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1.1. Cancer 

 Formerly humans died by natural causes or through violence, accidents and by an amazing 

variety of infectious diseases but with the years the main causes of death vary. In the past decade, 

the leading causes of death worldwide were ischaemic heart disease, stroke, chronic obstructive lung 

disease and lower respiratory infections. Actually, the leading causes of death are heart disease and 

cancer (World Health Organization 2014). Although changes in living conditions during the 20th 

century and advances in medicine have contributed to change morbidity and mortality standards, 

there is still a shadow over humanity, namely cancer, once that although it is the second leading 

cause of death after heart disease (World Health Organization 2014), the death rates have remained 

constant compared with death rates for heart disease which have been decreasing (Siegel et al. 

2014). 

 Cancer is a public health problem worldwide that induce death every day and its incidence 

is increasing. The results of GLOBOCAN 2012 are worrying as according to these results, an 

estimated 14.1 million new cancer cases and 8.2 million cancer related deaths occurred in 2012 

(Ferlay et al. 2013), compared with 12.7 million and 7.6 million respectively, in 2008 and predict a 

substantive increase to 19.3 million new cancer cases per year by 2025, due to growth and ageing 

of the global population (Ferlay et al. 2010). In 2012, lung (1.8 million, 13.0% of the total), breast 

(1.7 million, 11.9%), and colorectal (1.4 million, 9.7%) cancers represented the most common 

diagnosed cancer worldwide and lung (1.6 million, 19.4% of the total), liver (0.8 million, 9.1%), and 

stomach (0.7 million, 8.8%) cancers were the most common causes of cancer death (Ferlay et al. 

2013). 

 In Portugal, cancer is also a serious health problem. In 2012, there was an estimated 49 

thousands new cancer cases and 24 thousands cancer related deaths being colorectal, prostate and 

breast cancers the most diagnosed but also the most common causes of cancer death (See Figure 

1.1)(Ferlay et al. 2013). 
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common cause of cancer deaths with 3797 deaths reported in 2012 (See Figure 1.1)(Ferlay et al. 

2013). 

 In the development of CRC, a strong genetic component but also environmental factors, 

including diet and lifestyle, have a major impact on its risk. These factors are strongly supported by 

epidemiological studies, which have shown that environmental factors have the potential to influence 

the normal structure and function of the colon, and various dietary components have been proposed 

as being either beneficial or potentially harmful to colonic health (Lipkin et al. 1999). For example, 

Azcarate-Peril and co-workers reviewed this issue and an increasing number of studies demonstrated 

that lifestyle-associated factors that increase the risks of CRC include elevated body mass index, 

obesity, and reduced physical activity (Azcarate-Peril et al. 2011). However, it has been suggested 

that diet regimens rich in fruit, vegetables and poor in meat might have a protective effect, reducing 

the incidence of colorectal adenomas by modulating the composition of the normal nonpathogenic 

commensal microbiota  (Azcarate-Peril et al. 2011; Davis and Milner 2009; Hakansson et al. 2012). 

 CRC is thought to develop over many years in a multistep process that transform normal 

glandular epithelium into invasive adenocarcinoma as a result the accumulation of both acquired 

genetic and epigenetic changes (Vogelstein et al. 1988). The steps involved in this process were first 

described by Fearon and Vogelstein (1990) in the classic adenoma to cancer progression, based on 

the concept that progression is accompanied by the accumulation of molecular alterations in which 

adenomatous polyposis coli (APC), K-RAS, and p53 genes play a central role (Fearon and Vogelstein 

1990). This model allows to understand the molecular pathogenesis of CRC and is based on the 

premise that tubular and tubulovillous adenomas are premalignant neoplasms that will progress to 

invasive adenocarcinoma (See Figure 1.4) (Lao and Grady 2011; Fearon and Vogelstein 1990). 

However it is known that there are more classes of premalignant polyps with potential for malignant 

transformation and there are multiple molecular pathways to CRC and it is important to distinguished 

well-defined inherited syndromes as Lynch syndrome (HNPCC) and familial adenomatous polyposis 

(FAP), which are unusual conditions that have a substantial cancer risk with a percentage of 2% to 

5% of all CRCs (Lichtenstein et al. 2000). 
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 The intake of food, its breakdown into nutrients and their absorption and elimination of the 

indigestible waste is essential for a healthy body. Actually, there are a variety of digestive problems 

such as gastroesophageal reflux disease (GERD), irritable bowel syndrome, celiac disease, food 

allergies, diverticulitis, ulcerative colitis and Crohn’s disease (Cencic and Chingwaru 2010). Thus, it 

is essential that each organ of the digestive system preform their function correctly. 

1.2.1. Colon 

 The large intestine or colon allows the lower GI tract and it is the portion of GI which extends 

from the end of the ileum to anus. It is about 1.5 meters long, being one fifth of the whole extent of 

the GI tract and their contents take about 18-24 hours to cover its entire extension (Seeley 2011; 

Gray and Lewis 1918). The large intestine is divided into the cecum, colon, rectum and anal canal 

(See Figure 1.5). The colon corresponding the major part of the large intestine being constituted by 

the ascending, transverse, descending and sigmoid colon (Seeley 2011). 

 

Figure 1.5. The Human large intestine anatomy (Adapted from (WebMD 2014)). 

 The main function of the large intestine are: reabsorption of water and mineral ions; 

formation and temporary storage of feces; maintaining a resident of population of over 500 species 

of bacteria and bacterial fermentation of indigestible materials (Seeley 2011). 

 The waste left over from the digestive process, namely chime, arrive to large intestine by 

cecum and it is passed through the colon by means of peristalsis, first in a liquid state and ultimately 

in a solid form. The feces passes through the colon, water and salts is absorbed as well occurs the 
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secretion of mucus by mucus glands present in the mucosa layer. During this transit the feces suffer 

the intensive action of microorganisms present in the lumen of colon. These bacteria perform several 

useful functions such as synthesizing various vitamins, processing waste products and food particles 

and protecting against harmful bacteria (Cencic and Chingwaru 2010).  

1.3. Gastrointestinal microbiota 

 In the human GI tract resides the microbiota, a large and diverse community of 

microorganism which have a critical role in the evolution of the intestinal functions and in overall 

health of the host (Saavedra and Dattilo 2012). 

 The total amount of genes in the various species represented in our indigenous microbial 

communities is estimated about 2-4 million, exceeding the number of our human genes >100-fold 

(Backhed et al. 2005). The collective genomes of microbiota is termed “microbiome” and it was 

introduced in 2001 by Hooper and Gordon. Microbiome provide us genetic and metabolic attributes 

which we not have, including the ability to harvest otherwise inaccessible nutrients (Di Mauro et al. 

2013). 

 In order to collect and integrate the genomic information from many diverse human 

microbiomes an international collaborative project, “the human microbiome project (HMP)”, was 

launched in 2007 (Turnbaugh et al. 2007). Thus the Human Microbiome Project Consortium 

provided the first reliable estimates of the structure, function, and diversity of the healthy 

(“reference”) human microbiome (Human Microbiome Project 2012b, 2012a) and all data are 

available at http://commonfund.nih.gov/hmp/publications.aspx. 

 Actually, microbiota is considered as an “organ within an organ” with its own functions: 

modulates expression of genes involved in mucosal barrier fortification, angiogenesis, postnatal 

intestinal maturation and a critical role in supporting normal digestions as well as affects energy 

harvest from the diet and energy storage in the host, fermenting unused energy substrates to short 

chain fatty acids (SCFAs) (Hooper et al. 2001; Saavedra and Dattilo 2012). These functions are 

intimately strain-related. 

1.3.1. Composition of gastrointestinal microbiota 

 The composition of GI microbiota undergoes major modifications during our life being 

influenced by the host genotype and physiology, the colonization history, environmental factors, food 

and drugs (e.g. antibiotics) (Sharma et al. 2010). 
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 Infants are born without GI microbiota, but rapidly after birth the infants GI is colonized by 

bacteria coming from the maternal vaginal and intestinal flora, and it is an important stage of 

development of intestinal functions (Hattori and Taylor 2009; Aagaard et al. 2013). The composition 

of the microbiota stays unstable until the age of approximately 3-4 years, when it becomes mature 

(den Besten et al. 2013). 

 The adult human GI tract contains all three domains of life: Bacteria, Archaea, and Eukarya, 

being the Bacteria the most dominant and most diverse group of microorganisms present in the 

human colon with 1014 citizens (98% of all species ) (Hattori and Taylor 2009). Bacteria is usualy 

separated into two broad categories, namely as beneficial (e.g., Bifidobacterium and Lactobacillus) 

or harmful (e.g., Enterobacteriaceae and Clostridium spp.) which compete with each other to 

colonized the GI tract (Backhed et al. 2005). 

 In the composition of GI microbiota there may be between 500-1000 different species 

present, based on variation in 16S ribosomal RNA genes, which belong to more than 70 genera. The 

most abundant phyla in the gut is Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria 

(Hattori and Taylor 2009; Abubucker et al. 2012). The Figure 1.6 represent the diversity of bacteria 

in GI tract being CFB the designation of Cytophaga-Flavobacterium-Bacteroides phylum (Backhed et 

al. 2005). 

 The Bacteroidetes phylum manly produces acetate and propionate, whereas the Firmicutes 

phylum has butyrate as its primary metabolic end product. Most bacterial activity occurs in the 

proximal colon where substrate availability is highest, once the availability of substrate declines, 

extraction of free water reduces diffusion of substrates and thus microbial products (Di Mauro et al. 

2013). 
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Figure 1.6. Representation of the diversity of bacteria in the human intestine. Wedges represent division: 

Those numerically abundant in the human gut are red, rare divisions are green, and undetected are black. 

Wedge length is a measure of evolutionary distance from the common ancestor (Adapted from (Backhed et 

al. 2005)). 

 The Human Microbiome Project (HMP) provided a reference collection of 16S ribosomal 

RNA gene sequences collected from the human gut that allow us to better associate changes in the 

microbiome with changes in health, but it is important to highlight that there is no single healthy 

microbiome. Each person harbors a unique and varied collection of bacteria that is the result of a 

life history as well as their interactions with the environment, diet and medication used (Ding and 

Schloss 2014). Thus it is important to understand the microbiome diversity and the mechanisms 

that are associated with this diversity to assess disease risk and personalize therapies. The second 

phase of the HMP, which is ongoing (2013-2016), will be a powerful feature to understand the role 

of the microbiome in human health and disease (Integrative 2014)  

1.1.1.1. Colorectal cancer and gastrointestinal microbiota 

 The association between CRC and GI microbiota has been studied for many years and 

several of these studies have shown that patients with CRC have significant changes in GI microbiota, 

significant decreases in GI SCFAs concentrations and a significant increase in GI pH compared with 
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the healthy individuals (Scanlan et al. 2008; Sobhani et al. 2011; Ohara et al. 2010; Ohigashi et al. 

2013). 

 These studies suggested that the changes in microbial community correspond to a decrease 

in bacteria species of Firmicutes and Bacteroidetes, demonstrating that microbial community 

composition changes collectively in CRC (Scanlan et al. 2008; Ohigashi et al. 2013; Ohara et al. 

2010). It has been previously reported that specific bacterial species, such as Streptococcus bovis 

(Tjalsma et al. 2006; Ellmerich et al. 2000) or Bacteroides (Aries et al. 1969; Hill et al. 1971) are 

involved in CRC. 

 However some people have doubts if the change in microbiota in CRC patients is a result or 

a cause for the initiation of colon carcinogenesis. CRC itself, the symptoms of the disease, and its 

therapy have the potential to alter the GI microbial composition. Changes in the microbiome may 

precede or contribute to the development of factors related to cancer susceptibility (Lampe 2008). 

The results of Ohigashi and co-workers suggest that it is not the progression of CRC that causes 

changes in the GI environment but rather that cancer initiates and progresses in a GI environment 

that has changed (Ohigashi et al. 2013). 

1.3.2. Microbiota modulation of gastrointestinal functions 

 The human GI microbiota is intrinsically linked with the organism health, since this 

endogenous microbiota form a symbiotic relationship with their eukaryotic host and this close 

partnership helps maintaining homeostasis by performing essential and non-redundant tasks (Zhu 

et al. 2011). This symbiotic relationship comprises a diverse communities of microbes, which include 

mutualists (symbiotically beneficial microbes), commensals (microbes that are neither harmful nor 

beneficial to the host), and pathogens (microbes that are detrimental to the host) (Aagaard et al. 

2013). 

 The host has evolved to establish many processes that sustain unresponsiveness toward the 

commensal bacteria while at the same time maintaining responsiveness toward pathogens. These 

processes include the production of IgA and various antimicrobial peptides and epigenetic control of 

pro-inflammatory responses, all of which separate routes leading to excessive inflammatory response 

(Hattori and Taylor 2009). On the other hand, pathogens also have evolved to equip various virulence 

factors, including effectors that confer additional abilities for evading the host defense system, 

eventually inducing pro-inflammatory responses via change of the microbiota composition in favor of 

the pathogens (Raskin et al. 2006; Stecher et al. 2007). In contrast, commensal bacteria is evolved 
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aimed to evaluate the effect of Propionibacterium fermentation broth in RKO proliferation it was 

important to evaluate whether the media used to perform the fermentation broth (supernatant) 

satisfied the nutrition needs of RKO cells not affecting cell proliferation. We performed the incubation 

of Propionibacterium media (BM, YEL, MCHC (pH 6) and MCHC (pH 7) media) in total volume and 

diluted 50% (v/v) with fresh DMEM complete medium for 48h. Controls used were hydrogen peroxide 

(1mM) as a positive control and as a negative control fresh DMEM complete medium to assay with 

conditions not diluted and fresh DMEM complete medium diluted 50% (v/v) with HEPES solution (20 

mM; pH 7.4) to assay with conditions diluted with fresh DMEM medium. 

 Propionibacterium media (BM, YEL, MCHC (pH 6) and MCHC (pH 7)) led to 90% of cell 

proliferation inhibition in RKO cells, what could be due to nutrient deficiency in the media (Figure 

4.2A). We could observe that the dilution of Propionibacterium media with fresh DMEM complete 

medium can overcome the nutrition deficiency problem, showing that in BM medium no significant 

differences in cell proliferation was observed compared to the control. MCHC medium showed a 

cytotoxic effect in either at pH 6 and pH 7. YEL medium also showed a cytotoxic effect.  

 

Figure 4.2. Cell proliferation analysis by SRB in CRC-derived cell line RKO treated with Propionibacterium 

media: BM medium ( ), YEL medium ( ), MCHC medium with pH 6 ( ) and pH 7 ( ). A) Cells were 

incubated with a total volume of different sterile media from Propionibacterium and with fresh DMEM complete 

medium as negative control ( A). B) Cells were incubated with a different sterile media of Propionibacterium 

diluted (50% v/v) in fresh DMEM complete medium. Fresh DMEM complete medium diluted (50% v/v) in 

HEPES solution (20 mM; pH 7.4) was used as negative control ( B). As a positive control was used hydrogen 

peroxide (1mM) ( ). Values represent mean ± S.E.M. of at least three independent experiments. *** 

p<0.001, compared with negative control cells. One-way ANOVA and Dunnett`s Test were used. 

 According with the literature (Boyd et al. 1988; Smith et al. 1995), RKO cell lines need to be 

cultivated in DMEM medium supplemented with 10% of FBS, being unbaled to proliferate in others 

media. BM medium when diluted with complete fresh DMEM medium, has no effect in cell 

proliferation thus BM medium is the only Propionibacterium medium that can be used to determine 

the effect for the metabolites produced by Propionibacterium in BM and DMEM fermentation broth. 
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4.3.3. Fermentation broth of Propionibacterium freudenreichii inhibits colorectal 

cancer cells proliferation  

 Propionibacterium produce a high amounts of acetate and propionate in BM supernatant, 

being the P. freudenreichii (29 mM acetate – 64 mM propionate) better producer than adapted P. 

freudenreichii (19 mM acetate – 40 mM propionate) as discussed in chapter 3. We could not evaluate 

the effect of the supernatant alone because we had to dilute the supernatant in fresh DMEM complete 

medium in order to overcome the nutritional deficiency problem observed previously, as BM medium 

per se has a cytotoxic effect on RKO cells. The concentration of SCFAs presented in the diluted 

supernatant were 14 mM – 10 mM of acetate and 32 mM – 20 mM of propionate in P. freudenreichii 

and adapted P. freudenreichii, respectively. The controls used were hydrogen peroxide (1mM) as a 

positive control, fresh DMEM complete medium diluted (50% v/v) in sterile BM medium as negative 

control and DMEM complete medium diluted (50% v/v) in sterile BM medium containing the pure 

SCFAs at the same concentrations presented in the supernatants. In order to eliminate the effect of 

proteins present in supernatants, the supernatants were deproteinized. 

 We evaluated the effect of fermentation broth obtained from P. freudenreichii and adapted 

P. freudenreichii grown in BM medium and diluted in fresh DMEM before RKO cells treatment the, 

results are presented in Figure 4.3. We could observed inhibition of cell proliferation in RKO cells 

although only reaching statistical significance compared to control in BM supernatant of P. 

freudenreichii (p<0.01) using tukey`s test. The BM supernatants show more effect in inhibiting cell 

proliferation in comparison with the BM diluted in DMEM medium containing the pure SCFAs, 

indicating that the effect of the supernatants might not be only a result of SCFA but other metabolites 

produced by the bacteria, once as BM supernatants were deproteinized the cytotoxicity effect is 

similar with the BM diluted in DMEM medium containing the pure SCFAs, although no significant 

difference between them were observed. 
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Figure 4.3. Cell proliferation analysis by SRB in CRC-derived cell line RKO treated with pure acetate and 

propionate ( ), BM supernatant ( ), BM supernatant deproteinized ( ) by P. freudenreichii DSM 20271 

and adapted P. freudenreichii. Cells were incubated with a supernatants diluted (50% v/v) in fresh DMEM 

complete medium and with fresh DMEM complete medium diluted (50% v/v) in sterile BM medium as negative 

control ( ). Concentration presented corresponding the dilution being, in condition of P. freudenreichii DSM 

20271 and adapted P. freudenreichii, 14 mM – 10 mM of acetate and 32 mM – 20 mM propionate, 

respectively. As a positive control was used hydrogen peroxide (1mM) ( ). Values represent mean ± S.E.M. 

of at least three independent experiments. ** p<0.01, compared with negative control cells. No significant 

difference between different conditions. One-way ANOVA and Tukey`s Test were used. 

 In previous work, we showed that Propionibacterium fermented the DMEM medium, 

producing 13 mM of acetate and 35 mM of propionate by P. freudenreichii and 12 mM of acetate 

and 36 mM of propionate by adapted P. freudenreichii. In order to evaluate the effect of the DMEM 

supernatant, RKO cells were incubated with different supernatants per se or diluted with fresh DMEM 

complete medium for 48 h. The DMEM supernatants were deproteinized to eliminate cytotoxicity 

effect of proteins presented. Hydrogen peroxide (1mM) were used as a positive control, DMEM 

medium “consumed” by RKO cell line as negative control to condition not diluted and DMEM medium 

“consumed” diluted 50% (v/v) with fresh DMEM to condition diluted also with fresh DMEM medium. 

Pure SCFAs at the same concentration of fermentation broth were used too. 

 Figure 4.4A shows that both DMEM supernatants inhibit cell proliferation by 90% and this 

inhibition was more significant than the inhibition with DMEM “consumed” medium with pure SCFAs, 

indicating that the effect of DMEM fermentation broth resulted not only from the SCFAs. The 

deproteinization of supernatants, what decreased the cytotoxicity but the inhibition of cell proliferation 

was still significantly different when compared to DMEM “consumed” medium with pure SCFAs. 

 The results obtained with DMEM supernatant when added in the total volume could be due 

to the deficit in nutrients. Thus, we decide to study the effect of diluting the supernatants (see Figure 

4.4B), ensuring the nutrients for RKO cells in the supernatants, consequently the concentration of 

SCFAs were also diluted. We observed an effect in the inhibition of cell proliferation and all the 

conditions showed significant difference compared to the negative control. DMEM supernatants 

inhibit cell proliferation between 10% - 20% although no significantly differences were observed 

between supernatant, supernatant deproteinized and respective control of “consumed” DMEM with 

pure SCFA (see Figure 4.4B). 
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Figure 4.5. Impact of fermentation broth on cell cycle distribution. (A) Analysis of the treatment effect on 

the sub-G1 subpopulation of RKO cells by flow cytometry. Percentage of sub-G1 cells are shown. (B) Analysis 

of the distribution of cell-cycle phases: G0/G1( ); S( ); G2/M( ) and SUB-G1( ) in CRC-derived cell line 

RKO treated with pure acetate and propionate, DMEM supernatant, DMEM supernatant deproteinized by P. 

freudenreichii DSM 20271 and adapted P. freudenreichii, these conditions were diluted (50% v/v) in fresh 

DMEM complete medium. Fresh DMEM complete medium diluted (50% v/v) in DMEM medium “consumed” 

by RKO cell line and hydrogen peroxide (1mM) were used as negative and positive control, respectively. Values 

represent mean ± S.E.M. of at least two independent experiments. * p<0.05; *** p<0.001, comparing the 

percentage of sub-G1 population of treated cells with negative control and respective control of pure SCFAs. 

One-way ANOVA and Tukey`s Test were used. 

 Our results of cell cycle distribution are in concordance with previous reports from the 

literature (Marques et al. 2013; Lan et al. 2007b). Lan and co-workers (2007b) reported that HT-29 

cells treatment with pure SCFAs (15 mM of acetate and 30 mM of propionate) caused an 

accumulation of cells in G2/M phase, cell cycle arrest and proliferation inhibition, as well as the cells 

in sub-G1 increased from 24h to 48h, being reported approximately 20% of cells in sub-G1 phase, 
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5.1. Background  

 Microorganisms reside symbiotically in the gut benefiting the host. Microbiota, a large and 

diverse community of microorganism, have a critical role in the evolution of the intestinal functions 

and in the overall health of the host (Saavedra and Dattilo 2012). Changes in microbiota composition 

can have major consequences, both beneficial and harmful, for human health (Guinane and Cotter 

2013). Indeed, it has been suggested that disruption of the gut microbiota can be significant in 

response to pathological intestinal conditions such as obesity (Ley et al. 2006), malnutrition (Kau et 

al. 2011), systematic diseases such as diabetes (Qin et al. 2012) and chronic inflammatory diseases 

such as ulcerative colitis and Crohn᾽s disease (Frank et al. 2007). 

 Relation between colorectal cancer (CRC) and gastrointestinal microbiota has been studied. 

These studies reported that patients with CRC have significant changes in gut microbiota, significant 

decreases in gut short chain fatty acids (SCFAs) concentrations and a significant increase in gut pH 

compared with healthy individuals (Scanlan et al. 2008; Sobhani et al. 2011; Ohara et al. 2010; 

Ohigashi et al. 2013).This changes in microbiota can be a result or a cause of the CRC, this is a 

uncertainty that several researchers want to clarify, thus this is an issue that is poorly understood. 

 Probiotics are part of our diary food being presented in fermentation food as yogurts, cheese, 

bread and others. Probiotics are live microbial food ingredient which play an important role in the 

maintenance of health, mainly in maintenance of healthy microbiota (Salminen et al. 1998). 

Propionibacterium freudenreichii is a probiotic bacteria that is considered safe for their long history 

of consumption in Swiss type cheeses and other fermented products. Several studies have reported 

its probiotics beneficial effects on health as a result of its functional metabolites like acetate and 

propionate (Cousin et al. 2012a; Dalmasso et al. 2011; Borowicki et al. 2011; Thierry et al. 2011; 

Ammar et al. 2013; Chen et al. 2012; Lan et al. 2007a). 

 Propionibacteria have been reported as a probiotic bacteria that possesses mechanisms of 

cancer prevention at a cellular level including the induction of apoptosis and inhibition of proliferation 

of colon tumor cell lines but not on normal epithelial cells, via their metabolites, namely SCFA (Jan 

et al. 2002; Marques et al. 2013; Bindels et al. 2012; Abrahamse et al. 1999; Emenaker et al. 

2001). To develop P. freudenreichii with this anti-neoplastic effects we need to be able to grow the 

bacteria and assure that the bacteria remain metabolic active in co-culture with colorectal cancer 

cells. Thus our aim was to evaluate the effects of colorectal cancer cells conditioned medium in the 
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growth and biotransformation performance by Propionibacterium freudenreichii DSM 20271 and 

digestive stress adapted Propionibacterium freudenreichii.  
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5.2. Materials and methods 

5.2.1. Cell Culture 

 As described in chapter 4, section 4.2.2. 

5.2.2. Conditioned medium by RKO cells 

 RKO cell line was cultivated in 75 cm2 tissue culture flasks (TPP, Tissue culture flask 75 cm2, 

German) at a density of 20x104 cell mL-1, using DMEM medium supplemented with 10% FBS without 

antibiotic. The cells were incubated at 37ºC in a humidified atmosphere containing 5% CO2 for 72 

hours to achieve a density between 80-100% in order for the medium being partially consumed 

without causing cell stress. The medium was removed to 50 mL falcons (Orange scientific, 50 mL 

Tube conical, Belgium) in aseptic conditions. Supernatant were stored at 20º C with parafilm. This 

supernatant are hereafter referred to as ‘conditioned medium’ (CM). 

 Six 75 cm2 tissue culture flasks of RKO cell line were cultured to obtain a final volume of 90 

ml. This procedure was performed in duplicate. 

5.2.2.1. Quantification of glucose concentration in the medium 

 Determination of glucose concentration in conditioned medium was measured through high 

performance liquid chromatography (Varian, Metacarb 87H column) equipped with RI detector 

(KNAUER, RI Detector K - 2300, German). The column was eluted isocratically with H2SO4 0.01N 

using a flow rate of 0.7 ml min-1. 

 Standard solution of glucose of known concentration was used to elaborate the calibration 

curve of glucose quantification. An area of “x” represent (0.0026x + 36.1222) mg L-1 glucose (x > 

0). The samples were centrifuged at 21130 g for 5 min (Eppendorf, Centrifuge 5424R, Spain), filtered 

with 0.2 µm filters (GE Healthcare Life Science, WhatmanTM, Spartan 12/0.2 RC, Germany) and it 

added 0.8 mL in a screw cap vial (Labbox, Srew vial for chromatography, Spain) containing 0.2 mL 

of Cellobiose as internal standard. 

5.2.3. Bacteria Culture 

 As described in chapter 4, section 4.2.1.1. 
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5.2.4. Biomass and short-chain fatty acids production assays 

 We perform the sterilization of serum bottles of 70 mL, these serum bottles were prepared 

as described in chapter 3, section 3.2.1. The condition presented in Table 5.1 were added to serum 

bottles in aseptic conditions. 

 Conditioned medium was also 50 % (v/v) diluted in fresh DMEM medium supplemented with 

10% FBS. The controls were performed with DMEM medium supplemented with 10% FBS diluted in 

HEPES solution (20 mM; pH 7.4) to perform final glucose concentration correspondent to 

conditioned medium. 

Table 5.1. Conditions used to evaluate the effect of conditioned medium in growth and SCFAs production 

by Propionibacterium freudenreichii. 

Bacteria Conditioned medium Control 

Propionibacterium freudenreichii DSM 20271 
CM (1 g L-1 Glucose) CCM (1 g L-1 Glucose) 

CM½ (2.7 g L-1 Glucose) CCM½ (2.7 g L-1 Glucose) 

Adapted Propionibacterium freudenreichii 
CM (1.8 g L-1 Glucose) CCM (1.8 g L-1 Glucose) 

CM½ (3.2 g L-1 Glucose) CCM½ (3.2 g L-1 Glucose) 
CM, Conditioned medium; CM½, Conditioned medium diluted in fresh DMEM medium (50% v/v); CCM, Control with DMEM medium 
diluted in HEPES solution. 

 P. freudenreichii and adapted P. freudenreichii were firstly inoculated in YEL medium at 96 

hours before the initial of experience and transferred to a pre-inoculum in YEL medium after 64 

hours. We insure that bacteria strains were metabolically active. These pre-inoculums were used to 

inoculate the condition mentioned in Table 5.1. 

 All experience were run in duplicated bottles and samples were taken at several time points 

(0; 16; 24; 40; 48; 64; 72h) in aseptic conditions using a syringe to ensure the absence of oxygen 

inside the bottles. Optical density was measured (650 nm) and samples were analyzed for SCFAs 

production by HPLC as explained in chapter 3, section 3.2.4. 

5.2.4.1. Bacteria biomass determination 

 As described in chapter 3, section 3.2.3.1. 

5.2.4.2. Short-chain fatty acids quantification 

 As described in chapter 3, section 3.2.3.2. 

5.2.5. Statistical analysis  

 As described in chapter 3, section 3.2.8.  
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5.3. Results and discussion 

 In order to evaluate the effect of colorectal cancer in growth and biotransformation 

performance of the probiotic bacteria, Propionibacterium freudenreichii conditioned medium of RKO 

colorectal cancer cell line was used. Conditions tested were: conditioned medium (CM) and 

conditioned medium diluted (50% v/v) in fresh DMEM medium (CM½) and respective controls which 

are prepared with fresh DMEM diluted in HEPES solution at glucose concentration in respective 

conditioned medium. These conditions were tested in two strains; P. freudenreichii DSM 20271 and 

digestive stress adapted P. freudenreichii. 

 Conditioned medium was collected from RKO cells and glucose was quantified by HPLC. As 

we collected conditioned medium in two different times, we have different glucose concentrations, 1 

g L-1 and 1.8 g L-1 glucose and the corresponding dilution in fresh DMEM medium were 2.7 g L-1 

glucose and 3.2 g L-1 glucose. We used conditioned medium with 1 g L-1 glucose to evaluate the effect 

of CRC in P. freudenreichii DSM 20271 and the other conditioned medium to adapted P. 

freudenreichii, as describe in Table 5.1. 

 Figure 5.1 show the effect of colorectal cancer conditioned medium in the growth and 

biotransformation performance by P. freudenreichii. Our results showed that colorectal cancer cells 

conditioned medium affect the growth and biotransformation performance of P. freudenreichii. The 

growth of P. freudenreichii was negatively affected, having a slower growth with a long stationary 

phase, but the final biomass concentration was not affected, having similar biomass when compared 

to the control even at higher SCFAs concentrations. The results in the two strains, P. freudenreichii 

and adapted P. freudenreichii were similar leading us to conclude that they behave similarly. 
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Figure 5.1. Biomass, acetate and propionate production by P. freudenreichii DSM 20271 (A) and adapted 

P. freudenreichii (B) at pH 7, 37 ºC without agitation. Conditioned medium ( ); Control of conditioned 

medium ( ); Conditioned medium diluted 50% (v/v) in fresh DMEM medium ( ) and Control of conditioned 

medium diluted ( ). Concentration in gram per liter of biomass, acetate and propionate over time in hours. 

Each condition was run in duplicate and the mean ± SEM are represented. 

 Conditioned medium showed higher SCFAs production when compared with respective 

control, being this improvement more pronounced in acetate production. These results are very 

interesting as in the literature it is reported a microbiota disruption in patients with CRC and there is 

an uncertainty if microbiota is a result or a cause of CRC disease (Scanlan et al. 2008; Sobhani et 

al. 2011; Ohara et al. 2010; Ohigashi et al. 2013). Our results may help in decode this doubt, as we 

could not observe a negative effect in the capabilities of propionibacteria as despite the slower growth 

there was an improvement in the biotransformation performance, meaning that P. freudenreichii is 

able to grow in co-culture with colorectal cancer cells lines with a biotransformation performance 

improved. This biotransformation performance induced cell death of colorectal cancer cells as we 

showed in chapter 4. 

 In order to access the differences between conditioned medium and respective controls and 

also evaluate the performance of P. freudenreichii DSM 20271 compared to adapted P. 
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freudenreichii, parameters as growth rate, yield and productivity were calculated (see Figure 5.2). As 

mentioned the growth was affected by CRC cells conditioned medium and the results of growth rate 

shows statistic significant different between conditioned medium and respective controls. As well as 

yield and productivity parameters shows statistic significant different between conditioned medium 

and respective controls being the conditioned medium the condition with better performance. 

 

 

 

Figure 5.2. Bach fermentations kinetic of P. freudenreichii DSM 20271 and adapted P. freudenreichii at pH 

7, 37 ºC without agitation. Conditioned medium ( ); Control of conditioned medium ( ); Conditioned 

medium diluted 50% (v/v) in fresh DMEM medium ( ) and Control of conditioned medium diluted ( ). 

Concentration in gram per liter per hour of growth rate and productivity; in gram per gram of yield. Each 

condition was run in duplicate and the mean ± SEM are represented. Values significantly different between 

conditioned medium conditions and respective controls as well as conditioned medium diluted 50% (v/v) in 

fresh DMEM medium (a); control of conditioned medium diluted (b); conditioned medium (c) and control of 
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conditioned medium (d): * p<0.05; ** p<0.01; *** p<0.001. “ns” report that no significant different. One-way 

ANOVA and Tukey᾽s Test were used. 

 The improvement of SCFAs production in conditioned medium may result due to metabolites 

excretes by RKO cell lines. Lactate is considered a waste product of glycolysis in cancer cells and it 

plays an important role in cancer development, maintenance, and metastasis (Doherty and Cleveland 

2013). Our previous results showed the higher efficient of P. freudenreichii to ferment lactate with 

higher yield of SCFAs production. Thus the possible presence of lactate in CRC cells condition 

medium may be the reason of SCFAs production improvement in CRC cells conditioned medium 

conditions. 

 Is important to report that the difference in behavior between P. freudenreichii DSM 20271 

and adapted P. freudenreichii were not evident, the P. freudenreichii DSM 20271 had a better 

performance than adapted P. freudenreichii, but this difference and behavior has already been 

reported in chapter 3. 
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5.4. Conclusion 

 Propionibacteria play an important role in maintenance of healthy body as well as its 

probiotics beneficial effects against the colorectal cancer. To development this function the 

propionibacteria has to survive to digestive stress and remain metabolic active to growth in the 

intestinal tract. Also it is important that in the presence of cancer cells, propionibacteria remain 

metabolic active to produce SCFAs in order to induce cancer cells death. 

 Our results showed that the CRC cells conditioned medium do not negative affected the 

performance of P. freudenreichii. Moreover we showed that CRC cells conditioned medium improve 

the SCFAs production by both P. freudenreichii. With these results we can conclude that P. 

freudenreichii is able to grow and to remain metabolically active in conditioned medium by colorectal 

cancer cells, leading to an improvement of the amount of SCFAs produced.  

 



 



 

Chapter 6.| 

General conclusions and future 

perspectives 
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6.1. Main conclusions 

 P. freudenreichii subsp. freudenreichii DSM 20271, as well as the adapted P. freudenreichii 

to digestive stress herein developed, showed a great potential regarding the production of acetate 

and propionate as end-products. Moreover, the fermentation broth of these bacterial cultures 

inhibited the proliferation of the colorectal cancer cells RKO and led to cell cycle arrest. Although the 

main goal of the current thesis was not fully accomplished, our findings established the basis for 

further manipulations and optimizations of the bacterial strain towards an increased production of 

SCFA. 

 The main aim was to improve the P. freudenreichii features in order to further use it as a 

nutraceutical towards the prevention/treatment of colorectal cancer, thus it must be able to grow 

and produce acetate and propionate under defined conditions, namely 37º C, without agitation, in a 

medium that mimics the content of the human colon (MCHC) and in a medium that is commonly 

used by the colorectal cancer cells (DMEM). Moreover, these bacteria must resist the harsh 

conditions that occur during the digestion, so-called digestive stress. In the first part of this work we 

optimized these conditions. P. freudenreichii produced biomass, acetate and propionate in DMEM 

with higher yields and productivities as compared to the other media evaluated. However, the results 

obtained with the MCHC medium were not favorable regarding SCFAs production. Among all the 

media studied, the BM medium was found to be the best concerning the bacteria biotransformation 

performance, mainly when this medium was supplemented with glycerol. Furthermore, it was found 

that P. freudenreichii is not capable of metabolizing lactose. Different concentrations of acetate and 

propionate were produced by propionibacteria depending on the carbon source used, being glycerol 

the one that led to higher yields and productivities, followed by glucose. 

 Colorectal cancer cells, RKO, treated with pure acetate and propionate, as well as treated 

with the fermentation broth of Propionibacterium were found to change their behavior. Indeed, the 

exposure to the pure compounds or fermentation broth resulted in the inhibition of cell proliferation 

and the accumulation of cells in the sub-G1 phases. These results are in good agreement with the 

literature, although additional experiments are required to unequivocally demonstrate that that the 

fermentation broth is able to induce cell death of CRC cells by apoptosis. 

 The co-culture of P. freudenreichii and CRC cell lines has been reported as possible and 

favorable for the bacteria. In the current work we evaluated the impact on the propionibacteria 
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performance of its growth in a conditioned medium from colorectal cancer cells. P. freudenreichii 

not only exhibited a better growth, but also an improvement in the acetate and propionate production. 

 The adapted P. freudenreichii to the digestive stress developed in this work showed a little 

decrease in its performance as compared to the normal bacteria, however this decrease was more 

pronounced in the YEL and BM media. Moreover, it is important to mention that the most important 

asset to improve is the bacteria ability to survive the in vivo conditions even if a slight decrease in 

the SCFA production is observed. 

 Altogether our results suggest that P. freudenreichii promotes a cytotoxic effect on CRC cells, 

via their metabolites, and that the CRC cells increases the acetate and propionate production by P. 

freudenreichii which in turn will lead to an increase cytotoxic effect on the CRC cells. 

6.2. Suggestions for future work 

 Based on the results gathered in the current thesis, it is clear that there is still a great amount 

of work required in order to accomplish our major objective. Firstly, the ongoing random mutagenesis 

experiments must be concluded. Currently, none of the cultures using different 

conditions/challenges has grown. Thus, whenever we will get some colonies, these cultures will have 

to be further characterized regarding their growth and ability to produce increased amounts of SCFA. 

Furthermore, the fermentation broths of those mutant strains will have to be tested against the RKO 

cells. Even if we can develop robust P. freudenreichii, resistant to acid pH, high bile salts 

concentration and high acetate/propionate concentrations, the issue related with the improvement 

of acetate/propionate production using the MCHC medium still needs to be addressed. 

 Since the optimal culture conditions were established, further optimization of the process 

should be focused on the strain improvement by genetic manipulation, which is an emergent area 

on the CRC research, as it can be an approach to deliver important anti-neoplastic factors to the 

colon. As future work, we suggest three different approaches to manipulate the propionibacteria, 

namely based in the metabolic pathways, butyrate and transporters. The enzymes that are known to 

have a critical role in the production of SCFA could be overexpressed towards an increased 

production of acetate and propionate. Moreover, butyrate has been reported as an important SCFA 

leading to the death of malignant cells and the promotion of healthy colonocytes. Therefore, P. 

freudenreichii could be manipulated to produce butyrate which would improve its beneficial effects. 

Another approach that could be implemented concerns the use of acetate and propionate 
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transporters. As discussed along the thesis, acetate and propionate can be toxic to the bacteria at 

given concentrations, thus limiting the production of these SCFAs. However, the effect can be 

contoured by the use/design of adequate transporters in the bacteria. 

 Finally, additional assays in vitro with colorectal cancer cells should be conducted to assess 

the type of cell death that is occurring. Moreover, other colorectal cancer cell lines and a “normal” 

colon cell line, such as NCM460 should be used to evaluate the effect of the P. freudenreichii 

fermentation broth in different cells for comparison purposes, as well as to assess the effect of the 

fermentation broths on “normal” colon cells. Furthermore, co-culture experiments with colorectal 

cancer cells and P. freudenreichii are required to support the findings reported in this thesis. 
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