29 cell line and the Caco-2 cell line, however, originate from 

beginning tumors meaning more growing cells are present. Overall, the cell number increase diminishes at 

later cancer stages, so the effect of hemin on cell phenotype is possibly more pronounced in earlier stages 

of cancer progression. This was supported by our results, where in contrast to the proliferative effect of hemin 

on HCT8/E11 cells, wound healing speed and colony forming ability were not affected by hemin treatment. 

This indicates that hemin in the medium does not affect cell migration or cell motility, which relies on the 

change of the extracellular matrix induced by the cells micro-environment in later stages of cancer 

progression (Walker, Mojares, & Del Río Hernández, 2018). We therefor conclude that hemin effects are most 

pronounced in the first stage of carcinogenesis.  

 

Several hypotheses exist about the mode-of-actions behind the proliferative effect of hemin. 

2.1 Hypothesis 1: hyperproliferation due to toxic environment 

The previous discussed results support what already has been described in literature about the 

cytotoxic/genotoxic and hyperproliferative effects of heme on colon cancer cells, for example in studies 

conducted in 1999 and 2000 by Sesink, Termont, Kleibeuker and Van Der Meer on rat colonic epithelium. 

Hyperproliferation and apoptosis of rat colon was seen after feeding with heme iron but not with nonheme 

iron. Also, heme is genotoxic to the human colon cancer cell line HT-29 as was seen by observation of cell 

number, membrane damage, and metabolic activity (Glei et al., 2006). These findings were confirmed in 

research done by E. Alderweireldt (2017) for HT-29 and the same effects were seen for the Caco-2 epithelial 

colon cancer cell line, for both short-term and long-term exposure, and to a lesser extent for the HCT116 

epithelial colon cancer cell line. Considering the results from this master thesis and the similarity of the cell 

lines we hypothesize that the same mechanisms occur in the HCT8/E11-cells.  

The cytotoxicity of hemin, comprising increased proliferation, oxidative stress, and decreased efficiency of 

mitochondrial respiration is based on following mechanism. Heme iron creates a toxic environment in the 

colonic lumen that damages the epithelium cells (IJssennagger et al., 2012), which the colon stem cells lying 

in the crypts try to compensate by hyperproliferation. This subsequently leads to a higher speed of cell 

growth, which could initiate the growth of polyps and increases the risk for cancer initiation (Morin et al., 

1996). Due to the suppression of the adenomatous polyposis coli (APC) tumor suppressor gene, apoptosis in 

the mutated cells is suppressed and hyperproliferation can occur (Morin, Vogelstein, & Kinzler, 1996). This 

implies for the selected cell lines (HCT116 and HCT8/E11) that hyperproliferation occurs for HCT8/E11 cells 
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(mutant APC gene) and does not occur in HCT116 cells (wild type APC gene) (Yang et al., 2006; Denys et al., 

2004). However, increase in cell growth was seen in both cell lines as discussed before, so APC suppression 

cannot be the only reason for an increase in cell growth. 

 

2.2 Hypothesis 2: downregulation of feedback inhibitors of Wnt-pathway 

 

Another hypothesis on how hemin could induce cell growth is via the Wnt-pathway which is responsible for 

regulation of gene transcription. It is the downregulation of feedback inhibitors of proliferation such as Wnt 

inhibitory factor 1 (Wif1) and the Indian Hedgehog (Ihh) that lead to hyperproliferation (IJssennagger, 

Rijnierse, et al., 2012). By forming complexes with Wnts, Wif1 blocks the binding of Wnts with their receptors. 

Subsequently, proliferation is prohibited. In a study with mice on a heme diet, Wif1 was downregulated 

fivefold (IJssennagger, Rijnierse, et al., 2012). Ihh acts as an antagonist of the Wnt signaling pathway in the 

differentiation process of colonic epithelial cells (van den Brink et al., 2004). So, because of the 

downregulation of these feedback inhibitors in the presence of hemin, the Wnt signaling pathway is 

stimulated which is a hallmark of cancer cells. The carcinogenic effect of heme could thus be explained 

partially by its impact on the metabolism of the epithelium cells through its signaling pathways. 

 

2.3 Hypothesis 3: energy shift due to Warburg effect assisted by suppression of tumor suppressor 

p53 

An additional mechanism that could play a part in the proliferative effect of hemin, is the Warburg effect. 

Cancer cells are known to use more glucose for energy production because they rely on ATP generation 

through glycolysis instead of through oxidative phosphorylation. Therefore, they uptake glucose at a higher 

rate compared to normal cells and they produce lactic acid. The use of glycolysis provides an evolutionary 

advantage for cancer cells by contributing to increasing bioenergetics and biosynthesis (Cerella, Gaigneaux, 

Dicato, & Diederich, 2015). Obtaining this metabolic profile is influenced by mutations or suppression of 

proto-oncogenes and tumor suppressors, such as p53 leading to upregulation of glucose uptake in the cell 

and thereby stimulating the Warburg effect and cell proliferation (Fang & Fang, 2016). The increase in 

proliferation caused by long-term-low-dose hemin treatment could involve a shift in energy-pathways. Heme 

is directly taken up in the cell assisted by transferrin and transferrin receptors, such as HCP1 (heme carrier 

protein 1) (Kalainayakan, FitzGerald, Konduri, Vidal, & Zhang, 2018). A study with mice containing heme and 

iron levels elevated 6-to 9 fold (Hfe-/- mice) in the liver showed that elevated heme concentrations lead to 
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downregulation of tumor suppression p53 protein (Shen et al., 2014). The same conclusion was drawn from 

cell-based experiments, were it showed that heme accelerates proteasome-dependent degradation of p53 

protein. Heme binds directly to p53 protein which not only interferes with the interactions between p53 and 

its target DNA, but also can generate conformational changes of p53 as was shown in the same study (Shen 

et al., 2014). High iron or heme concentrations thus can lead to increasing cell proliferation due to 

downregulation of cellular p53 signaling. 

 

2.4 Hypothesis 4: induced ROS lead to cell growth through mutations 

Although no significant increase in ROS activity could be measured after exposure to hemin in this research, 

other studies have stated otherwise. Ishikawa, Tamaki, Ohata, Arihara, and Itoh (2010), stated that heme has 

an effect on the initiation of carcinogenesis due to an induced ROS activity. The produced ROS can then 

cleave DNA and induce mutations starting the process of carcinogenesis. It could be that due to the short-

living-nature of ROS we were not able to measure an effect of hemin on oxidative stress, so the role of ROS 

in the increased proliferation is still an option and should be further investigated.  

 

Because of the complexity of cancer cell metabolism and the many influences coming from the tumor 

microenvironment, it is most likely a combination of all these mechanisms and many more influences that 

determine the influence of hemin exposure to colon cancer cells.  

3. BUTYRATE TREATMENTS STIMULATE CELL DIFFERENTIATION IN LONG-TERM-HIGH-

DOSE SET-UPS 

Butyrate is one of the short chain fatty acids (SCFAs) linked to a diet high in dietary fibers. It is present in the 

colon in high concentrations as a result of bacterial fermentation of undigested fibers. Among the most 

abundant SCFAs in the colon (acetate, propionate and butyrate), butyrate has been shown to have the most 

significant effects on colonic epithelial cells, as well in vitro as in vivo (Hague et al., 1997). Diets poor in fibers 

have been shown to lead to a higher risk for inflammatory diseases and intestinal cancers in the developed 

countries (Sivaprakasam et al., 2016). SCFAs and in particular butyrate are thus seen as components that could 

play a role in the maintenance of a healthy colon and even more as components that could possibly have a 

role in treatment of colon diseases. In the context of this research, butyrate was used as a positive control 

because it is a well-described component with positive effects on colon health. It helps us analyze the 

(negative) effects of the other components and place them in perspective. 
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Studies have shown that SCFAs deliver the main source of energy for colonocytes in vivo (Boets et al., 2016). 

For cancer cell cultures in vitro, however, this effect disappears and cell exposure to butyrate is shown to stop 

cellular growth and induce cell differentiation, which can even result in apoptosis (Donohoe et al., 2012; Roy 

et al., 2009). This effect is known as ‘the butyrate paradox’. This paradox was also seen in the results of our 

experiments. Treatment with high concentrations of butyrate led to clear changes in cell behavior and visually 

damaged cells. Cell exposure to 1mM or higher of butyrate not only inhibited cell growth in the spheroid 

experiment, but also slowed down cell migration in the wound healing tests. In contrast to the differentiating-

stimulating effect of high concentrations, low concentrations of butyrate (10 nM- 1 µM) gave rise to a larger 

increase in spheroid size over time in relation to untreated control conditions indicating that butyrate 

presence promotes cell growth. Based on literature this is most likely because the cells use the butyrate as a 

source of energy through infiltration of butyrate in the Krebs cycle in the form of acetyl-CoA or through the 

formation of ketone bodies (Leschelle, Delpal, Goubern, Blottière, & Blachier, 2000). The At higher 

concentrations butyrate levels in the cell seemingly exceed the metabolic capacity, causing accumulation and 

overshooting the minimum threshold of activity, leading it to act as a differentiating factor (Bultman, 2014; 

Donohoe et al., 2012). Studies have shown that the inhibitory effect of butyrate on cell growth is based on 

butyrate functioning as a HDAC (histone deacetylase) inhibitor which leads to the alteration of expression of 

multiple genes with important functions such as cell proliferation, apoptosis and cell differentiation (Archer 

et al.,1998; Chopin et al., 2002). In order for DNA transcription to occur, DNA must be made accessible for 

enzymes by histone acetylation. Histone acetylase alters the compaction of chromatin, after which DNA can 

be transcribed. After that HDAC acts to give chromatin its initial structure back. The inhibitor butyrate enters 

the cells with the aid of transporters and cell surface receptors specifically for fatty acids (Ganapathy, 

Thangaraju, & Prasad, 2009). After cellular uptake, butyrate can bind to HDAC. Although the binding site and 

mechanism of binding of butyrate remains unknown, a study revealing the crystal structure of HDAC bound 

to trichostatin A (TSA) (another inhibitor) (Finnin et al., 1999) led to believe that butyrate might possibly bind 

the same way (Davie, 2003). The aliphatic chain of TSA binds to a hydrophobic cleft on the surface of the 

enzyme. Two butyrate molecules might bind in that same cleft to inhibit the enzyme.  

While HDAC is inhibited by butyrate or other inhibitors, histone acetylase remains active resulting into histone 

hyperacetylation (Davie, 2003). What is more, not only histones are acetylated, but also high-mobility group 

proteins and multiple transcription factors. These modifications have a wide range of effects on the properties 

of these transcription factors and the function of these proteins in regulating gene expression (Braun, 2001; 

Munshi et al., 1998). The histone acetylating effect of butyrate thus can cause gene activation to be initiated 
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or prolonged, giving butyrate an important therapeutic application in a wide spectrum of diseases (Davie, 

2003).  

Moreover, it is believed that the butyrate paradox can be further explained by the Warburg effect. As cancer 

cells shift their energy metabolism to glycolysis instead of oxidative phosphorylation, butyrate is possibly no 

longer used in the energy metabolism of the cells leading it to accumulate in the nucleus where it acts as a 

HDAC inhibitor to upregulate the expression of downstream genes (Donohoe et al., 2012). Studies have 

shown that the butyrate paradox is also present in vivo, following the gradient in butyrate concentration 

along the villi (Bultman, 2014) (Figure 44).  

When talking about high butyrate concentrations, it is important to mention that studies have shown that 

high circulating concentrations of SCFA can be toxic (> 1 mM) and are observed in acidaemic disease in 

humans (Morrison & Preston, 2016). Toxic concentrations of these organic acids can have large impacts on 

cell metabolism. From the results of the scratch assays in this thesis, with cells exposed to 2-4 mM butyrate, 

a differentiating effect was seen as described before, but a microscopical view revealed that several cells were 

damaged, indicating a toxic butyrate concentration. In these experiments, conducted with the goal to see if 

short-term effects of butyrate were visible, the threshold was apparently exceeded. However, it would be 

interesting to see the effect of lower, growth stimulating, concentrations to have an indication of the influence 

on cell migration. In a study from 2016, Morrison & Preston analyzed the systemic availability of SCFAs in the 

Figure 44: schematic overview of the natural concentration gradient of 

butyrate along the villi and the consequences for the energy metabolism of 

the cell (Bultman, 2014). 
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colon by colonic delivery of 13C - labeled SCFAs in healthy humans consuming their normal diet. An exposure 

of 0.21 ± 0.20 μM per hour of 13C–butyrate was measured. This concentration stays well below the toxic 

threshold of 1 mM and, according to our results, stays in the range of concentrations where butyrate is used 

as an energy source.  

 

In conclusion, butyrate can have therapeutic advantages when present in the right concentrations in the colon 

linked to a diet high in fibers. However, due to the natural concentration gradient along the villi in the 

intestines, butyrate can also stimulate cancer cell proliferation (low butyrate concentrations) or even be toxic 

(high butyrate concentrations). 

 

4. KYNURENINE AND KYNURENIC ACID GIVE RISE TO MORE THAN ONLY 

IMMUNOTOLERANCE 

Treatment with kynurenine or kynurenic acid showed similar effects in the different the assays. Both 

components induced an increase in spheroid size and a significant decrease in wound closing speed, except 

for exposure to kynurenine in the automatized wound healing experiment from which no clear conclusion 

could be drawn. Further, treatment with kynurenic acid seemed to have an effect on the colony forming ability 

of HCT8/E11 cells. Significantly less but bigger colonies were formed. Exposure to kynurenine also formed 

significantly bigger colonies, but not less. Kynurenine also led to a significant increase of endoplasmic stress 

of both cell lines. In summary, these observations could indicate a proliferative effect of kynurenine and 

kynurenic acid, combined with a decrease in cell migration and increase in ER stress. With the concentrations 

that we tested, the effect is most pronounced for kynurenic acid.  

 

Kynurenine and kynurenic acid are both kynurenines, which is the collectively known term for the products 

of the catabolism mechanism of tryptophan. Kynurenines are formed in the human body after tryptophan 

uptake in the cell by a general carrier protein. Tryptophan is catabolized by several enzymes, including the 

IDO (Indoleamine 2,3-dioxygenase enzymes (IDO-1 and IDO-2)). Tryptophan catabolism helps preserving 

immune homeostasis in mammals and thereby helps avoiding acute and chronic hyper-inflammatory 

reactions and autoimmunity (Munn & Mellor, 2013). L-kynurenine is the first stable catabolite formed through 

this pathway and can be irreversibly converted to the stable kynurenic acid by kynurenine amino transferases 

(KATs) (Figure 45). In a study of 2017 using metabolomics to analyze red and white meat digests, it was shown 

that kynurenine and kynurenic acid concentrations in the gut are higher after consumption of red meat than 
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after consumption of white meat, even though tryptophan levels are not significantly higher in beef than in 

poultry (Rombouts et al., 2017). Moreover, the presence of IDO-enzymes in gut organisms was discovered 

(Yuasa, Ushigoe, & Ball, 2011), indicating that kynurenines are formed through microbial activity, and to a 

larger extent in red meat than in white meat (Rombouts et al., 2017). Because kynurenines are formed through 

different mechanisms, it is difficult to predict the exact concentration of these components in the colon. 

Therefore in our experiments, a wide range of concentrations (between 10 nM and 1.25 mM) were used. 

 

 

 

 

 

 

Figure 45: tryptophan catabolism including formation of L-kynurenine 

by Indoleamine 2,3- dioxygenase enzymes (IDO)and further conversion 

to kynurenic acid by kynurenine amino transferases (KATs) (Puccetti et 

al., 2015) 
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4.1 Kynurenine treatment leads to immunotolerance and directly stimulates proliferation and 

metastasis 

L-kynurenine induces T-helper type-1 cell apoptosis and thereby alters the immune response (Fallarino et al., 

2002). In several cancerous tissues, including colon, overexpression of IDO-1 has been observed, leading to 

high kynurenine levels resulting in a reduced tumor infiltration by lymphocytes (Brandacher, 2006) and an 

impaired immune response giving cancer cells the opportunity to grow. Studies observing the effect of the 

micro-environment on the EMT of human colonic organoids have shown that EMT and thus cell migration or 

metastasis is accelerated in the presence of activated macrophages producing tumor necrosis factor-alpha 

(TNFα) (Bates & Mercurio, 2003). TNFα triggers TGFβ (transforming growth factor beta) to bind on specific 

receptors on the cell after which an intracellular mechanism starts and regulates transcriptional modulation 

of EMT. Kynurenines, suppressing the immune system and these macrophages, thus lead to a decrease in cell 

migration corresponding to our results. However, being an in vitro study, an effect on the immune system 

cannot be the source of the trends seen in this research. Therefore, there must be additional influences of 

kynurenines on cancer cell progression.  

Opitz et al. (2011) identified kynurenine as an endogenous ligand for the aryl hydrocarbon receptor (AHR) of 

the cells. After binding of kynurenine to AHR, resulting in the translocation of AHR to the nucleus, AHR 

activates the transcription of target genes, eventually leading to a more invasive tumor. Moreover, the tumor 

microenvironment can spread to the lymph-nodes due to induced immunotolerance, and thereby facilitates 

metastasis (Brandacher et al., 2006; Munn & Mellor, 2007) which corresponds to the increase in wound 

healing speed seen in the results of this master thesis. Next to the immunotolerance, kynurenine metabolites 

also directly influence proliferation of cancer cells by activating nuclear β-catenins which stimulates targets 

of the Wnt signaling pathway and thereby cell proliferation (Thaker et al., 2013). The known effects of 

kynurenine are summarized in Figure 46.  
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4.2 Kynurenic acid treatment gives rise to contradictory proliferative effects 

Both L-kynurenine and kynurenic acid are formed in the same catabolic pathway through the same IDO 

enzymes leading to believe that their role in cancer development is based on the same mechanisms. However, 

in this master thesis results from treatment with kynurenic acid are more pronounced, and visible from smaller 

concentrations compared to treatment with kynurenine, and when considering cell migration, the opposite 

effect is observed. It could be that the kynurenic acid molecule is more stable than kynurenine because of 

the extra aromatic ring in its structure leading to more pronounced results. Kynurenic acid is known to be a 

neuroprotective agent in the central nervous system and is already excessively studied in this area (Turski et 

al., 1988), but little is known about the mechanisms influenced by kynurenic acid in the digestive system. 

However, studies on glioblastoma’s (brain tumor cells) have shown that exposure to kynurenic acid inhibits 

both proliferation and migration (Walczak et al., 2014). Further, in the last couple of years, the molecule was 

identified as an endogenous ligand for an orphan G-protein-coupled receptor (GPR35) expressed mostly in 

immune an gastrointestinal tissues, more precisely on enterocytes in intestinal crypts (Wang et al., 2006). 

From the same study the hypothesis was made that GPR35 are involved in the modulation of gastrointestinal 

immune response. Also, kynurenic acid inhibits TNFα secretion similar to L-kynurenine, suggesting its anti-

inflammatory effect. However, once again, because this research includes solely in vitro experiments, the 

effect on the immune system is not the basis of the results seen in this research.  

Figure 46: schematic overview of how tryptophan catabolism influences 

tumor cells (Thaker et al., 2013) 
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Interestingly, the study by Walczak et al. (2014), suggesting an anti-proliferative effect of kynurenic acid, also 

revealed an unexpected influence of KYNA on the Wnt pathway in HT-29 cells. Exposure to high millimolar 

concentrations of kynurenic acid led to an increased expression of β-catenin, inducing its nuclear 

accumulation (Vogelstein & Kinzler, 2004) similar to kynurenine treatment, indicating a proliferative effect. β-

catenin is not only a main effector of the Wnt cascade, but is also involved in cell adhesion. At the plasma 

membrane, β-catenin links cadherins, a type of cell adhesion molecule, to α- catenin (Brembeck, Rosário, & 

Birchmeier, 2006) as is shown in Figure 47. In cancer progression, an important hallmark of EMT, is the loss 

of function of E-cadherin and therefore, the cadherin-β-catenin-α-catenin complex dissociates (Brabletz et 

al., 2001; Behrens, 1989; Vleminckx, Vakaet, Mareel, Fiers, & Van Roy, 1991). Due to the loss of this complex, 

cell adhesion is less efficient stimulating cell migration and metastasis. Furthermore, the unbound β-catenin 

molecules inside the cell are now free to migrate to the cell nucleus and stimulate transcription via the Wnt 

pathway even more (Stockinger, Eger, Wolf, Beug, & Foisner, 2001). The loss of cell adhesion under treatment 

with kynurenic acid is clearly seen in the results of our clonogenic assay. Less, but larger colonies were 

observed. However, the stimulating effect on cell migration through loss of adhesion does not correspond 

with our results. This contradiction should be further explored. Presumably other factors play a part in the 

influence of kynurenic acid on cell migration. 

Figure 47: the double function of β-catenin in the cell 

(Wikipedia) 
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The contradictory effect of kynurenic acid, indicating an anti-proliferative effect according to many studies 

on the one hand and stimulation of β-catenin implying a proliferative effect on the other hand, still needs to 

be resolved in further studies. However, this contradictory effect was also visible in the results of this master 

thesis. The increase in cell proliferation after exposure to kynurenic acid seen in the results of the spheroid 

experiment do not align with the general observations found in literature. However, when conducting the 

IncuCyte monitored scratch assay, a decrease in confluence was observed when looking in the time period 

where cell proliferation occurs instead of cell migration (day 2-5). The results of that time frame of the 

experiment are shown in the appendix.   

 

5. PRACTICAL LIMITATIONS 

Although in vitro studies are widely used and optimized for many research types, there are several factors to 

take into account when interpreting results from such studies. 

From the pictures taken in the MTT assay carried out on HCT8/E11 cells displayed in the results of this thesis 

(see Results, 1.2 Long-term experiments) it is clear that this cell line consists of two populations. Indeed, the 

HCT8/E11 cell line consists of areas of differentiating cells surrounded by growing cells. As these two 

populations are in a different stage of the tumor formation process, they will most likely also react differently 

on exposure to the components. Each measurement executed by the multireader therefore gives an average 

value of the effect on both cell types. This should be taken into account when interpreting the results. This 

cell line however, is interesting as part of the aim to understand the effect of meat-related components on 

further stages in cancer progression. 

The lack of significance of the results of the two IncuCyte experiments could be explained by different aspects. 

First, it is possible that the method of calculating significance through approaching the data by the area under 

the curve was not sufficient due to an increase of variability of the data. However, since the same (significant) 

effects were seen in the 2D experiments as in the 3D IncuCyte experiments biological relevance of the 

discussed effects can be assumed. Alternatively, assuming linearity, the slope of the data over time for each 

treatment can be determined and used to present the data. Ideally, though, each set of repetitions from one 

condition at one point in time is looked at separately to calculate significance of the data, but this would cost 

an enormous amount of time. 

Secondly, these experiments rely on the IncuCyte software making a masking of the cell confluence and the 

wound area for the spheroid experiment and the wound healing experiment respectively. Indeed, it was seen 
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that for larger spheroids the masking procedure became less efficient (Figure 48). This could explain why the 

curves displayed in the results (section Cell proliferation, 1.2 Long-term experiments) lose their linearity at 

later time points. However, the masking procedure for the scratch assay seemed to be much more successful 

and the masking area fit the actual wound even at later time points. Nevertheless, monitoring spheroid size 

remains an interesting way to analyze cell growth because it is a much more accurate representation of the 

tumor morphology than a single cell layer. A good and reliable alternative is to monitor real-time cell 

respiration with the seahorse assay. This is a probe-based system that is able to measure O2 consumption, 

suggesting the amount of aerobic mitochondrial respiration, and pH, implying energy production through 

glycolysis. Not only does it measure more specific parameters that will contribute to the understanding of 

mechanisms of cell proliferation, the method is standardized and does not rely on software to create an 

appropriate detection mechanism of parameters (Agilent).  

 

Although measures were taken to assure cell proliferation would not interfere with cell migration when 

considering the wound healing assay, such as complete cell confluence when the scratch was made, and only 

24 hours of monitoring cell migration, the interference of cell growth in the results cannot be excluded. 

Ideally, serum-free medium is used to minimize the chance for cell growth, but practically the cells, which are 

already stressed due to the making of the scratch, hardly survive when no serum is present. Therefore, both 

wound healing assays were performed using medium with 2% serum. What’s more, it is a difficult assay to 

standardize, as every scratch will inherently be slightly different. However, the IncuCyte monitored scratch 

assay greatly minimizes variability on scratch width and monitors wound closing very precisely. Therefore, it 

is currently the most advanced technique. 

 

Figure 48: masking (orange) of the same spheroid at (A) t= 6 hours and (B) t=228 hours. 
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CONCLUSIONS 

 

The innovative in vitro approach that allows to treat cells in culture with pure components for a longer period 

of time was successful using the HCT8/E11 colon cancer cell line and meat-related components. The results 

of the experiments matched the effects already described in literature, thereby supporting the validation of 

this innovative technique. Long-term treatment with sub-toxic concentrations of pure components showed 

to have different effects on cancer cell metabolism, indicating the high adaptability of cancer cells to 

environmental stimuli, even at low concentrations. Also, the expansion to a 3D spheroid model was 

accomplished and was the first step to a more complex and extensive tumor model. Using this 3D model and 

the several 2D experiments we performed, we could confirm what had already been written about the four 

components. Hemin treatment induces mutations and has effects on several pathways, such as the Warburg 

effect and downregulation of feedback inhibitors in the Wnt pathway, leading to hyperproliferation and a 

more malignant phenotype of the cells, mainly effecting initial stages of CRC development. Butyrate had two 

contrasting effects. Low concentrations, not exceeding a certain threshold value, allowed cells to use butyrate 

as an energy source, thereby stimulating cell growth, whereas high concentrations led to differentiation and 

cell cycle arrest. Concentrations between 1 µM and 1mM allowed butyrate to inhibit histone deacetylases 

resulting in over-acetylation of histones and deregulation the expression of specific genes. Although 

kynurenine and kynurenic acid are similar molecules derived from the same amino acid, they seem to have 

different effects on cell metabolism. They both influence mechanisms that create an immunosuppressive 

network to protect tumor cells from the host immune attack, but in vitro they show different results. Where 

kynurenine directly stimulates cell proliferation and metastasis through activating β-catenins, a key molecule 

in the Wnt-pathway, kynurenic acid shows contradictory effects. In some studies an anti-proliferative effect 

is found, whereas in others kynurenic acid treatment led to proliferation. Even more, the effect on cell 

migration is contradictory as well and requires further research.  

 

The novel long-term in vitro approach opened up new doors to further unravel the effect of red and 

processed meat on colorectal cancer, especially when looking at kynurenines which are a rather unexplored 

area in in vitro research. The observed effects create many new research opportunities.  
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RECOMMENDATIONS FOR FUTURE RESEARCH 

 

In the same experimental set-up, using simple bio-assays to validate and further unravel the effects of meat-

related components, it could be interesting to expose colon cancer cells to other components of the meat 

matrix or metabolites produced in the gut after meat consumption. Especially the novel long-term in vitro 

approach can still provide a great amount of useful information concerning metastasis and cancer 

progression in general. 

 

Also, some interactions between components are of interest, as heme catalyzes IDO enzymes involved in the 

kynurenine pathway, suggesting that there are still unclear effects to unravel. Further, a more profound 

investigation of the Wnt pathway might provide new insights. This pathway plays a specific role in different 

mechanisms that stimulate the development of CRC, as was already briefly discussed in this master thesis and 

it would therefore be valuable to experiment with some specific assays to unravel the effect of components 

on the Wnt pathway.  

 

Moreover, using the 3D spheroid model and expanding it even further to organoid cell culture, by which it 

approaches the real tumor better, would allow the in vitro investigation of the impact of the micro-

environment to a greater extend. A more extensive model would therefore also allow to explore microbial 

metabolite related aspects of colorectal cancer development. 
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SUPPLEMENTARY DATA 

1. COURSE OF INCUCYTE WOUND HEALING ASSAY  

The graphs of the IncuCyte wound healing assay over the whole period of time (5 days) including confidence 

intervals are given for hemin (Figure 49), butyrate (Figure 50), kynurenine (Figure 51), kynurenic acid (Figure 

52) and the positive control trametinib (Figure 53). The graphs were retrieved from the IncuCyte software. 

 

Figure 49: Course of wound healing of HCT8/E11 after incubation of 5 days in terms of cell confluence and wound width after 

treatment with hemin. 

Figure 50: Course of wound healing of HCT8/E11 after incubation of 5 days in terms of cell confluence and wound width after 

treatment with butyrate. 



 

II 

 

 

Figure 51: Course of wound healing of HCT8/E11 after incubation of 5 days in terms of cell confluence and wound width after 

treatment with kynurenine. 

Figure 52: Course of wound healing of HCT8/E11 after incubation of 5 days in terms of cell confluence and wound width after 

treatment with kynurenic acid. 

Figure 53: Course of wound healing of HCT8/E11 after incubation of 5 days in terms of cell confluence and wound width after treatment 

with trametinib. 



 

III 

 

2. COURSE OF INCUCYTE SPHEROID EXPERIMENT SHOWING CONFIDENCE INTERVALS 

The graphs of the course of cell confluence from the spheroids are given for each condition including 

confidence intervals determined by µ±std (Figure 54).   
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Figure 54: Course of cell confluence of 3D spheroid experiment   with HCT8/E11 cells after 11 days of incubation. For each condition 

the graphs show the course of cell confluence and the associated confidence interval determined at each point in time. 


