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Abstract 

The microbial community harbored within the mammalian gastrointestinal (GI) tract is diverse, 

complex, and has symbiotically evolved with its host.  It is appreciated now more than ever that 

these commensal organisms, collectively referred to as the gut microbiota, comprise an incredibly 

valuable component of normal GI physiology and function, and appropriate crosstalk between the 

host and microbiota underlies intestinal homeostasis.  Changes to the composition of the 

microbiota is believed to be involved in the pathogenesis of a number of gastrointestinal diseases, 

including inflammatory bowel disease.  This is of particular interest because unlike other factors 

important for disease development (genetics), the microbiota can be manipulated by probiotic 

therapies, an intriguing potential method to treat disease.  Microbial Ecosystem Therapeutic-1 

(MET-1) is a mixture of 33 intestinal commensal bacteria that were derived from the stool of a 

healthy human donor for use as a “microbiota transplant”; forming a robust bacterial therapy to 

correct pathological alterations to the gut microbiota. The potential of MET-1 to limit 

development of colitis was studied in an acute dextran sulfate sodium (DSS; a sulfated dextran 

molecule dissolved in the drinking water) mouse model of colitis, a model in which the 

composition of the microbiota appears to be implicated in disease.  Administration of 3% DSS in 

the water resulted in significant disease in mice. Three separate treatment plans with MET-1 had 

little to no effect on the severity of colitis.  Administration of oral antibiotics prior to MET-1 

treatment, in an attempt to abrogate colonization resistance, resulted in mice losing significantly 

less, in less histological damage in the colon, and in reduced cytokines in the serum, indicating a 

less severe systemic immune response.  Treated mice also appeared to suffer less goblet cell loss 

in the colon, and subsequently maintained higher levels of mucin-2 in the colon.  The ability of 

MET-1-conditioned-media (MET-1-CM), and heat-killed MET-1 (MET-1-D) to protect mice was 

investigated, with MET-1-D appearing to reduce disease, while MET-1-CM had no effect.  These 

data support the hypothesis that the microbiota contributes to colitis, and suggest that microbiota 
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replacement with MET-1 following antibiotics could potentially be used to modulate colitis 

severity. 
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Chapter 1 

Introduction 

The healthy human gut is colonized by a vast and diverse bacterial community commonly 

referred to as the gut microbiota.  The microbiota in humans varies between individuals, but 

typically consists of roughly 1014 total bacteria, representing approximately 1000 different species 

(Ballal et al., 2011; Sekirov et al., 2010).  The microbiota ecosystem is just that; although it is 

considered to be relatively stable over an individual’s life, it is a living thing and can experience 

small changes depending on changes in the lifestyle of the host (diet, medication).   

The presence of this community represents a symbiotic relationship between the host and 

the commensal microbes, where both can benefit from each other.  The host gut lumen provides 

bacteria with a nutrient rich environment where they can thrive as a community, accentuated by 

the fact that the number of bacteria cells present in the gut eclipses the total number of eukaryotic 

cells in the human body by ten fold (Sekirov et al., 2010).  In return for this ecological niche 

microbes benefit the host in a number of ways: conferring important resistance to an array of 

intestinal pathogens; digestion of complex nutrients; synthesis of vitamins and short chain fatty 

acids; maintenance of the normal physiology in the gut; and development of a robust and 

functional gut immune system (Sekirov et al., 2010).   

For some time it has been speculated that certain changes, or shifts, in the gut microbiota 

(sometimes referred to as dysbiosis) may contribute to a variety of gastrointestinal diseases.  

While some ailments, for example Clostridium difficile infection following antibiotic therapy, 

strongly indicate that alteration to the microbiota is an important step in disease development, it 

has remained unclear in other diseases whether microbial changes are a result of pathology or 
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whether they play a more causative role.  The inflammatory bowel diseases (IBD) are one such 

case where contribution of the microbiota has been implicated, but not yet well defined.  It is 

hypothesized that when combined with genetic predisposition, changes to the microbiota can 

result in the episodes of inflammation characteristic of IBD.  Studies have shown that the 

microbial profile of patients with IBD does in fact appear altered in comparison to healthy 

individuals (Berry and Reinisch, 2013; Frank et al., 2007; Seksik et al., 2003); a trend that is also 

observed in animal models of disease (Berry et al., 2012; Nagalingam et al., 2011).  More discrete 

changes at the species level have been documented in patients suffering from Crohn’s Disease 

(CD), one of the diseases classified as IBD.  For example, the specific presence of 

Faecalibacterium prausnitzii in the intestine of patients following surgical intervention resulted 

in a significantly reduced risk of relapse compared to those where F. prausnitzii was not detected 

(Sokol et al., 2008).   

Taken together with the knowledge that commensal bacteria are beneficial to GI health, 

manipulation or supplementation of the microbiota with probiotic therapies has been an area of 

active interest with regards to disease management.  An interesting extension of this idea has been 

the use of fecal microbial therapy (FMT) to treat patients suffering from IBD.  FMT entails 

transplanting obtained donor fecal material, containing healthy commensal microbes, into the 

colon of a patient, in an attempt to reconstitute a healthy microbial community. Although scarce, 

a review of documented cases of FMT supported the notion that there may be efficacy in using 

microbial ecosystem therapies to treat IBD in humans (Anderson et al., 2012; Borody et al., 

2004).   

Recently, work has been done to recreate the microbial composition of human stool, in an 

attempt to make a safe, reproducible therapy that simulates the beneficial effects of FMT.  This 
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mixture, known as microbial ecosystem therapeutic (MET-1), consists of 33 commensal bacteria 

isolated from the stool of a healthy human donor.  It has been used successfully in two patients to 

cure recurrent C. difficile infection that was refractory to standard antibiotic therapies (Petrof et 

al., 2013).  This finding has sparked interest in other potential uses of MET-1, including use as a 

therapeutic for human IBD.  

The aim of this study was to investigate the possible therapeutic effects of MET-1 

towards IBD by studying MET-1 treatment in a mouse model of colitis.  Specifically, a murine 

model of acute Dextran Sulfate Sodium (DSS)-induced colitis was employed by administration of 

2-3% DSS in the drinking water of mice.  Colitis in mice is driven by DSS exposure and is 

thought to model human ulcerative colitis, although the mechanism of the disease is not well 

understood (Vowinkel et al., 2004).  Recent findings have suggested that alterations to the gut 

microbiota of mice is implicated in the progression of colitis, mimicking what is hypothesized to 

occur in the human condition (Nagalingam et al., 2011).  With this knowledge, the DSS colitis 

model was chosen to investigate a number of different MET-1 treatment regimens for the ability 

to attenuate progression of colitis. 

1.1 Hypothesis 

The hypothesis of this thesis is that administration of MET-1 to mice will reduce the 

severity of acute DSS-induced colitis. 

1.1.1 Objectives 

1) Determine efficacy of different treatment regimens:  

i) Pretreatment (before DSS administration) 

ii) Treatment (during DSS administration) 
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iii) Extended treatment (before & during DSS administration) 

2) Determine effect of antibiotic pretreatment on efficacy of MET-1 treatment 

3) Determine if protective effects are specific to live MET-1 versus: 

i) MET-1 conditioned media  

ii) Heat-killed MET-1 
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Chapter 2 

Literature Review 

2.1 Inflammatory Bowel Disease 

2.1.1 Manifestations 

Inflammatory bowel disease (IBD) is an umbrella term that is used to describe the two 

predominant inflammatory pathologies of the gastrointestinal (GI) tract: Crohn’s disease (CD) 

and ulcerative colitis (UC).  These diseases are both characterized by idiopathic, chronically 

recurring episodes of inflammation along lengths of the GI tract, significantly detracting from the 

quality, and normality, of day-to-day life of patients. 

Collectively, IBD commonly results in a number of clinical symptoms, including: 

abdominal pain, fever, frequent bloody diarrhea, and overall signs of malnutrition (Podolsky, 

2002).  Specifically in UC, patients can suffer from incontinence, and with severe disease can 

experience greater than six bowel movements per day (Silverberg et al., 2005).  GI symptoms in 

CD patients can be more variable, however these patients will often develop other complications 

such as fistulas or strictures of the intestinal wall, ultimately leading to issues in motility and GI 

function (Podolsky, 2002).  Some of the differences in disease manifestations can be accounted 

for by the differing nature of the inflammation experienced in the two diseases.  UC is 

characterized by inflammation that is limited to the mucosal layer of the gut wall, whereas CD 

typically causes a transmural inflammatory response resulting in the increased risk of strictures 

and fibrosis of the gut wall (Xavier and Podolsky, 2007).  As opposed to UC, which almost 

always involves the rectum but can progress proximally along any length of the colon, CD is 

characterized by patches of inflammation located anywhere along the GI tract; most commonly 
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the terminal ileum but also often involving regions of the colon as well (Xavier and Podolsky, 

2007).  IBD symptoms not only hinder a normal lifestyle; as a result of chronic inflammation and 

damage to the tissue, both UC and CD patients have a significantly greater risk of developing 

colorectal cancer later in life (Bernstein et al., 2001; Ekbom et al., 1990). 

2.1.2 Etiology 

Despite many years of effort, the precise etiology of IBD has proven to be elusive.  To 

date, research is still focused on trying to understand how a combination of environmental and 

genetic factors may lead to the development of disease. 

2.1.2.1 Genetics 

The primary risk factor for developing IBD remains a familial history; the risk of which 

is 8-10 times greater for those with a first relative with IBD (Orholm et al., 1991), and increases 

the greater the number of family members afflicted (Gearry et al., 2010). Genome-wide 

association studies have lead to the discovery of a number of genes that predispose for the 

development of disease.  To date, there have been 71 genes found predisposing to CD, 47 genes 

that predispose for UC, and 28 genes implicated in both CD and UC (Anderson et al., 2011; Lees 

et al., 2011).  Interestingly, however, of the greater than 100 loci associated with IBD, only a 

mutation in nucleotide-binding oligomerization domain-containing protein 2 (NOD2) results in a 

drastic increase in risk for CD: about 20-fold in homozygous individuals, compared to the less 

than 1.5-fold risk associated with the remaining mutations (Cho and Brant, 2011). 

Identification of the common risk genes for IBD hints towards the underlying 

pathogenesis of the disease, and how CD and UC may differ.  The major genetic loci associated 

with CD seem to be implicated in normal GI epithelial cell function. Specifically, NOD2, and the 
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autophagy gene, ATG16L1 (Cho, 2008), whereas UC appears to be predisposed mainly by 

mutations in transcription factors important in cytokine signaling (Cho and Brant, 2011). 

NOD2 is an intracellular Pattern Recognition Receptor (PRR) important in the epithelial 

lining the GI tract, as well as in innate immune cells.  The NOD2 receptor binds primarily to 

muramyl dipeptide (MDP), a component of the peptidoglycan cell wall in Gram positive and 

negative bacteria (Inohara et al., 2003).  It is thought that recognition of bacterial components and 

signaling through this receptor is important for the regulation of important defense pathways, 

such as high production of antimicrobial molecules to maintain luminal bacteria.  This idea has 

been supported by work with NOD2 -/- mice that demonstrated a decrease in production of a 

class of antimicrobials named cryptdins, important in luminal control of the bacterial community 

(Kobayashi et al., 2005).  Interestingly, the human equivalent of the cryptdins, referred to as α-

defensins, appear decreased in CD patients, particularly in those possessing loss of function 

mutations in NOD2 (Wehkamp et al., 2004).    

ATG16L1 is a protein essential in the intracellular autophagy process, whereby cells can 

recycle old proteins or organelles, as well as control intracellular bacteria (Zavodszky et al., 

2013).  Studies show that ATG16L1 is critical for the proper eradication of intracellular microbes, 

and a loss of function of this protein could lead to the uncontrolled proliferation of bacteria within 

epithelial cells (Rioux et al., 2007).  These findings suggest that in CD, an inability to properly 

sense and then control bacteria along the epithelium is important for disease predisposition. 

A number of gene loci appear to be associated with the development of UC.  In 

particular, polymorphisms in genes involved in the IL-23 pathway: IL-23R, IL-12(p40), and 

downstream signal transducer and activator of transcription 3 (STAT3) seem to be important in 

predisposing individuals to UC (Fisher et al., 2008).  IL-23 signaling is known to promote Th17 
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cell differentiation, a cell type with high proinflammatory capability, and that is often associated 

with CD (Cho, 2008). The current hypothesis is that increased activity of this signaling cascade 

due to mutations in the receptor, ligand, or downstream molecules  results in a risk of developing 

tissue inflammation, specifically in the intestine (Cho, 2008). 

2.1.2.2 Environmental and Lifestyle 

One of the most striking realizations about IBD has been through epidemiological 

research that has brought to light the complex and multifactorial nature of disease.  Mainly, that 

there are many environmental factors implicated in disease pathogenesis, and that they may in 

fact be the driving force behind rising incidence rates worldwide, as opposed to genetics.   

A comprehensive worldwide analysis of the incidence and prevalence of IBD reported 

that there was an increasing incidence rate of IBD in 75% of CD studies, and 60% of UC studies, 

suggesting that occurrence of IBD is on the rise, globally (Molodecky et al., 2012). Sadly, IBD is 

commonly diagnosed in young people, afflicting them during the most productive years of life.  

In fact, analysis has shown that there is a peak in incidence of IBD between the second and fourth 

decades of life, with 78% of CD studies, and 51.1% of UC studies reporting the highest incidence 

in patients between 20-29 years of age (Molodecky et al., 2012).  Based on studies analyzed, 

there does not appear to be any link between gender and incidence or prevalence of IBD 

(Molodecky et al., 2012).  The steady increase in disease incidence worldwide is not likely due to 

increasing frequency of genetic mutations, but due to some change occurring environmentally. 

Interestingly, the highest reported incidence and prevalence rates of IBD are found in 

westernized nations, versus developing countries, specifically in Canada, USA, areas of Europe, 

and Australia (Molodecky et al., 2012).  It has also been shown that areas of low incidence of 

IBD in the past, such as parts of Asia and India, have experienced increasing rates over time as 
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they become more industrialized (Desai and Gupte, 2005; Molodecky et al., 2012; Zheng et al., 

2010).  It is also interesting to note that there is an increase in disease occurrence in urbanized 

versus rural areas (Blanchard et al., 2001; Klement et al., 2008; Molodecky et al., 2012; Radon et 

al., 2007).  It is hypothesized that these findings are a result of downstream changes to lifestyle, 

including diet, antibiotic use, and sanitation/hygiene, which are all known risk factors for IBD 

(Ng et al., 2013). 

In terms of diet, there seems to be increased risk of IBD associated with a diet high in 

animal protein and saturated fats, commonly seen in fast-food and highly preserved, packaged 

foods (Ng et al., 2013; Persson et al., 1992; Reif et al., 1997; Sakamoto et al., 2005; Shoda et al., 

1996).  Additionally, high intake of sugar and refined carbohydrates appear to increase the risk of 

developing disease (Martini and Brandes, 1976; Ng et al., 2013).  These dietary risk factors 

closely resemble a highly westernized diet, providing a link to higher incidence rates in 

westernized countries.  Interestingly, it is known that changes to diet, particularly towards a 

westernized diet, can have drastic effects on the host microbiota (Devkota et al., 2012; 

Hildebrandt et al., 2009; Leone et al., 2013; Martinez-Medina et al., 2013; Turnbaugh et al., 2008, 

2009). 

The increasing use of antibiotics in westernized nations has also been found to be a 

potential environmental risk factor for the development of IBD.  Numerous studies have 

documented an increase risk of disease in children who have been exposed to antibiotics early in 

life (Card et al., 2004; Hildebrand et al., 2008; Kronman et al., 2012; Margolis et al., 2010; Shaw 

et al., 2010; De Vroey et al., 2010).  Not surprisingly, exposure to antibiotics has repercussions on 

the composition of the gut microbiota, in some cases lasting upwards of two years following 

cessation of treatment (Jernberg et al., 2007).  Whether or not the changes to the microbiota that 
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are induced by antibiotic treatment are the mechanistic link between antibiotics and disease 

development is an important question; however this idea agrees with epidemiological data that 

shows increased incidence in developed countries where antibiotics are frequently prescribed, 

combined with an increased risk of disease with antibiotic exposure.   

In a similar vein to increased antibiotic use, developed nations generally practice more 

stringent sanitation and hygiene, with increased use of antimicrobial products and sanitizers. 

Increased risk of developing IBD has frequently been associated with areas of better or increasing 

levels of sanitation (Bach, 2002; Desai and Gupte, 2005; Klement et al., 2008; Korzenik, 2005; 

Luther et al., 2010).  It is possible to attribute this increased risk to changes in the composition 

and diversity of the host microbiota, and in fact this is the main principal of the “hygiene 

hypothesis”.  The underlying theory of this hypothesis is that increased sanitation results in a 

diminished exposure to a diverse microbial community, in turn leading to an under, or improper, 

developed immune system, particularly in the gut (Bernstein and Shanahan, 2008; Koloski et al., 

2008).  This change in the microbiota could result in an immune system more inclined to result in 

pathology, given other genetic or environmental confounders. 

Although the true understanding of the cause and pathogenesis of IBD remains unclear, a 

number of established genetic and environmental risk factors provide clues for future work.  The 

role of the intestinal microbiota has emerged as a potential downstream contributor and 

mechanistic link of environmental and lifestyle risk factors, and this relationship will be reviewed 

in detail. 
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2.2 The Gut Microbiota 

The human GI tract is home to one of the largest and most diverse ecosystems found in 

nature, consisting of roughly 1014 total bacteria and constituting upwards of 1000 different 

species (Ballal et al., 2011; Sekirov et al., 2010).  The colonization of the GI tract occurs during 

birth; as the newborn passes through the reproductive tract it acquires commensals from the 

mother’s vaginal microbiota (Mändar and Mikelsaar, 1996).  This is also reflected by the fact that 

children delivered by caesarean section acquire an altered, and less robust, microbiota than those 

born by vaginal delivery (Huurre et al., 2008).  Following birth neonates are continuously 

exposed to microbes from their mother, and surroundings, which contribute to shaping the 

developing microbiota (Mackie et al., 1999; Tannock, 1994).  The switch to solid food brings 

about large changes to the composition of the microbiota, which begins to stabilize and resemble 

an adult community by about the second year of life (Mackie et al., 1999).  The initial exposure 

following birth and during early life, combined with genetics and environmental exposures, 

contribute to the composition of the adult microbiota (Erwin G. Zoetendal, Antoon D. L. Ak, 

2001; Sekirov et al., 2010). 

As reviewed previously, the main risk factor for developing IBD remains a familial 

history; however a dramatic increase in the incidence of IBD in westernized countries at a pace 

exceeding large shifts in the gene pool, combined with the nature of known environmental risk 

factors, indicate a complex, multifactorial etiology (Gearry et al., 2010; Ng et al., 2013; Wong 

and Ng, 2013). Recent research has suggested that the gut microbiota is an important contributor 

to IBD, with an aberrant mucosal immune response towards components of the normal gut 

microbiota situated at the root of disease development and progression (Ballal et al., 2011; Fava 

and Danese, 2011; Ng et al., 2009; Shanahan, 2004; Tanoue et al., 2010).  This theory may 
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provide a mechanistic link between environmental and genetic risk factors and the pathogenesis 

of disease.  The beneficial effects of the microbiota will be examined in detail, with consideration 

on how dysbiosis may lead to pathology. 

2.2.1 Beneficial Effects of Microbes 

The gut microbiota has long now been appreciated for its beneficial influence on the host 

in which it resides; under healthy conditions the microbiota is known to make important 

contributions to: development and normal function of the GI tract, proper development and 

function of the GI immune system, host metabolism, and host resistance to pathogens (Sekirov et 

al., 2010; Sommer and Bäckhed, 2013). 

2.2.1.1 Contributions to Development and Physiology 

The developing embryo is sterile in utero during the majority of embryogenesis, however 

as mentioned above, colonization with microbes occurs during and following the birthing process.  

The continued development and maturation of many organ systems thus takes place while the 

newborn is colonized with a microbiota.  Many studies in germ-free rodents have provided 

evidence for the role the microbiota plays in the development of a mature, functional GI tract.  

Morphologically, germ-free mice have ceca that are significantly enlarged compared to 

normal mice.  This is as a result of excess mucous accumulation that would normally be degraded 

by microbes present in the gut, leading to large retention of water and enlargement of the cecum 

(Wostmann, 1981).  It has long been known that germ-free mice exhibit a reduced surface area of 

the intestine, along with a loss of proper enterocyte differentiation and development (Abrams et 

al., 1963; Gordon and Bruckner-Kardoss, 1961; Sommer and Bäckhed, 2013).  Additionally, the 

thickness of the intestinal villi is significantly reduced in germ-free mice, coupled also with 
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reduced blood vessel density, as compared to conventionalized mice (Reinhardt et al., 2012; 

Stappenbeck et al., 2002).  Intestinal crypts in the germ-free state appear stunted in rats, and 

contain fewer cells, which is important because this area is responsible for rapid proliferation and 

supply of epithelial cells for the adjacent villi (Alam et al., 1994).   

Functionally, GI motility is significantly reduced in both germ-free mice, and mice 

lacking functional TLR4 signaling, indicating that sensing of the microbiota contributes to GI 

peristalsis (Anitha et al., 2012; Husebye et al., 2001).  These findings were associated with both a 

reduction in the number of inhibitory nitrergic neurons along the gut, which resulted in reduced 

nitrergic relaxation during peristalsis (Anitha et al., 2012), and also with changes to the migrating 

myoelectric complex that stimulates motility (Husebye et al., 2001).  

In terms of effects on normal physiology of gut epithelial cells, commensal microbes 

have been shown to play a role in the protection of the epithelium and maintenance of strong 

barrier function.  This concept is supported by work that showed that detection of the microbiota 

through pattern recognition receptors (PRRs) is essential for normal epithelial cell homeostasis 

and proliferation, as well as the production of cytoprotective factors (Rakoff-Nahoum et al., 

2004).  The detection of microbes through PRRs has also been shown to be an important 

mechanism for the preservation of tight junction protein expression, and is critical to barrier 

integrity (Cario et al., 2007).  Colonization of germ-free mice with Bacteroides thetaiotaomicron 

was seen to result in a 280-fold increase in the expression of small proline-rich protein-2 mRNA; 

a protein that impacts barrier function by linking with desmosomal desmoplakin (Hooper et al., 

2001).  Treatment of epithelial cells in culture has demonstrated the ability of certain probiotic 

bacteria to enhance barrier strength (Ko et al., 2007; Miyauchi et al., 2009).  Interestingly, 

Bifidobacterium infantis conditioned media was able to increase the transepithelial resistance 
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(TER) in T84 epithelial cells, and was capable of blocking TNF-α and IFN-γ induced decrease in 

TER, indicating that a bioactive factor secreted by the bacteria was beneficial to the cells 

(Ewaschuk et al., 2008).  Enhancement of the epithelial barrier and reduction of paracellular 

permeability could be an important contribution of the microbiota in maintaining homeostasis in 

the intestine. 

Another important component of normal epithelial cell biology is the production and 

secretion of the intestinal mucous, which makes up a critical aspect of the functional gut barrier.  

It is now understood that the secreted mucous along the colon is comprised of 2 distinct layers: an 

inner, firmly adherent layer, approximately 50 µm thick in mice, that is devoid of bacteria in the 

steady state; and a ~100 µm, loose outer layer that houses much of the microbiota (Johansson et 

al., 2008, 2010a).  Both layers are comprised of the goblet cell produced, heavily glycosylated, 

mucin-2 protein, which forms large net-like polymers that bind water to create the gel-like 

consistency characteristic of the mucous (Johansson et al., 2010a). The inner mucous is secreted 

from goblet cells and forms a tight-knit structure immediately adjacent to the epithelium.  In a 

dynamic process, the inner layer is bolstered from goblet cells located in the crypts, while the top 

of the inner layer becomes released proteolytically to become part of the loose, outer layer 

(Johansson et al., 2010a).   

The ability of the inner mucous layer to prevent bacteria from becoming too intimate with 

the epithelia is likely crucial to maintaining intestinal homeostasis, as evidenced by the fact that 

knocking out the primary constituent of the mucous, mucin-2, results in spontaneous colitis in 

mice (Van der Sluis et al., 2006).  How this process is ultimately controlled isn’t fully understood, 

but the difference in consistency between the inner and outer layers is likely due to digestion by 

host, and microbial proteases (Johansson et al., 2010a).  The ability of the microbiota to regulate 
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the composition of the intestinal mucous has been demonstrated (Petersson et al., 2011).  In vitro, 

the probiotic Lactobacillus plantarum strain 299v was shown to upregulate mucin-2 mRNA in 

HT-29 cells, suggesting that certain microbes can modulate expression of the intestinal mucous 

(Mack et al., 1999).  Similarly, in rats, the daily administration with the probiotic mixture, 

VSL#3, for seven days resulted in a 60% increase in luminal mucous.  This effect was then 

studied in colonic loops, where VSL#3 treatment was shown to increase mucin-2 gene expression 

50-60 times greater than in control loops (Caballero-Franco et al., 2007; Yu et al., 2013).  The 

intestinal mucous is important for protection from pathogens, but also is critical to maintain a 

homeostatic relationship between the host and commensals, so it is not surprising that the 

regulation of this barrier appears to be driven by host and microbial factors.     

Amazingly, although not covered in detail here, the microbiota appears to play an integral 

role in normal development of a number of other organ systems, including the brain and CNS.  It 

was shown that germ-free mice had increased motor activity, and decreased anxiety compared to 

non germ-free mice, and this effect was prevented when mice were colonized with a microbiota 

early in life (Diaz Heijtz et al., 2011; Neufeld et al., 2011).  This is also supported by other work 

implicating the microbiota in proper development of CNS and sensory pathways (Amaral et al., 

2008; Sudo et al., 2004).  Overall, the ability to study the growth of mice maintained in a sterile 

environment has accentuated the effects of the microbiota on the GI tract, and also indicated the 

potential for more holistic contributions to development. 

2.2.1.2 Maintenance of GI Immune System 

Another aspect of proper GI development is the maturation of a functional and educated 

mucosal immune system. The mammalian GI tract lumen is essentially continuous with the 

outside environment; the host must constantly cope with the presence of not only the microbiota, 
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but also any dietary antigens consumed, all the while remaining poised to respond to pathogenic 

microbes that may pass through.  This is no small feat, and proper homeostasis in the GI tract 

requires proper development and maturation of the mucosal immune system alongside the 

commensal microbes. 

Aggregates of organized lymphoid tissue, termed Peyer’s patches, are found within the 

submucosa of the gut wall, predominantly in the ileum, and are part of the gut associated 

lymphoid tissue (GALT).  The presence of Peyer’s patches, as well as the draining mesenteric 

lymph nodes, is induced during embryogenesis; however, the growth and maturation of these 

tissues occurs following birth, and is thought to be dependent on the presence of the microbiota 

(Renz et al., 2012; Sommer and Bäckhed, 2013).  It has also been reported that the formation of 

isolated lymphoid follicles in the colon is similarly dependent on the detection of the microbiota 

(Bouskra et al., 2008).  Along with the proper maturation of Peyer’s patches, and diffuse 

lymphoid tissue, in the gut wall comes high levels of proliferating B-lymphocytes, and 

tremendous amounts of secretory IgA (sIgA) antibodies geared towards members of the normal 

microbiota (Shroff et al., 1995).  It is likely that high production and secretion of sIgA into the 

lumen can prevent overgrowth of commensal organisms, while not resulting in an overwhelming 

inflammatory response.   

On top of the potential for cross-reactivity of commensally-driven sIgA antibodies 

towards pathogens (Quan et al., 1997; Shimoda et al., 1999), the maintenance of this high-density 

lymphoid tissue allows for rapid sIgA response towards potentially harmful antigens that may 

become present.  The ability to have sIgA antibodies in the lumen to bind to pathogenic microbes 

or toxins has proven to be an effective defense mechanism (Pabst, 2012): intestinal loops from 

mice lacking the ability to produce functional sIgA were more susceptible to cholera toxin than 
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those from mice with functional sIgA (Lycke et al., 1999); sIgA hindered the motility, and 

virulence, of Salmonella enterica serovar Typhimurium (Forbes et al., 2008); the invasive 

potential of the pathogen Shigella flexneri was significantly inhibited by sIgA that suppressed the 

activity of the microbe’s type three secretion system (Forbes et al., 2011).  The ability of the 

microbiota to stimulate growth and activity within lymphoid tissue aggregates in the gut wall is 

an important function that keeps the gut immune system poised to respond effectively to the 

appearance of pathogenic organisms. 

The population of intraepithelial lymphocytes, T-cell receptor positive lymphocytes 

intercalated between epithelial cells, are reduced in the germ-free state, but can be restored 

following colonization of the intestine with microbes (Imaoka et al., 1996; Umesaki et al., 1993).  

This class of immune cell is not fully understood to date, but it is thought that they play a role in 

preventing invasion of microbes at the epithelial barrier, while preventing excessive inflammation 

that would compromise said barrier (Cheroutre et al., 2011; Ismail et al., 2011).     

Very interesting is the finding that germ-free mice display a systemic deficiency of CD4+ 

T-cells and cytokine imbalance between Th1 and Th2 responses.  However, the presence of a 

component from the commensal Bacteroides fragilis was sufficient to correct the deficiency in 

germ-free mice, suggesting that proper maturation of the GI immune response through sampling 

of the microbiota is responsible for systemic effects on immunity (Mazmanian et al., 2005).  

Taken together with the other effects discussed, germ-free mouse studies have demonstrated that 

the microbiota has a broad range of effects on the normal development and function of the 

immune system. 

2.2.1.3 Effects on Metabolism 
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As mentioned previously, the total number of bacteria cells present in the microbiota 

eclipses the total number of host cells by a factor of ten.  Recent insight into the metagenomics of 

the microbiota community has revealed that this relationship is magnified at the genetic level, 

where there are roughly 100 times more microbial genes than human, including a plethora 

involved in the metabolism of glycans, amino acids, and xenobiotics, and in the biosynthesis of 

vitamins and isoprenoids (Gill et al., 2006).  This finding lead to the realization that the 

microbiota could make significant contributions to host metabolism and biochemical pathways.  

Indeed, it appears that the microbiota makes significant contributions to: digestion and energy 

acquisition, vitamin synthesis, and degradation of xenobiotics. 

Microbes present in the colon are known to metabolize components of the human diet 

that are indigestible by the host.  Fibers and other polysaccharides, as well as peptides and 

glycoprotein precursors, are fermented by anaerobic bacteria in the colon to produce short-chain 

fatty acids (SCFA), primarily acetate, propionate, and butyrate (Macfarlane and Macfarlane, 

2003; Wong et al., 2006).  SCFAs are readily and efficiently absorbed along the cecum and the 

colon by diffusion, and anion exchange (Wong et al., 2006).  It was believed their primary role 

was as an energy source for colonocytes, however it is now thought that they may play a role in 

other functions. 

Acetate is the SCFA in highest concentration in the colon, roughly 3-fold greater than 

both propionate and butyrate (Cummings et al., 1979); however it is primarily transported to the 

liver and circulation, and is not metabolized in the colon (Wong et al., 2006).  Once in the 

systemic circulation acetate is a main substrate for the synthesis of lipids and cholesterol, and is 

also used by muscle cells for energy by oxidation (Cummings et al., 1979; Jenkins et al., 1991; 

Wong et al., 2006).  Propionate is absorbed in the colon and also finds its way to the liver, where 
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it is used as a building block in gluconeogenesis (Wong et al., 2006).  Supplementation of 

individuals with propionate appeared to increase serum high density lipoprotein and improve 

glucose tolerance and insulin sensitivity, suggesting a larger impact of propionate on 

carbohydrate metabolism (Venter et al., 1990).  Butyrate is used as the primary energy source for 

colonocytes, ahead of the other SCFAs, as well as glucose from the blood (Roediger, 1982).  It is 

also now appreciated for having effects on epithelial-cell cell cycle and differentiation, and could 

have repercussions on the development of colorectal cancer (Archer et al., 1998; Siavoshian et al., 

2000; Young et al., 2005).  Additionally, the presence of SCFAs in the colon may be protective 

by causing a reduction in pH (6.0-6.5), which can hinder pathogenic microbes, and also reduce 

the solubility and concentration of secondary bile acids, a proposed contributor to colorectal 

cancer (Grubben et al., 2001; Thornton, 1981; Young et al., 2005).  The presence of the 

microbiota allows the host to maximize the use of nutrients by digestion of macromolecules that 

otherwise would be indigestible by the host, increasing energy acquisition and contributing other 

beneficial effects to intestinal homeostasis. 

Humans require intake of a number of vitamins that cannot be synthesized de novo by the 

host.  The gut microbiota has the ability to produce and secrete a number of these vitamins, 

including vitamin K and a number of B vitamins: biotin, cobalamin, folate, nicotinic acid, 

pantothenic acid, pyridoxine, riboflavin and thiamine (Hill, 1997; LeBlanc et al., 2013; Noda et 

al., 1994; Pompei et al., 2007).  Interestingly, vitamin B12 (cobalamin) appears to only be 

synthesized by prokaryotes, and has not been found in fungi, plants, or animals (Martens et al., 

2002) despite its broad importance in the host, underlining the importance of the mutualistic 

relationship with the microbiota.  The dependency on microbial production of essential vitamins 

is highlighted by the fact that lack of vitamin K supplementation in the diet of germ-free mice 
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results in a fatal vitamin deficiency by approximately two weeks (Hirayama et al., 2007).  The 

lack of enzymes required for the synthesis of these essential vitamins by the host results in a 

critical dependency on the microbiota for essential components of metabolism, an example of the 

coevolution between the two. 

It has long been known that the presence of microorganisms in the gut has a significant 

impact on any molecules that pass through, primarily through hydrolysis and reduction 

transformations (Nicholson et al., 2005), and can affect the absorption or bioavailability of 

ingested compounds, referred to as xenobiotics (not synthesized within the host) (Scheline, 1973).  

This is of particular interest in the fields of pharmacology and toxicology, where administered 

drugs can be affected in a number of ways, rendering them no longer therapeutic, or potentially 

toxic.  However, the microbiota can also provide a protective barrier to noxious or harmful agents 

that are ingested.  For example, germ-free rats were shown to be more susceptible to the toxic 

effects of hydrazine versus conventionalized rats (Swann et al., 2009).  This phenomenon has also 

been reported for exposure to heavy metals, such as chromium (Upreti et al., 2004).  Interestingly, 

studies have also shown that the gut microbiota can play an indirect role in xenobiotic 

metabolism through upregulation of gene expression and hepatic pathways important for 

metabolism of xenobiotics (Björkholm et al., 2009).  Thus, it appears that the microbiota employs 

direct and indirect mechanisms to modulate the absorption of various xenobiotics by the host, an 

effect that could be helpful in preventing exposure to toxic molecules. 

2.2.1.4 Protection from Pathogens 

Although the microbiota exerts many beneficial effects by interacting directly with the 

host, one important indirect effect is through antagonistic effects towards intestinal pathogens. 

The simple presence of a complete and functional microbiota possesses the ability to ward off GI 
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infection by a number of different pathogenic microbes, as evidenced by the fact that antibiotic 

therapies for a variety of indications can result in GI infection.  One mechanism by which the 

microbiota has been shown to be protective is through the inhibition of colonization and adhesion 

of pathogens.  The commensal organism Lactobacillus acidophilus has been shown to prevent the 

adherence and colonization of enterohemorrhagic Escherichia coli (EHEC) O157:H7 to HeLa 

cells in vitro (Medellin-Peña and Griffiths, 2009).  In rats, the presence of segmented filamentous 

bacteria (SFB) within the microbiota was able to limit Salmonella enteritidis colonization of the 

ileum (Garland et al., 1982).  A similar correlation has been drawn between SFB and pathogenic 

E. coli in rabbits (Heczko et al., 2000). 

Certain members of the microbiota can also inhibit pathogenic bacteria from infecting the 

host by producing and secreting antimicrobial factors.  This phenomenon has long been known, 

and in fact many antibiotics used in medicine have a microbial origin.  The bacteria 

Ruminococcus gnavus was found to produce a bacteriocin type molecule, termed ruminococcin 

A, that resembles a class IIA lantibiotic (Dabard et al., 2001).  Some microbes, such as 

Peptostreptococcus strain E1, secrete factors that once acted upon by host enzymes, for example 

trypsin, can be antibacterial towards other microbes (Ramare et al., 1993).  Select lactobacilli and 

bifidobacteria are capable of secreting proteins that can inhibit infection of epithelial cells in vitro 

with Listeria monocytogenes (Corr et al., 2007). Interestingly, lactic acid producing bacteria 

commonly found in the microbiota can also indirectly modulate pathogen sensitivity to host 

secreted antimicrobials, such as lysozyme, simply through the production of lactic acid that can 

permeabilize the outer membrane of Gram negatives (Alakomi et al., 2000). 

2.2.2 Compositional Changes in Disease   
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Due to the known benefits and contributions of the microbiota to human health, it is not 

surprising that certain changes or loss of this community can be implicated with poor health and 

disease.  The most clear example of this are cases of antibiotic-associated diarrhea, but 

disturbances have also been speculated to play a role in the development of immune disorders, 

and there have a been a number of microbial changes associated with the occurrence of IBD. 

It is not difficult to understand the pathogenesis of antibiotic-associated diarrhea.  As 

described above, the presence of an intact, functional microbiota offers protection from 

colonization and infection by GI pathogens.  Patients receive antibiotics for a variety of different 

indications, in an attempt to eradicate the presence of pathogenic microbes; however, antibiotics 

are not specific for pathogens, and often will have substantial effects on the composition of the 

microbiota (Ladirat et al., 2013; Nord, 1993; Nord et al., 1986; Rashid et al., 2012; Sullivan et al., 

2001).  The effects of different antibiotics on the microbiota vary, some resulting in drastic 

alterations (greater association with infection), while others have more moderate or subtle effects 

(Nord et al., 1986).  If the alterations are significant enough, the antibiotic effectively abolishes 

the protective capacity of the microbiota, allowing for opportunistic infections if the host is to 

come into contact with a GI pathogen.  A common cause of antibiotic-associated diarrhea is 

infection with the spore forming bacteria, Clostridium difficile (CDI) (Barbut et al., 2000; Bartlett 

et al., 1978; Kelly et al., 1994).  The role of microbiota alteration in the mechanism of disease is 

supported by the fact that restoration of the microbiota by FMT resolved disease in 92% of cases 

(Gough et al., 2011). 

The relationship between the microbiota and diseases like IBD is more complex, and is 

not fully understood.  However, the link between risk factors and the microbiota is strengthened 

by the fact that there appears to be dysbiosis in the microbiota of IBD patients, combined with the 
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knowledge that certain disease risk factors are known to cause changes to the microbiota (Berry 

and Reinisch, 2013).  There is some difficulty in assessing changes to the microbiota across 

individuals, due to a lack of a defined “healthy microbiota” as a result of a high variability in the 

population; however, changes in relative quantities of certain taxa have been demonstrated in IBD 

patients.   

At the phylum taxonomic level, it has been shown that there are notable decreases in 

Firmicutes and Bacteroidetes in patients suffering from IBD (Frank et al., 2007).  At higher 

resolution, it has been observed that there are significant reductions at the family, genus, and 

species levels in biopsies and stool samples from human IBD patients, in: Lachnospiraceae 

(Frank et al., 2007; Lepage et al., 2011; Papa et al., 2012; Swidsinski et al., 2005), Akkermansia 

(Papa et al., 2012; Png et al., 2010; Vigsnæs et al., 2012), and Faecalibacterium prausnitzii 

(Frank et al., 2011; Joossens et al., 2011; Kang et al., 2010; Mondot et al., 2011; Sokol et al., 

2009; Swidsinski et al., 2008; Willing et al., 2009), respectively.  There have also been studies 

that demonstrate that certain taxa increase in biopsies and stool samples from patients with IBD, 

specifically: the family Enterobacteriaceae (Lepage et al., 2011; Papa et al., 2012; Seksik et al., 

2003; Swidsinski et al., 2002; Willing et al., 2009, 2010), the genera Bacteroides (Scanlan et al., 

2006; Swidsinski et al., 2002, 2005) and Desulfovibrio (Loubinoux et al., 2002; Rowan et al., 

2010), and the species Escherichia coli (adherent-invasive E. coli, AIEC, biopsies only) 

(Baumgart et al., 2007; Darfeuille-Michaud et al., 2004; Martin et al., 2004; Martinez-Medina et 

al., 2009; Thomazini et al., 2011), Mycobacterium avium subspecies paratuberculosis (CD 

biopsies only) (Feller et al., 2007), and Ruminococcus gnavus (Joossens et al., 2011; Png et al., 

2010; Willing et al., 2010). 
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The significance of microbial dysbiosis to development of IBD is bolstered by 

interesting, although limited, data concerning FMT treatment in IBD patients.  FMT is not a 

popular treatment option for patients in general, even in patients with CDI despite definitive 

efficacy of the treatment.  This is likely due to a combination of safety concerns, as well as the 

unpleasantness of the procedure, and thus its use in treatment of other diseases has not been 

explored in great depth.  A recent systematic review attempted to draw some conclusions towards 

FMT in the treatment of IBD, based on the small pool of literature that exists, including data from 

41 IBD patients (27 with UC, 12 with CD, 2 unclassified).  It was found that, overall, 76% of 

patients treated had a reduction in symptoms, 76% percent had a cessation of medication, and 

63% experienced disease remission (Anderson et al., 2012).  Despite very limited number of 

trials, preliminary data shows there may be some use of FMT in treating IBD, suggesting that a 

dysbiosis is important in the pathogenesis of IBD. However, the precise mechanism by which 

these changes in composition may contribute to the development of IBD is not yet understood. 

2.3 Animal Models of Colitis 

2.3.1 Different Models of IBD 

The need to better understand the mechanisms underlying human IBD, as well as to 

investigate new therapeutic strategies, has lead to development of a handful of animal models of 

disease.  The fact that numerous different animal models appear to result in similar phenotypes 

agrees with the concept that human IBD is likely a heterogeneous disease, resulting from a range 

of genetic and environmental factors.  The bulk of animal models that exist tend to fall into one of 

three categories, those that result from: defects in the epithelia; defects in innate immune cells, 

defects in adaptive immune cells (Wirtz and Neurath, 2007). 
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2.3.1.1 Models Involving Defects in Epithelial Barrier 

As outlined previously, a number of genetic loci associated with IBD are important for 

normal GI epithelial cell biology, such as NOD2, and ATG16L1, which provides a parallel in 

animal models where barrier integrity appears to be part of disease pathogenesis.  The main 

hypothesis underlying these models is that the inability to maintain an intact barrier results in 

excessive translocation and sampling of intestinal microbes, resulting in a loss of homeostasis and 

resultant inflammation.   

Dextran sulfate sodium (DSS)-induced colitis is one of the most commonly used mouse 

models of IBD.  It results from exposure to DSS dissolved into the drinking water of mice at a 

concentration between 2-5% (weight/volume) (Per&#353 et al., 2012).  Colitis can be studied in 

an acute or chronic setting in this model, simply by repeating cycles of DSS exposure following 

the end of the first cycle, which is typically between 5-7 days (Okayasu et al., 1990).  Although 

not well defined to date, it is thought that in some way DSS can compromise barrier function and 

allow for infiltration of microbes and luminal antigens to drive inflammation.  Further detail 

about the DSS-induced colitis model will be examined in the following subsection. 

Trinitrobenzene sulfonic acid (TNBS)-induced colitis is a model of colitis that involves 

the disruption of the epithelial barrier, and a hapten-driven immune response to generate intestinal 

inflammation.  Specifically, TNBS is administered dissolved in ethanol, into the rectum of the 

mouse, where it then results in an inflammatory response.  It is believed that ethanol is required to 

disrupt the epithelium, whereas the TNBS itself haptenizes with endogenous proteins, potentially 

of host or microbial origin, to create an immunogenic antigen complex (Morris et al., 1989).  It 

appears that TNBS-induced colitis is a result of a Th1 polarized T-cell response, as shown by 

increases in Th1 cytokines, and the protective effect of anti-IL-12 antibodies in this model 
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(Neurath et al., 1995).  This model suggests that the presence alone of an immunogenic 

compound in the lumen isn’t sufficient to cause disease, however must be paired with a defect in 

the barrier function in order to trigger an immune response. 

2.3.1.2 Models Involving Defects in Innate Immunity 

Innate immune cells such as macrophages and dendritic cells are considered to play an 

important role in the initiation of adaptive immune responses by T cells.  They are able to sense 

microbes in a non-specific way, through PRRs that detect conserved components of microbes 

known as Microbial Associated Molecular Patterns (MAMPs) (Janeway and Medzhitov, 2002).  

This detection by PRRs typically initiates cellular signaling pathways that in conjunction with 

antigen presentation stimulate activation of lymphocytes and the adaptive immune response 

(Janeway and Medzhitov, 2002).  Innate immune cells in the GI tract have a specific anergic 

phenotype; they remain highly phagocytic however they do not respond to PRR ligands in a 

classical, proinflammatory sense.  It is believed that this hyporesponsiveness is an important 

attribute that ties into intestinal homeostasis (Mowat and Bain, 2011). 

Mice that have the transcription factor STAT3 knocked out in the macrophage and 

neutrophil cell lineages develop spontaneous enterocolitis (Takeda et al., 1999).  STAT3 is a 

downstream signaling molecule that becomes phosphorylated and activated in response to certain 

cytokines, and in these cells, is important for the signaling effects of IL-10.  Thus, the loss of IL-

10 signaling within macrophages and neutrophils following STAT3 KO results in cells that 

cannot be suppressed, and consequently, a Th1 polarized immune response and a spike in the 

cytokines TNF-α, IL-1, IFN-γ, and IL-6 (Takeda et al., 1999).  Additionally, IL-12(p40)/STAT3 

double knockout, as well as TLR4/STAT3 double knockout, did not develop enterocolitis, and 

had significantly reduced enterocolitis, respectively, demonstrating that recognition of microbes 
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through TLR4, and subsequent IL-12 signaling were the cause of the Th1 shift in STAT3 

knockout mice (Kobayashi et al., 2003). 

Tumor necrosis factor alpha-induced protein 3, also referred to as A20, is a protein found 

across many tissues that is important for the negative inhibition of TNF-α signaling through 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB).  NF-κB is induced by a 

variety of signals, including TNF-α, resulting in translocation to the nucleus and upregulation of 

genes important in both innate and adaptive immunity.  A20 expression is also upregulated by 

TNF-α activity, and functions in a negative feedback loop to limit TNF-α induced apoptosis and 

inflammation by limiting NF-κB activation (Lee et al., 2000).  Knockout of A20 results in a very 

severe phenotype, where mice develop spontaneous colitis, and become systemically ill, resulting 

in death (Lee et al., 2000).  A20 -/- mice were extremely sensitive to LPS, and injection with a 

low dose resulted in death within 2 hours (Lee et al., 2000).  Unlike STAT3 KO mice, which 

appeared to display a phenotype based on excessive Th1 response, A20/recombination activating 

gene-1 (RAG-1) KO mice showed the same phenotype as A20 KO with functional lymphocytes, 

indicating that this phenotype was independent of lymphocyte activity (Lee et al., 2000).  Both 

innate immune cell models punctuate the importance of regulating inflammatory signaling within 

these cells, as evidenced by the severe systemic disease that results when the ability to switch off 

these pathways is compromised.  Due to the harsh nature of these models, and the systemic 

phenotype, they are likely not accurate models for most cases of the human condition. 

2.3.1.3 Models Involving Defects in Adaptive Immunity 

The different lymphocyte populations likely sustain inflammation in IBD in humans; CD 

patients tend to have high levels of Th1 mediators IFN-γ, IL-12, and TNF-α, as well as the Th1 

transcription factor T-bet (Fuss et al., 1996; Monteleone et al., 1997; Neurath et al., 2002; 
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Parronchi et al., 1997; Peluso et al., 2006), whereas UC patients have high levels of the Th2 

cytokines IL-5, and IL-13 (Fuss et al., 1996; Heller et al., 2005). Many transgenic mouse models 

have been created that modulate expression of genes important in the function of the cells of the 

adaptive immune response, the lymphocytes.   

The creation of mice with constitutive expression of TNF-α due to a mutation in the 

regulatory sequence of the gene is thought to recapitulate certain aspects of human CD.  Namely, 

disease located in the terminal ileum that is characterized by transmural inflammation and 

thickening (Kontoyiannis et al., 1999).  This work also demonstrated that a functional TNF-α 

receptor is required for the disease phenotype, proving the cause of colitis was the excess TNF-α, 

as was the presence of lymphocytes, as seen by the lack of disease in RAG-1 KO mice, which fail 

to produce functional lymphocytes (Kontoyiannis et al., 1999).  

Adoptive transfer of CD4+CD45High  T cells, a functional yet naïve T-cell population, into 

severe combined immunodeficiency (SCID) mice that lack an adaptive immune system, results in 

the onset of spontaneous, chronic inflammation along the length of the colon.  Early stages of 

disease are characterized by mucosal inflammation, however as the disease progresses over time 

transmural changes can be seen in the colon (Leach et al., 1996).  Interestingly, the development 

of disease in this model appears contingent on the presence of the microbiota (Wirtz and Neurath, 

2007).  Taken together with the fact that supplementation of the recipient mice with IL-10 

producing T cells, or recombinant IL-10, results in much milder disease (Asseman et al., 1999; 

Wirtz and Neurath, 2007), it appears that the transferred, naive T cells in this model react to 

microbial antigens, without the ability to experience tolerance due to the lack of IL-10 producing 

regulatory T cells in SCID mice. 
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Along the same lines, interruption of the normal IL-10 signaling pathway results in a 

spontaneous model of colitis in mice, accentuating the importance of this molecule in 

maintenance of gut homeostasis.  Knockout of the IL-10 gene in mice leads to severe enterocolitis 

that was demonstrated to be reduced with treatment with anti-IL-12, or anti-IFN-γ antibodies, 

suggesting that excessive Th1 polarization was downstream of IL-10 deletion (Berg et al., 1996; 

Wirtz and Neurath, 2007).  This thought was also supported by the fact that a very similar 

phenotype was documented in mice with a T cell-specific IL-10 knockout (Roers et al., 2004).   

Similarly, overexpression of STAT4 in mice results in a transmural colitis.  STAT4 is an 

important signaling molecule that impacts T cell differentiation, particularly of the Th1 lineage, 

by acting downstream of IL-12/IL-23 (Wirtz et al., 1999).  Mice in this model generated 

infiltrating T cells that produced high levels of TNF-α and IFN-γ, consistent with the assumed 

role of STAT4 in driving Th1 responses in T cells (Wirtz et al., 1999). 

The contribution of the adaptive immune system and the lymphoid cell lineage is 

demonstrated in these IBD models.  The nature of these models seems to revolve around the 

aberrant derivation of activated Th1 lymphocytes towards the gut microbiota, through the 

inactivation of suppressive signaling, likely through IL-10.  The usefulness of these models is 

likely centered on study of the final pathway of the disease, especially in CD, where it appears 

that an excessive Th1 polarized T cell response drives disease. 

To investigate the protective potential of MET-1 in IBD the DSS-induced colitis model 

will be employed.  Similar to the human condition, there are changes to the microbiota of mice in 

this model, and it appears as though this microbial dysbiosis occurs at the onset of disease, 

hinting at causation (Nagalingam et al., 2011).  This suggests that microbial transplant could be 

efficacious in preventing or correcting dysbiosis and alleviating disease. 
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2.3.2 DSS-Induced Colitis 

As mentioned previously, DSS is a sulfated dextran molecule that can be dissolved in the 

drinking water of rodents, leading to the development of an UC-type of inflammation. The DSS 

model was chosen to investigate the therapeutic potential of MET-1 due to the involvement of the 

gut microbiota in disease progression, and also the short time period, allowing for investigation of 

multiple treatment regimens.  An acute DSS setting of this model was employed to investigate 

potential therapies in attenuating disease initiation and progression. 

2.3.2.1 Disease Characteristics 

Following an acute exposure period to DSS in the drinking water for 5-7 days, mice 

develop significant colitis in the distal colon.  A significant drop in body weight, typically 

between 10-15% of original weight, diarrhea, and rectal bleeding accompanies colitis (Okayasu et 

al., 1990).  Upon gross inspection, the colon appears significantly shortened, and also quite thick 

and edematous.  The colon is also seen to be pale in colour, and is very often devoid of any solid 

stool content, reflecting the loss of normal gut function and homeostasis during inflammation 

(Okayasu et al., 1990).  Histologically, inflammation is mainly limited to the mucosa of the gut 

wall, in a similar fashion to UC, and is characterized by large erosions of the mucosa resulting in 

a loss of the normal crypt architecture.  There is also significant edema within the submucosa, and 

excessive infiltration of granulocytes and lymphocytes into this space, en route to the mucosa 

(Okayasu et al., 1990).  A number of proinflammatory cytokine and chemokine genes have been 

shown to be upregulated in DSS-induced colitis (te Velde et al., 2007), which correlates with 

heightened serum levels of TNF-α, IL-6, IL-17, and KC in DSS mice (Alex et al., 2009). 

2.3.2.2 Pathogenesis 



 

 

 

31 

The exact mechanism by which DSS administration results in colitis in mice, not unlike the 

human disease it models, is not yet known.  However, certain factors are known to contribute to 

the severity of disease, including the strain of mouse, the nature of the DSS, and the microbiota 

(Figure 2.1).  Considering how these factors influence the pathogenesis of DSS-induced colitis 

can provide clues towards the underlying etiology, and hopefully lead to a better understanding of 

human IBD. 

2.3.2.2.1 DSS Factors 

Considering the disease is mediated by exposure to DSS molecules, it is not surprising 

that changes in the nature or administration of DSS affects disease outcome.  The concentration 

of DSS that is used in the water impacts the severity of disease, as does the duration of the 

exposure to DSS; simply put, increasing percentage or the exposure period will result in the 

mouse GI tract being exposed to a greater quantity of DSS (Vowinkel et al., 2004).  More 

interesting is the finding that the molecular weight of the DSS molecules impacts the 

development of colitis.  As described previously, DSS molecules are dextran molecules that are 

highly sulfated.  The number of glucose monomers, or the number of sulfate groups bound to the 

dextran, can vary, and individual batches of DSS are produced containing a range of molecular 

weights.  It was found that DSS at a molecular weight of 5 kDa was capable of causing colitis in 

mice that was most severe in the cecum.  40 kDa DSS resulted in colitis to a significantly greater 

extent than 5 kDa, and inflammation was most severe in the distal colon.  However, DSS at a 

molecular weight of 500 kDa did not result in colitis in any region of the colon (Kitajima et al., 

2000).  These findings demonstrate that the amount of DSS ingested, and the size of the DSS that 

is ingested both impact the development of disease. 
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Figure 2.1 Factors mediating colitis fall under three categories: DSS, Genetics, and the 
Microbiota.  The nature of the DSS administered, the genetic make-up of the mouse, and the 
presence of the microbiota drive pathology in the DSS model.  Solid arrow indicates erosion of 
the mucosa and loss of typical crypt structure, hashed arrow shows significant appearance of 
submucosal edema, both characteristic histological changes in the model. Magnification is 200x. 
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It appears as though DSS molecules that are too large lose their ability to cause disease in 

mice.  This suggests that the increased size of the DSS molecules prevents an important step in 

the DSS mechanism of disease.  One hypothesis of how DSS induces colitis is through its effects 

on the intestinal mucous.  As mentioned previously, it has been shown that the mucous in the 

colon is separated into two distinct layers, including a tightly woven, inner layer that prevents 

bacteria from becoming too intimate with the epithelia (Johansson et al., 2008).  This function of 

the intestinal mucous is accentuated by the finding that mice lacking mucin-2, the main 

constituent of the mucous layer, develop spontaneous colitis (Van der Sluis et al., 2006).  It has 

been demonstrated that DSS treatment is able to permeabilize the mucous of the colon, which 

could allow microbes and other antigens to filter through.  DSS treatment on colon explants, but 

not control treatment, allowed passage of 2 µm fluorescent beads across the entire inner mucous 

layer, coming in direct contact with the epithelium within 15 minutes of treatment (Johansson et 

al., 2010b).   This effect was also observed in vivo in DSS treated mice.  The ability of DSS to 

exert these effects on the mucous layer was attributed to the high solubility of the sulfated DSS 

molecules within the mucous, allowing it to intercalate into the mucin-2 network.  This 

hypothesis could fit with the finding that DSS at a molecular weight of 500 kDa fails to cause 

colitis; the larger molecules are not able to infiltrate and disrupt the mucous network to increase 

permeability, however this has not been explicitly shown. 

Another potential reason for decreased toxicity of larger DSS molecules hinges on the 

hypothesis that DSS functions by uptake into epithelial cells.  Specifically, that the toxic effect of 

DSS is mediated by the dextran moiety inside the epithelial cells, and that the sulfated component 

of the molecules only contributes to the ability of dextran to enter the cells.  It was shown that 

DSS formed lipid nanoparticles when combined with medium chain fatty acids (MCFA), and 
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these nanoparticles were taken up by Caco-2 cells, resulting in a decrease in TER that did not 

occur when DSS was administered in the absence of MCFA (Laroui et al., 2012).  This theory 

was also supported by the fact that dextran alone, when packaged into lipid nanoparticles and 

administered to mice resulted in a DSS-like colitis (Laroui et al., 2012).  In this mechanism an 

excessively large DSS molecule may not form the lipid nanoparticle structure with MCFAs, and 

would thus not enter the epithelial cells and would not cause disease. 

Although it has not been definitively proven one way or another how DSS causes colitis 

in mice, it is clear that the nature of the DSS administered matters to subsequent disease 

development.  The load of DSS administered, but also the size of the DSS molecules impacts 

severity of disease, hinting that an important step in DSS toxicity is related to its size.  A tempting 

hypothesis is that DSS must either permeate the intestinal mucous, or be taken up by epithelial 

cells to have its detrimental effects, in which case the excessive size of the molecule may hinder 

its ability to do so. 

2.3.2.2.2 Microbiota 

Importantly, and similarly to human IBD, the gut microbiota has been implicated in the 

development of disease.  The evidence that intestinal bacteria play a role in DSS-induced colitis is 

two-fold: one, there appears to be a complex contribution of members of the microbiota. Some 

members appear important to perpetuate disease, but a complete lack of microbes can exacerbate 

colitis, and at the same time the microbiota experiences a shift in composition during disease 

development (Kitajima et al., 2001; Nagalingam et al., 2011; Rath et al., 2001). Secondly, the 

administration of different probiotic organisms has been shown to have the ability to protect or 

treat colitis in this model (Hudcovic et al., 2012; Im et al., 2009; Mennigen et al., 2009; Nanda 

Kumar et al., 2008).  This suggests that changes to the bacteria may be important in driving 
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disease progression, and that those therapies that add beneficial bacteria into the community can 

correct pathological changes. 

Common interpretation of the DSS colitis model involves painting the entire microbiota 

with the same brush; all bacteria present in the colon are classified as inflammatory stimuli that 

perpetuate inflammation during a period of compromised barrier function.  However, it appears 

that the interaction between host and microbiota is in fact much more complex than just the 

presence or absence of MAMPs.  For example, mice raised in the germ-free state, when 

administered 5% DSS, displayed gross rectal bleeding as early as one day later, and died three 

days post-administration (Kitajima et al., 2001).  Building on this concept are studies that 

employed the use of antibiotics and knockout mice to investigate the effect of the presence or 

absence of certain microbes.  TLR4, TLR2 and downstream MyD88 KO mice all demonstrated 

significantly more severe colitis, and mortality, following exposure to DSS than wildtype mice 

(Rakoff-Nahoum et al., 2004).  This effect was recapitulated in wildtype mice by extended 

exposure to broad spectrum antibiotics (4 weeks; vancomycin, neomycin, metronidazole, and 

ampicillin), and was rescued by oral administration of TLR4 & TLR2 ligands, lipopolysaccharide 

(LPS) and lipoteichoic acid (LTA) (Rakoff-Nahoum et al., 2004), demonstrating that to some 

extent, detection of microbes by these signaling pathways is required for protection of the 

epithelium, and not exclusively driving inflammation in this model. 

That being said, certain use of antibiotics to lessen bacterial load in the colon has also 

been shown to alleviate colitis induced by DSS.  Acute administration of antibiotics for three days 

prior to the start of DSS exposure was protective in the case of metronidazole, and even more so 

in the case of vancomycin/imipenem (Rath et al., 2001).  This effect was correlated with changes 

to the ratio of anaerobes/aerobes in the gut, which differed between the different antibiotic 



 

 

 

36 

treatments, suggesting that perhaps the different effects of the antibiotics may have been due to 

specific changes to the composition of the microbiota (Rath et al., 2001).  However, also noted 

was a greater decrease in bacterial load in the stool of the vancomycin/imipenem mice, so the 

effect could also be due to fewer microbes present during colitis development.  Interestingly, 

treatment with the same antibiotics two days into DSS administration was less effective in 

protecting the mice.  Vancomycin/imipenem was still capable of significantly reducing disease; 

however metronidazole treatment had no effect on colitis (Rath et al., 2001).  This was attributed 

to certain bacteria playing a role in the initiation of the disease, and others playing a more 

important role in the perpetuation of colitis. 

The hypothesis that the actual composition of the microbiota, and not just the presence or 

absence of bacteria, plays a role in disease has been strengthened in more recent years by culture-

independent sequencing techniques that have attempted to note changes in the community during 

DSS-induced colitis.  It was reported in 1990, during the initial description of the DSS model, 

that there were changes to the population of microbes, including an increase in Bacteroides 

distasonis, and Clostridium spp. (Okayasu et al., 1990).  Since then more sophisticated 

approaches have enabled scientists to further characterize the changes present.  Berry et al. found 

that DSS-induced colitis resulted in a major shift in both the structure and function of the 

microbiota, characterized by an increase in the families Ruminococcaceae, Bacteroidaceae, 

Enterobacteriaceae, Deferribacteraceae, and Verrucomicrobiaceae, and an increase in the mucin 

degrading genera Akkermansia, and Mucispirillum (Berry et al., 2012).  It was also noted by 

metatranscriptomic analysis that there were changes in the gene expression of the microbes 

present, including an increase in genes responsible for regulation of cell signaling, carbohydrate 

metabolism and respiration, and a decrease in flagellin genes (Berry et al., 2012).  This work 



 

 

 

37 

highlighted that there are distinct changes to the composition of the microbiota during DSS-

induced colitis, and also that changes to the function of those microbes present may be important 

to consider; however, it did not attempt to conclude if these changes were a cause or effect of 

colitis in the mice. 

 In an attempt to address the question of cause or effect, work was carried out to 

investigate the temporal effect of DSS exposure on the microbiota composition with respect to 

disease progression.  Dramatic shifts in the microbiota at the phylum and family levels were 

noted as early as three days into DSS administration, including an increase in Verrucomicrobiae 

and Lachnospiraceae, and a decrease in Tenericutes (Nagalingam et al., 2011). These changes 

occurred by three days of DSS exposure, which was shown to be prior to the onset of 

inflammation in the colon, and at the onset in the cecum.  The fact that the compositional changes 

in the microbiota occurred before inflammation in the gut lead to the conclusion that the 

documented changes to the microbiota are likely not an effect of the disease, but occur at a time 

that may tie into disease development. 

Also in support of the role that microbes play in DSS-induced colitis is work that 

demonstrates that certain probiotic organisms can curb disease progression.  Oral pretreatment 

with a probiotic mixture containing four Lactobacilli, and four Bifidobacteria for one week prior 

to the induction of DSS-induced colitis was capable of significantly reducing weight loss and 

histological damage in mice.  These changes were also correlated with restoration of certain 

microbes that were altered during colitis (Nanda Kumar et al., 2008).  The probiotic organism 

Bifidobacterium breve administered for two weeks prior to DSS exposure was sufficient to 

prevent increased susceptibility of NOD1 and NOD2 KO mice to DSS, potentially by 

upregulating proteins beneficial to epithelial health and repair (Natividad et al., 2012).   Similarly, 
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14 day pretreatment with Bacillus polyfermenticus curbed DSS-induced colitis, likely by effects 

on apoptosis of cells and upregulation of cellular proliferation (Im et al., 2009).  Pretreatment 

intrarectally for one week with the butyrate producing organism Clostridium tyrobutyricum also 

proved to be protective to the induction of colitis by DSS (Hudcovic et al., 2012).  The probiotic 

organism was able to maintain high production of butyrate in the colons of treated mice compared 

to DSS mice that did not receive treatment, which was hypothesized to be responsible for the 

protective effects, providing an interesting example of how certain microbes’ functions may be 

beneficial to the host.   

Treatment during DSS exposure has also been shown to be protective with certain 

probiotics.  The mixture VSL#3, comprised of 8 different Bifidobacteria, Lactobacilli, and 

Streptococci, when used as a daily treatment throughout seven days of DSS exposure, was 

concluded to be protective by limiting apoptosis in the colon and upregulating tight junction 

proteins (Mennigen et al., 2009).  Certain studies have also shown the efficacy of probiotic 

produced factors in preserving mouse health during DSS exposure (Liu et al., 2012), while others 

have demonstrated that the lysate (Zakostelska et al., 2011), or heat-killed remnants, of certain 

Lactobacilli are capable of protecting mice from disease (Ueno et al., 2011).  This suggests that 

the function of microbes may not be the sole mechanism for beneficial effects, but that secreted 

molecules or structural components of microbes may have important effects on the host. 

2.4 Microbial Ecosystem Therapeutic-1 

MET-1 is a mixture of commensal intestinal microbes that were isolated from the stool of 

a healthy, 41-year-old female donor.  Specifically, MET-1 is comprised of 33 bacteria deemed 

strictly non-pathogenic, and possessing favorable antibiotic sensitivity profiles (Appendix A.1) 

(Petrof et al., 2013).  The MET-1 microbes were isolated in strict anaerobic culture, which 
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permitted the growth of many anaerobes plus facultative anaerobes resident to the human gut.  

This strategy allowed for a mixture that is predominantly composed of strictly anaerobic bacteria 

found in the colon, which reflects the normal physiology of the microbiota where anaerobes 

outnumber aerobes and facultative anaerobes by 100-1000 times (Palmer et al., 2007; Sommer 

and Bäckhed, 2013). 

MET-1 was conceived and created as a replacement therapy for FMT, primarily in an 

attempt to replicate the impressive efficacy of the treatment while removing the inherent risk of 

transplanting fecal material into patients.  As documented previously, the efficacy of FMT 

treatment for recurrent CDI was found to be greater than 90% on systematic review (Gough et al., 

2011), indicating the potential benefit of a highly reproducible microbial therapy.  MET-1 has 

been used to successfully treat recurrent CDI in two patients that was refractory to conventional 

antibiotic therapy, with resolution occurring as early as 2-3 days following treatment (Petrof et 

al., 2013).  Disease resolution was also correlated with changes to the recipient’s microbiota 

resembling the composition of MET-1; an effect that appears persistent due to the fact that MET-

1 rRNA sequences still comprised greater than 25% of sequence reads at 6 months following 

treatment (Petrof et al., 2013).  Due to the large spectrum of beneficial effects associated with a 

‘healthy’ microbiota, the application of MET-1 could be quite broad, with potential benefits in 

disease such as IBD, obesity, or autism, which are all currently being investigated as comprising a 

microbial component. (Borody et al., 2013; Louis, 2012; Sanz et al., 2010).  Interestingly, recent 

work has been done to determine the similarity between human and mouse microbiotas, in the 

hope that mouse models of these diseases can be used to study aspects of the microbiota in the 

disease.  It was found that although human and mouse microbiotas appear to differ in terms of 

abundance of certain taxa, the composition of the core microbiotas appears to be relatively similar 
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in both species (Krych et al., 2013).  Therefore, the application of MET-1 treatment towards IBD 

will be investigated in a mouse DSS model of acute colitis, for its ability to correct dysbiosis and 

attenuate disease.  
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Chapter 3 

Materials and Methods 

3.1 Treatment Preparation 

3.1.1 MET-1 Preparation 

Microbial Ecosystem Therapeutic-1 (MET-1) was created and prepared by the laboratory of 

Dr. Emma Allen-Vercoe at the University of Guelph (Petrof et al., 2013).  Microbes were 

cultured and isolated from the stool of a healthy, 41-year-old female donor.  From this, thirty-

three organisms were deemed as safe, representative commensal bacteria, and were selected for 

the final formulation. Each isolate was individually cultured on Fastidious Anaerobe Agar (Lab 

M Ltv. Heywood, Lancashire, UK) under anaerobic conditions. Cultures were then formulated 

into predetermined ratios in 10-40 ml of pre-reduced, sterile, 0.9% normal saline to an 

approximate concentration of 3.5 x 109 CFU/ml. The bacterial suspension was covered in pre-

reduced mineral oil, to prevent exposure to oxygen upon opening of the tube, and placed in a 

reduced double sealed bag with anaerobic indicator. The package was shipped, on ice, overnight 

from the University of Guelph. The mixture was used within 48 hours of receiving it. 

3.1.2 MET-1 Conditioned Media Preparation 

Spent media from the chemostat, and unused sterile media, used to grow MET-1 were centrifuged 

at 18,800xg to pellet bacteria.  The media was then passed through a sterile syringe filter, pore 

size 0.20 µm (Corning Incorporated, Corning, NY) in order to remove any remaining bacteria 

present in the supernatant.  The resulting filtrate was used as MET-1 conditioned media, 
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containing any small molecules or peptides secreted by the MET-1 microbes during growth in the 

chemostat vessel, or MET-1 media, with no bacterial material. 

3.1.3 Heat-Killed MET-1 

An aliquot of MET-1 was transferred to a screw top tube and put into a boiling water bath for 

20 minutes.  Following 20 minutes of boiling the tube was transferred to -20°C freezer for 20 

minutes, followed again by 20 minutes in boiling water.  MET-1 was then cooled to RT before 

oral gavage to mice. 

 

3.2 Mice and Experimental Design 

All mouse experiments were accepted by the University Animal Care Committee, and were 

carried out in accordance with the guidelines of the Canadian Council on Animal Care. 

3.2.1 MET-1 Pretreatment 

Female, 6 week old C57BL/6 mice were purchased from Charles River and left to acclimatize 

for 7 days.  Mice were given ad libitum access to food and water during the experiment.  On day 

1 of the pretreatment experiment mice were gavaged with either 108 CFU of MET-1 or 150 µL of 

saline as vehicle control.  This was repeated again on day 2 of the experiment.  24 hours 

following the second pretreatment gavage mice began a 5-day exposure period to 3% (w/v) DSS 

(MW. 36,000-50,000; MP Biomedicals, OH, USA) dissolved in tap water.  Following 5 days of 

DSS exposure, mice were returned to regular autoclaved drinking water for a remaining 2 days.  

During and following DSS exposure mice were weighed daily, and given daily subcutaneous 

injections with lactated Ringer’s solution.  Following 2 days return to regular drinking water, 
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mice were euthanized by cervical dislocation, and the colon and blood were collected for analysis 

(Figure 3.1A). 

3.2.2 MET-1 Treatment 

Female, 6 week old C57BL/6 mice were purchased from Charles River (MA, USA) and left 

to acclimatize for 7 days. Mice were given ad libitum access to food and water during the 

experiment.  On day 1 of the treatment experiment mice began a 5-day exposure period to 3% 

(w/v) DSS dissolved in tap water.  Also on day 1, and each day of DSS exposure thereafter, mice 

were gavaged with either 108 CFU of MET-1 or 150 µL of saline as vehicle control.  Following 5 

days of DSS exposure, mice were returned to regular drinking water for a remaining 2 days.  

During and following DSS exposure mice were weighed daily, and given daily subcutaneous 

injections with lactated Ringer’s solution.  Following 2 days return to regular drinking water, 

mice were euthanized by cervical dislocation, and the colon and blood were collected for analysis 

(Figure 3.1B). 

3.2.3 MET-1 Extended Treatment 

Female, 6 week old C57BL/6 mice were purchased from Charles River and left to acclimatize 

for 7 days.  Mice were given ad libitum access to food and water during the experiment.  On day 

1 of the extended treatment experiment mice were gavaged with either 108 CFU of MET-1 or 150 

µL of saline as vehicle control.  This was repeated again on day 2 of the experiment.  24 hours 

following the second pretreatment gavage mice began a 5-day exposure period to 2% (w/v) DSS 

dissolved in tap water.  Also on day 3, and each day of DSS exposure thereafter, mice received 

gavage treatment.  The remainder of the experiment was carried out as described above (Figure 

3.1C). 
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3.2.4 MET-1 Pretreatment Following Oral Antibiotics 

Female, 6 week old C57BL/6 mice were purchased from Charles River and left to acclimatize 

for 7 days.  On day 1 of experiments mice were fasted for 4 hours prior to oral gavage with 

Streptomycin (20 mg), and Vancomycin (0.1 mg).  Mice were given ad libitum access to food and 

water following gavage.  20 hours later mice were again fasted for 4 hours, followed by gavage 

with either MET-1/MET-1-CM/MET-1-D/MET-1-Media, or saline.  Pretreatment gavage was 

carried out similarly the following day.  Mice were given ad libitum access to food and water 

following gavage.  24 hours later mice began a 5-day exposure period to 3% (w/v) DSS dissolved 

in tap water (experiments addressing objective 3 were carried out with a separate batch of DSS 

from the same company).  The remainder of the experiment was carried out as described above 

(Figure 3.1D). 
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Figure 3.1 Timeline of Animal Experiments. Female, 6 week old C57BL/6 mice were used for 
all experiments.  Please see detailed explanation of models provided in the text, above. A) MET-1 
pretreatment B) MET-1 treatment C) MET-1 extended treatment D) Antibiotics with MET-
1/MET-1-CM/MET-1-D pretreatment. 
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3.3 Quantification of MPO Activity 

50-60 mg of flushed distal colon tissue was taken from -80°C and kept on ice for 

myeloperoxidase (MPO) quantification.  MPO is an enzyme expressed abundantly in neutrophils, 

and is used to form antimicrobials from hydrogen peroxide.  The tissue was added to an 

Eppendorf tube containing 500 µL HTAB buffer (50 mmol/L potassium buffer (100 mL of 0.05 

M monobasic potassium phosphate, mixed with 12 mL 0.05 M dibasic potassium phosphate, pH 

6.0) containing 5 mg/ml hexadecyltrimethylammonium bromide (Sigma, St. Louis, MO)) and 

homogenized with a polytron tissue homogenizer for ~15 seconds.  Following homogenization, 

additional HTAB buffer was added to each tube to a final volume of 1 mL:50 mg of colon tissue. 

Tissues were vortexed for ~1 minute, and then centrifuged at 21,000xg for 2 minutes.  A volume 

of 7 µl of each sample was then loaded into in a 96-well plate, in duplicate. 200 µl of reaction 

mixture (16.7 mg o-dianisidine (Sigma), 90 ml of distilled water, 10 ml of potassium phosphate 

buffer and 50 µl of 1% H2O2) was added to each well with a multichannel pipette. Absorbance at 

450 nm was read immediately following addition of reaction mixture (t=0), at 1.5 minutes 

(t=1.5), and at 3 minutes (t=3).  MPO activity was calculated over time, and expressed in 

units/mg tissue. One unit of MPO activity is defined as the amount of MPO required to degrade 1 

umol of H2O2 per minute at room temperature. 

 

3.4 Histological Staining and Scoring 

All distal and proximal colon tissue was fixed in 10% formalin for 24 hours.  Following 

fixation tissue was transferred to a tissue cassette and put into 70% ethanol for an additional 24 

hours.  Tissue cassettes were further processed in paraffin wax, ascending concentrations of 
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ethanol, and xylene, and tissue was then embedded in paraffin blocks.  These blocks of tissue 

were used for the following staining techniques.  

3.4.1 H&E Staining and Pathological Scoring 

4 µm thick sections of either distal or proximal colon were cut and stained with hematoxylin 

and eosin (H&E) to visualize histological structure.  Pathological scoring of the distal colon was 

completed by a pathologist in a blinded fashion, based on the following parameters: inflammation 

score (out of 9), and recent damage score (out of 13).  Inflammation score was comprised of the 

following assessments: chronic inflammation – intensity of mononuclear cell infiltrate (0-none, 1-

mild, 2-moderate, 3-severe); acute inflammation – intensity of neutrophil cell infiltrate (0-none, 

1-mild, 2-moderate, 3-severe); mural involvement (0-none, 1-mucosa, 2-mural); and lymphoid 

aggregate hypertrophy (0-absent, 1-present).  Recent damage score was comprised of the 

following assessments: Cryptitis (0-none, 1-focal, 2-diffuse); crypt abscess (0-none, 1-focal, 2-

diffuse); loss of goblet cells (0-none, 1-focal, 2-diffuse); mucosal erosion (0-none, 1-focal, 2-

diffuse); ulceration (0-none, 1-focal, 2-diffuse), and depth of ulceration (0-none, 1-submucosa, 2-

muscularis propria, 3-into pericolic fat).  These assessments were added together for a total sum 

out of 22. 

3.4.2 MPO Staining 

MPO immunohistochemistry was carried out on formalin-fixed, paraffin-embedded, 4 µm 

thick tissue sections of the distal colon to detect neutrophils. DAKO EnVision+System-HRP 

(DAB) staining kit was used (DAKO, Burlington, ON).  The primary antibody used was a 

polyclonal rabbit anti-MPO antibody, 1/50 dilution in 1% TBST (Abcam, Toronto, ON). The 

secondary antibody was anti rabbit labeled with HRP (DAKO). Gill’s hematoxylin (50:50 with 

dH2O) was used as a counterstain. 
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3.4.3 MUC2 Immunofluorescence 

MUC2 immunofluorescent staining was carried out on formalin-fixed, paraffin-embedded, 4 

µm thick tissue sections of the distal colon as described previously (Johansson and Hansson, 

2012).  Sections were dewaxed and hydrated, followed by antigen retrieval with boiling citric 

acid buffer (pH 6.0).  Blocking was carried out with blocking buffer (5% fetal bovine serum 

(FBS; Sigma, St. Louis, MO) in phosphate buffered saline (PBS; pH 7.4) for 1 hour, at room 

temperature.  Sections were then stained with rabbit anti-MUC2 C3 (Santa Cruz Biotechnology 

Inc., CA, USA), 1/100 dilution in blocking buffer overnight at 4°C, protected from light, or with 

PBS for secondary control sections.  The following day, sections were washed with PBS 3 times 

for ten minutes, followed by incubation with Alexa 488- conjugated goat anti-rabbit 

immunoglobulin G, 1:500 dilution in blocking buffer (Invitrogen, CA, USA) for 2 hours, at room 

temperature, protected from light.  Sections were washed as above.  Nuclei were then stained for 

1 minute with Hoechst 33258 fluorescent stain (Sigma), and mounted with PBS containing 60% 

glycerol.  Sections were visualized by fluorescence microscopy (ImagePro Plus 6.0, Media 

Cybernetics; Olympus BX51), and the area of mucin-2 positive staining relative to the area of the 

mucosa was measured using the ImagePro software. 

3.5 Serum Cytokine Quantification 

Blood was collected following euthanization via cardiac puncture, transferred to an 

Eppendorf tube, and let sit for ~1 hour to allow for clotting.  Blood was then centrifuged at 

13,800xg for 5 minutes. The serum (supernatant) was collected into a separate Eppendorf tube, 

flash frozen in liquid nitrogen, and stored at -80oC until time of use, as detailed below. 

3.5.1 MCP-1 ELISA 
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Serum was assessed for concentration of Monocyte Chemoattractant Protein-1 (MCP-1) using 

a Quantikine JE/MCP-1 Immunoassay kit (R&D Systems Inc., MN, USA) according to the 

manufacturers instructions.  Briefly, serum was diluted 2-fold in the kit diluent, as per the 

manufacturers recommendation, and 50 µL was loaded in duplicate wells.  Serum was incubated 

for two hours at RT, followed by 5 wash cycles with the provided wash buffer.  100 µL of MCP-1 

conjugate was added to each well, and the plate was incubated for 2 hours at RT. Plate was 

washed as previously described, and 100 µL of the kit substrate solution was added to each well 

and left to incubate for 30 minutes at RT (protected from light).  100 µL of the kit stop solution 

was added to each well, and the optical density was measured at 450 nm. 

3.5.2 Proinflammatory Multiplex Bead Assay 

Serum was also assessed for concentration of a number of proinflammatory cytokines using a 

Bio-Plex Pro Mouse Cytokine Grp I Panel 23-Plex kit (Bio-Rad, Hercules, CA), as per the 

manufacturer’s instructions. Specifically, the concentration of the following cytokines were 

measured: IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-

13, IL-17, eotaxin, G-CSF, GM-CSF, INF-γ, KC, MCP-1, MIP-1α, MIP-1β, and TNF-α. Briefly, 

serum was diluted 1:4 in the kit diluent. 50 µL of magnetic, antibody-coupled beads were added 

to each well, and protected from light. Plate was washed twice with 100 µL of the Bio-Plex wash 

buffer, and 50 µL of sample was added to each well. Plate was covered with aluminum foil, and 

incubated on a shaker at 850 rpm for 30 minutes. Plate was washed three times with wash buffer, 

and 25 µL of kit detection antibodies were added to each well. Plate was covered with sealing 

tape, wrapped in aluminum foil, and incubated on the shaker at 850 rpm for 30 minutes. The plate 

was then washed as three times as described above, and 50 µL of streptavidin-PE was added to 

each well. Following covering with sealing tape and aluminum foil, the plate was again incubated 
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on the shaker for 10 minutes at 850 rpm. After incubation the plate was washed as previously 

described, 125 µL of the kit assay buffer was added to each well, and the plate was sealed and 

placed on the shaker at 850 rpm for 30 seconds. The plate was then read with Bio-Plex Manager 

Software. 

 

3.6 MUC2 Quantitative Real-Time PCR 

Approximately 5 mm of mid-colon tissue was immediately stored in RNAlater (Sigma, St. 

Louis, MO) overnight at 4°C, followed by storage at -80°C until time of use. Tissue was 

transferred to an RNase free homogenizer tube and homogenized prior to RNA extraction. The 

RNeasy Mini Kit (Qiagen, Toronto, ON) was used to extract RNA from the tissue, as per the 

manufacturer’s instructions. DNase was used to digest genomic DNA (Thermo Fisher Scientific, 

Waltham, MA). cDNA was synthesized from 1 µg total RNA using the Superscript III First 

Strand Synthesis System for RT-PCR (Invitrogen, Grand Island, NY). The resulting cDNA was 

then subject to quantitative real-time PCR with an ABI 7500 machine using the iTaq Universal 

Probes Supermix (Bio-Rad, Hercules, CA) and MUC2 (primer 1: 5’-

TCAAAGTGCTCTCCAAACTCTC-3’; primer 2: 5’-CCTCTCAGAATTCCACACTCTT-3’; 

probe: 5’-/56-FAM/TCCCACACA/ZEN/TCCACATGTCTTCACAC/3IABkFQ/-3')/GAPDH 

(primer 1: 5'-GTGGAGTCATACTGGAACATGTAG-3'; primer 2: 5’-

AATGGTGAAGGTCGGTGTG-3’; probe: 5'-/56-

FAM/TGCAAATGG/ZEN/CAGCCCTGGTG/3IABkFQ/-3') PrimeTime qPCR Assays (IDT, 

Coralville, IA), under the following PCR conditions: 2 minutes at 95oC, followed by 40 cycles of 

15 seconds at 95oC, 1 minute at 60oC.  Parameters were optimized for used with the iTaq 

Universal Probes Supermix, based on primers with a 60°C melting temperature.  RT-PCR 
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reactions were carried out in duplicate, and data represents relative abundance of MUC2 mRNA 

compared to the house keeping gene Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

normalized to the saline control treatment group. 

3.7 Statistical Analysis 

Results are expressed as the mean value with standard error of the mean (SEM). Statistical 

analyses were performed with GraphPad Prism version 4 (GraphPad Software, San Diego, CA). 

A two-tailed unpaired t-test was used where indicated for individual comparisons. A 1-way or 2-

way ANOVA with a Bonferroni correction was used to compare data from more than two groups, 

as indicated. Statistical significance is denoted by *, and was set at P value of <0.05, unless 

indicated otherwise.
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Chapter 4 

Results 

4.1 MET-1 Pretreatment had limited effect on the severity of 3% DSS-Induced 

Colitis 

The initial treatment regimen to be investigated was a 2-day pretreatment, whereby mice 

received oral gavage with MET-1 or saline once daily for two days.  Following these two days 

mice were exposed to 3% DSS in the drinking water, which resulted in notable disease.  The 

results of MET-1 pretreatment daily for two days prior to the start of DSS administration 

indicated very limited effect on the severity of disease, and are presented below. 

4.1.1 MET-1 pretreatment had no effect on body weight loss during colitis 

During DSS-induced colitis, as mice become sick, they typically lose a significant amount of 

body weight.  The ability of MET-1 to impact the extent of weight loss could indicate that the 

disease is attenuated in pretreated mice.  To compare weight loss between groups, the daily 

percent change in body weight of mice was calculated by comparing the daily weight of each 

mouse to the weight on day 1 of DSS exposure.  Control mice receiving pretreatment with either 

saline or MET-1 experienced slight weight gain over the duration of the experiment; however 

mice that received DSS in their drinking water lost, on average, 15.96% and 14.94% following 

saline and MET-1 pretreatment, respectively.  The similar loss in body weight indicated that all 

mice receiving DSS were ill, regardless of whether they received MET-1 or control treatment 

(Figure 4.1). 
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Figure 4.1 MET-1 pretreatment had no effect on the significant loss in body weight during 
DSS-induced colitis.  Mice received daily gavage with saline or MET-1 for two days prior to the 
start of 3% DSS administration.  Mice were weighed daily during the experiment, and the percent 
change in body weight compared to the weight on day 1 of DSS administration is displayed.  Data 
were analyzed by two way ANOVA with Bonferroni correction, *** p<0.001. 
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4.1.2 There was no effect of MET-1 pretreatment on DSS-induced damage to the colon  

DSS-induced colitis is associated with pathological changes to the colon, which can be used 

to evaluate the severity of disease. Healthy colons from control mice that received either saline or 

MET-1 pretreatment appeared pink in colour, normal in size (length and thickness), and had 

substantial stool content in the form of well-formed pellets along their length.  In contrast, colons 

from DSS treated mice were pale in colour, substantially shorter and thick, and lacked the 

presence of well-formed stool pellets (Figure 4.2B-E).  To quantify the change in gross 

morphology of the colons, the colon weight to length ratio was calculated.  The weight to length 

ratio allows for quantification of the change in length, and the concordant edema that occurs in 

diseased colons.  It corrects for colons that are from smaller mice, and thus shorter, because 

naturally shorter but healthy colons will weigh less than short and edematous colons.  Healthy, 

saline and MET-1 pretreated mouse colons had the same weight to length ratio of 33.6 mg/cm, 

while DSS exposure resulted in an increase in the weight to length ratio of both saline and MET-1 

pretreated mouse colons, 49.5 mg/cm and 43.1 mg/cm, respectively, indicating that these colons 

were more edematous, with a minor average decrease in pretreated mice (Figure 4.2A). 

DSS-induced colitis lead to changes in the normal histological structure of the colon. To 

evaluate this damage, proximal and distal colon tissue was embedded in paraffin and sectioned 

for staining with H&E to allow for visualization of the tissue.  Control mice pretreated with saline 

or MET-1 displayed a normal, healthy phenotype in both the proximal and distal colon (Figure 

4.3A,C,E,G).  However, DSS exposed mice treated with either saline or MET-1 exhibited 

extensive damage in the distal colon, characterized by extensive erosion of the mucosa, immune 

cell infiltration, and submucosal edema.  The proximal colon did not appear damaged in DSS 

treated mice (Figure 4.3B,D).  The 
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Figure 4.2 DSS treatment resulted in shortening and edema of the colon, reflected by a 
significantly increased colon weight/length ratio.  DSS colons were also pale and empty of 
stool pellets.  MET-1 pretreatment had no effect on gross inspection of the colon.  Mice 
received daily gavage with saline or MET-1 for two days prior to the start of 3% DSS 
administration.  Colons were excised, and measured from cecum to anus.  Ceca were then 
removed and the colon was flushed with PBS, and weighed. A) Colon weight/length ratio is 
displayed as an indicator of colon health.  Data analyzed by ANOVA with Bonferroni correction, 
* p<0.05, *** p<0.001.  B), D) Representative photos of Saline, and MET-1 treated groups, 
respectively.  C), E) Representative photos of DSS, and MET-1 DSS treated groups, respectively. 
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E) 

G) 

F) 

H) 

A) 

C) 

B) 

D) 

 

Figure 4.3 DSS treatment had no effect on the proximal colon; however, DSS caused 
significant damage to the distal colon, which was not affected by MET-1 pretreatment.  The 
proximal and distal colon was stained with H&E to visualize the structure of the gut wall.  A), C) 
Saline and MET-1 pretreated control mouse proximal colons, respectively.  B), D) Saline and 
MET-1 pretreated DSS exposed, proximal colons, respectively. E), G) Saline, and MET-1 
pretreated control mouse distal colons, respectively. F), H) are representative of DSS, and MET-1 
DSS treated mouse distal colons, respectively. Scale bar represents 100 µm (100x magnification). 
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destructive effect of DSS on the distal colon was not affected by pretreatment with MET-1 

(Figure 4.3F,H). 

4.1.3 There was a slight reduction of inflammatory markers in DSS mice pretreated 

with MET-1 

Colitis resulted in the recruitment and infiltration of neutrophils into the submucosa and 

mucosa of the inflamed gut.  The extent of this infiltration was measured as an indicator of acute 

inflammation in the colon. MPO is an enzyme abundantly present in the granules of neutrophils, 

and is important in the generation of antimicrobials from hydrogen peroxide.  The enzymatic 

activity of MPO was assayed, and used as a measure of neutrophilic infiltration (Bradley et al., 

1982).  Healthy control mice pretreated with saline or MET-1 had very little MPO activity in the 

distal colon (1.1 units/mg of tissue and 0.37 units/mg of tissue, respectively); however when mice 

were exposed to DSS there was a large increase in the MPO activity found in the distal colon 

tissue (9.8 units/mg of tissue and 8.9 units/mg of tissue), following saline and MET-1 

pretreatment, respectively.  MET-1 treatment did not have any effect on the extent of neutrophil 

infiltration into the colon (Figure 4.4).  

MCP-1 is produced by monocytes and macrophages in response to inflammatory stimuli, and 

acts as a proinflammatory chemokine for monocytes at sites of inflammation (Matsushima et al., 

1989).  Production and release of MCP-1 can indicate the extent of systemic inflammation during 

colitis, and has been shown to be significantly increased in patients with IBD (Reinecker et al., 

1995), as well as in mice in IBD models (Andres et al., 2000; Khan et al., 2006; Ohkawara et al., 

2008)  and this can be measured in collected serum.  Healthy, control mice exhibit low levels of 

MCP-1 in the serum, while DSS treatment resulted in a significant increase in circulating levels 

of the chemokine.  MET-1 pretreatment appeared to decrease MCP-1 on average, however 



 

 

 

58 

Sali
ne

MET-1
DSS

MET-1 
DSS

0
1
2
3
4
5
6
7
8
9

10
11
12

M
PO

 A
ct

iv
ity

(U
ni

ts
/m

g 
of

 ti
ss

ue
)

***"

 

Figure 4.4 DSS administration resulted in a significant increase in MPO activity in the 
colons of both saline and MET-1 pretreated mice, compared to mice not exposed to DSS. 
Distal colon tissue was homogenized and assayed for MPO activity, as an indicator of neutrophil 
infiltration into the tissue.  Data were analyzed by ANOVA with Bonferroni correction, *** 
p<0.001. 
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this reduction was not significant compared to serum MCP-1 in saline pretreated DSS mice, with 

average serum concentrations of 142.9 pg/mL and 198.9 pg/mL, respectively (Figure 4.5). 

4.2 MET-1 Treatment had no effect on the severity of 3% DSS-induced Colitis 

Following failure of MET-1 pretreatment to quell the development of DSS-induced colitis, a 

more aggressive MET-1 treatment regimen was investigated.  Mice were again exposed to 3% 

DSS in an acute setting, however they were also treated with saline or MET-1 each day of DSS 

administration (Summarized in Table 1). 

4.2.1 There was no effect of MET-1 treatment on DSS-induced weight loss 

To gauge whether there was an effect of MET-1 treatment on the severity of disease, percent 

change in body weight was calculated in the same manner as described above in 4.1.  DSS caused 

significant weight loss in both Saline and MET-1 treated mice, 12.1% and 14.6%, respectively, 

but not in treated mice that did not receive DSS (Table 1).   

4.2.2 MET-1 treatment did not attenuate DSS-induced damage to the colon  

Following euthanization, the pathological effects of DSS to the colon were observed in saline 

and MET-1 treated mice.  Similar effects were noted on the gross morphology of colons collected 

from DSS exposed mice.  DSS induced shortening and edema of the colons, resulting in a 

significant increase in weight to length ratio of saline and MET-1 treated DSS mice (47.2 mg/cm 

vs. 46.9 mg/cm, saline DSS and MET-1 DSS, respectively), compared to non-DSS, saline (34.3 

mg/cm) and MET-1 (30.2 mg/cm) treated mice.  Colons also appeared pale and devoid of stool 

content as compared to non-DSS mice (Table 1). DSS resulted in significant damage to the distal 

colon of mice, while the colons of mice that did not receive DSS appeared healthy, histologically.  

MET-1 treatment failed to protect mice from DSS-induced histological damage (Table 1). 
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Figure 4.5 DSS causes a significant increase in the serum MCP-1.  Serum was obtained 

from the blood of mice pretreated with saline or MET-1 following DSS exposure and assayed for 
concentration of MCP-1.  A significant increase in MCP-1 was noted during DSS exposure, 
however there was not a significant effect of MET-1 treatment in these mice. Data were analyzed 
by ANOVA with Bonferroni correction, * p<0.05, ** p<0.01, *** p<0.001. 
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Treatment 
Regimen 

DSS Weight 
Loss 

Colon 
Weight/
Length 

Histological 
Damage 

MCP-
1	  

MPO Protected
? 

Pretreatment 
(n=8-10) 

3% 14.9% 
*** 

 
* 

Mucosal 
erosion, loss 

of crypts; 
submucosal 

edema & cell 
infiltration 

 
** 

 
*** 

No 

Treatment 
(n=4) 

3% 14.6% 
*** 

 
** 

Mucosal 
erosion, loss 

of crypts; 
submucosal 

edema & cell 
infiltration 

 
*** 

 
 

No 

Extended 
Treatment 

(n=4) 

2% 14.8% 
*** 

 
*** 

Mucosal 
erosion, loss 

of crypts; 
submucosal 

edema & cell 
infiltration 

N/A	    
** 

No 

 

Table 1 Summary of the effects of different MET-1 treatment regimens on the outcome of 
DSS-induced colitis.  It was concluded that none of the treatment regimens were able to protect 
against the development of colitis.  Serum MCP-1 was not measured in the final extended 
treatment experiment, due to the observation that there were no clinical signs of protection, 
similar to what was seen in the previous experiments.  Statistics displayed are treated group 
compared to saline control group by ANOVA with Bonferroni comparison. There was no 
statistical difference between MET-1 treated DSS groups and saline treated DSS groups.  
*p<0.05, **p<0.01, ***p<0.001. 
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4.2.3 MET-1 Treatment did not effect markers of inflammation in DSS treated mice 

Neutrophil infiltration was once again used to measure the extent of acute inflammation in the 

colon.  There was a significant increase in MPO activity in DSS treated mice, compared to mice 

not receiving DSS (saline, x units/mg of tissue; MET-1, x units/mg of tissue), regardless of 

whether they were treated with saline (4.98 units/mg of tissue) or MET-1 (4.99 units/mg of 

tissue) (Table 1); however it was noted that these values were considerably less than those 

measured in the previous set of experiments, which will be discussed in more detail below. 

MCP-1 in the circulation was used as a marker for systemic inflammation in mice.  DSS 

administration resulted in a significant increase in the concentration of MCP-1 in the serum; 

however there was no effect of MET-1 treatment on levels of MCP-1 released systemically 

(238.5 pg/mL vs. 231.7 pg/mL, saline vs. MET-1, respectively) (Table 1). 

4.3 MET-1 extended treatment had no effect on 2% DSS-induced colitis 

Once again, due to a lack of efficacy of MET-1 treatment, a new regimen was investigated.  

Due to a subtle effect on serum MCP-1 with the pretreatment regimen, a two-day pretreatment 

period was once again used, in combination with prolonged treatment daily during the DSS 

administration period.  Additionally, the dose of DSS used in the drinking water was reduced 

from 3% to 2%, in an attempt to decrease the extent of colitis.  It was hypothesized that the severe 

damage caused by 3% DSS may be overwhelming any protective effects of MET-1, and a lesser 

dose could allow for appreciation of more subtle effects of treatment (Summarized in Table 1).   

4.3.1 There was no effect of MET-1 extended treatment on DSS-induced weight loss 

Body weight was again used as a broad indicator of health in the mice, and DSS exposure 

resulted in a significant loss in weight.  On the final day of the experiment, saline treated mice 
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had lost 12.3%, and MET-1 treated mice had lost 14.8% body weight compared to day one of 

DSS, indicating that MET-1 extended treatment did not improve mouse weight loss (Table 1). 

4.3.2 MET-1 extended treatment did not effect DSS-induced damage to the colon 

Colons from MET-1 treated DSS mice had an appearance characteristic pale, empty 

appearance, with an average colon weight to length ratio of 49.8 mg/cm. This was similar to 

saline treated DSS mice, which had an average colon weight to length ratio of 45.3 mg/cm, and 

the same unwell, pale and empty appearance (Table 1).  Both control groups had healthier colons 

following gross inspection, appearing full length and containing well-formed pellets.  

DSS administration also resulted in histological damage to the distal colon, characterized by 

mucosal erosion and submucosal edema, compared to control treated mice.  While the reduction 

in DSS dosage caused less extensive damage to the mucosa of the colon, there were no detectable 

differences between saline and MET-1 treated mouse colons (Table 1). 

4.3.3 MET-1 extended treatment had no effect on DSS-induced increase in MPO activity 

Despite a reduction in the percentage of DSS exposure, there was still a significant increase in 

the MPO activity in the colons of DSS mice.  Saline treated mice had an average MPO activity of 

2.59 units/mg of tissue; while MET-1 treated mice had an average MPO activity of 3.14 units/mg 

of tissue, indicating that there was no reduction in the extent of neutrophil infiltration into the 

distal colon (Table 1). 
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4.4 MET-1 pretreatment following oral antibiotics reduced the severity of 3% 

DSS-induced colitis 

Due to the ineffectiveness of the previous three treatment regimens, antibiotic treatment was 

implemented in an attempt to abolish potential inhibitory colonization resistance towards MET-1 

treatment.  Mice were treated with oral vancomycin and streptomycin twenty-four hours prior to 

initiation of a MET-1 pretreatment regimen.  It was hypothesized that the combination of 

antibiotics would have broad activity towards Gram negative and positive bacteria, effectively 

diminishing the host microbiota and providing an ecological niche for MET-1.  Additionally, 

these antibiotics are not absorbed and do not reach the systemic circulation when administered by 

mouth, so the effects should be limited to the gut lumen (Armstrong and Wilson, 1995; 

Lockwood et al., 1949).  We then investigated the two-day pretreatment plan for protective 

potential, because prior experiments demonstrated that out of all the different regimens, this was 

the only one that displayed any, if only minor, effects. 

4.4.1 MET-1 pretreatment following oral antibiotics reduced DSS-induced weight loss 

Change in body weight was used as an indicator of disease severity in mice, and as was seen 

previously, DSS mice treated with saline or MET-1 lost significant body weight, 15.1 and 12.6 

percent, by the last day of the experiment.  Similarly, mice that were administered oral antibiotics 

prior to saline treatment and DSS exposure lost 10.0% of their weight; however, mice treated 

with antibiotics prior to MET-1 treatment and DSS exposure lost significantly less weight, 4.2%, 

than all other groups (Figure 4.6), indicating that these mice were protected from developing the 

full fledged disease. 

4.4.2 There was no effect of MET-1 pretreatment following oral antibiotics on DSS-

induced increase in colon weight/length ratio 
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Figure 4.6 MET-1 pretreatment following oral antibiotics significantly reduced DSS-
induced decrease in body weight.  Mice were administered 3% DSS following treatment with 
saline, MET-1, antibiotics (Abx) and saline, or Abx and MET-1.  Body weight from each day of 
the experiment was compared to the weight on day one of DSS.  Data were analyzed by 2-way 
ANOVA with Bonferroni correction,  ***p<0.001.   
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Due to the significant reduction in body weight loss, it was anticipated that the colons from 

antibiotic-treated, MET-1 DSS mice would appear healthier upon gross inspection.  It was found 

that the colons from all DSS mice, regardless of treatment with antibiotics, or MET-1, assumed a  

diseased appearance along their length: pale and devoid of stool content, with high colon 

weight/length ratios (saline DSS 48.8 mg/cm, MET-1 DSS 50.0 mg/cm, Abx saline DSS 46.2 

mg/cm, Abx MET-1 DSS 45.5 mg/cm), indicating that despite reduced weight loss, there was still 

a significant local response in the colon (Figure 4.7). 

4.4.3 Effect of MET-1 Pretreatment Following Oral Antibiotics on DSS-Induced Colon 

Histological Damage 

Colons were also evaluated histologically by H&E staining for signs of inflammation and 

damage.  Sections were scored by a GI pathologist, in a blinded fashion, to quantify the recent 

damage (includes goblet cell loss), and the acute inflammation (includes neutrophil infiltration) 

present in the distal colon.   Saline and MET-1 pretreated DSS mice had similar levels of damage 

in the distal colon (Figure 4.8B,E), which was reflected by high pathological scores (Figure 

4.8G).  Antibiotic, saline pretreated DSS mice also displayed signature DSS damage to the distal 

colon (Figure 4.8C).  Interestingly, antibiotic, MET-1 pretreated mice appeared to suffer less 

histological damage in the colon (Figure 4.8F).  This was also demonstrated by a reduction in the 

pathological score of antibiotic, MET-1 pretreated DSS mice (Figure 4.8G).  Of interest were two 

particular components of the pathological score: goblet cell loss, and neutrophil infiltration.  

Antibiotic, MET-1 pretreated mice lost fewer goblet cells than other treated mice, and also 

showed neutrophil infiltration to a lesser extent, with these lower scores forming the majority of 

the difference between the treatment groups, and indicating reduced disease severity (Figure 

4.8G). 



 

 

 

67 

 

A) B) D) C) 

E) F) H) G) 

Sali
ne

MET-1
Abx

Abx M
ET-1

DSS

MET-1 
DSS

Abx D
SS

Abx M
ET-1 

DSS
0
5

10
15
20
25
30
35
40
45
50
55

C
ol

on
 W

ei
gh

t/L
en

gt
h 

R
at

io
(m

g/
cm

)

ns 

(3) (3) (3) (3) (5) (4) (8) (8) 

I) 

 
Figure 4.7 DSS-induced increase in weight to length ratio, and pale, empty appearance of 
the colon was not impacted by MET-1 pretreatment following antibiotics. A)-D) 
Representative photo of healthy colons from saline, MET-1, antibiotic saline, and antibiotic 
MET-1 mice, respectively. These colons appear pink in colour, and contain well-formed stool 
pellets.  E)-H) Representative photo of colons from saline DSS, MET-1 DSS, antibiotic with 
saline, and antibiotic with MET-1 DSS mice, respectively. These colons appear unhealthy, as 
they are pale and empty.  I) Colon weight to length ratio is shown, demonstrating that DSS colons 
are edematous.  Data were analyzed by 1-way ANOVA with Bonferroni correction.   
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Figure 4.8 MET-1 pretreatment following oral antibiotics reduced DSS-induced histological 
damage.  Distal colon was sectioned and stained with H&E to evaluate DSS-induced damage.  
A), D) show the distal colon of saline and MET-1 pretreated DSS mice, respectively.  B), E) are 
representative of colons from saline DSS, and MET-1 DSS mice, respectively, and C), F) are 
representative of antibiotic saline, and antibiotic MET-1 DSS mice, respectively.  Scale bars 
represent 100 µm (200x magnification). G) Blinded histological scoring of the distal colon.  Data 
were analyzed by ANOVA with Bonferroni correction.  **p<0.01.  
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4.4.4 The effect of MET-1 pretreatment following oral antibiotics on colon neutrophil 

infiltration 

To corroborate the lessened neutrophil infiltration detected in the histological sections, MPO 

was assayed for in the most distal colon.  Curiously, MPO activity was shown to be elevated in 

antibiotic MET-1 pretreated mice (8.11 units/mg of tissue), compared to saline DSS (6.86 

units/mg of tissue), MET-1 DSS (4.64 units/mg of tissue), and antibiotics saline DSS mice (4.83 

units/mg of tissue), although not significantly (Figure 4.9A).  This unexpected result lead to 

subsequent MPO staining of the colon, in an attempt to further investigate the extent of neutrophil 

infiltration into the tissue. 

MPO was stained for in the distal colon, using immunohistochemistry.  Staining for 

neutrophils appeared to resemble what was reported from the histological score; a reduced 

intensity and abundance of neutrophils in the wall of the colon in antibiotics, MET-1 pretreated 

mice (Figure 4.9E).  Specifically, extensive MPO staining was seen in the submucosa, and areas 

of the mucosa, in saline and MET-1 pretreated DSS mice, as well as in antibiotic saline DSS mice 

(Figure 4.9B-D).  It was also noted that MPO staining in the mucosa was mostly seen in areas of 

mucosal erosion, where normal epithelium was no longer present, which was seen more often in 

the sections from non MET-1 treated mice, indicating that antibiotic MET-1 pretreated mice had 

reduced inflammation in the distal colon. 

4.4.5 The effects of MET-1 pretreatment following oral antibiotics and DSS on Mucin-2 

in the Colon 

It was also noted histologically that there was a reduction in the amount of goblet cell loss in 

the colons of antibiotic, MET-1 pretreated mice (Figure 4.10G).  Goblets cells are the 

predominant cell type responsible for secreting the mucous layer that coats the lumen of the 
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Figure 4.9 MET-1 pretreatment following antibiotics did not have an effect on MPO activity 
in the colon; however appeared to reduce neutrophil infiltration when viewed by MPO 
immunohistochemistry.  A) MPO activity was assayed in the distal colon, data were analyzed by 
ANOVA with Bonferroni correction.  B), D) MPO positive cells appear brown in sections of the 
colon from saline and MET-1 pretreated DSS mice, respectively.  C), E) Cells positive for MPO 
stain brown in sections from the colon of antibiotics saline, and antibiotic MET-1, DSS mice, 
respectively.  Arrows indicate areas of high density staining in the mucosa and submucosa of the 
colon wall.  Scale bar represents 100 µm (200x magnification).  
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Figure 4.10 MET-1 pretreatment following oral antibiotics moderately preserved the level 
of mucin-2 production in the distal colon.  A), D) Representative photos of colons from 
antibiotic and antibiotic MET-1 pretreated mice, respectively. B), E) Representative photos of 
colons from saline DSS, and MET-1 DSS mice, respectively. C), F) Representative photos of 
colons from antibiotic saline, and antibiotic MET-1 pretreated DSS mice, respectively. Mucin-2 
appears green, nuclei are stained blue. Scale bar represents 100 µm (100x). G) Representative 
photo of secondary antibody control section. H) The area of mucin-2 positive staining was 
measured using the ImagePro software and displayed relative to the area of the colonic mucosa.  
Data were analyzed by ANOVA with Bonferroni correction, *p<0.05.  
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colon.  The primary constituent of secreted mucous in the colon is mucin-2, so the effect of 

antibiotics and MET-1 pretreatment on levels of mucin-2 in the colon was evaluated by 

immunofluorescence.  Antibiotics followed by MET-1 pretreatment resulted in a modest 

preservation in the production of mucin-2 in the colon as compared to saline and MET-1 treated 

DSS mice (Figure 4.10). 

To determine if the higher production of mucin-2 was due to an increase in gene expression, 

quantitative real-time PCR was used to measure the amount of mucin-2 mRNA extracted from 

colon tissue.  Interestingly, there appeared to be no effect on the expression of the mucin-2 gene 

across all groups, when the level of mucin-2 was normalized to the level of GAPDH (Figure 

4.11), suggesting that the increase in mucin-2 protein was not due to changes at the gene 

expression level; however, since this experiment was only carried out at the end of the DSS 

timeline, it is possible that earlier effects on mucin-2 expression could have been overlooked. 
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Figure 4.11 Despite preservation of mucin-2 in the distal colon, qPCR analysis revealed no 
effect of treatment on mucin-2 mRNA in the mid-colon.  mRNA was extracted from the mid-
colon following euthanization and subject to qPCR analysis. Mucin-2 mRNA was quantified, 
normalized to GAPDH expression, and results are shown relative to the saline control group.. 
Data were analyzed by ANOVA with Bonferroni correction.  
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4.4.6 Effect of MET-1 Pretreatment Following Oral Antibiotics on Serum Cytokine 

Levels in DSS-treated Mice 

The serum from DSS mice was assayed for a number of cytokines important for various 

elements of the immune response.  In almost all cytokines measured there was a decrease in the 

average concentration in the serum of antibiotic MET-1 DSS mice versus antibiotic saline DSS 

mice, including a significant decrease in the following cytokines: IL-1β, IL-2, IL-6, IL-12(p70), 

Eotaxin, G-CSF, GM-CSF, IFN-ϒ, MCP-1, MIP-α (Figure 4.12). Those cytokines that were not 

significantly affected by MET-1 pretreatment include: IL-10, IL-12(p40), TNF-α, IL-13, IL-17, 

KC, and MIP-β (Figure 4.13).  The decrease in a wide range of cytokines with diverse functions 

indicates that there is less systemic inflammation occurring in mice that received MET-1 

following antibiotics, than in mice that received saline following antibiotics. 
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Figure 4.12 Antibiotics followed by MET-1 pretreatment prior to DSS exposure resulted in 
a decrease in a number of cytokines compared to control treated DSS mice. Serum was 
collected from the blood following euthanization at the end of the experiment, and assayed for the 
indicated cytokines by a multiplex bead assay.  N=4 for both groups and all cytokines measured.  
Data were analyzed by unpaired, two-tailed t-test, *p<0.05. 
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Figure 4.13 Antibiotics followed by MET-1 pretreatment prior to DSS exposure also 
resulted in no change to a number of cytokines in mice, compared to control treated DSS 
mice.  Serum was collected from the blood following euthanization at the end of the experiment, 
and assayed for the indicated cytokines by a multiplex bead assay.  N=4 for both groups and all 
cytokines measured.  Data were analyzed by unpaired, two-tailed t-test.  
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4.5 MET-1 Culture Media, but not MET-1 Conditioned Media, had a moderate 

effect on the severity of 3% DSS-Induced Colitis 

In order to better understand what was occurring in mice treated with antibiotics and MET-1, 

MET-1 pretreatment was compared to pretreatment with MET-1 conditioned media (MET-1-

CM).  The conditioned media was obtained as waste media from the MET-1 chemostat, and was 

filtered in order to remove all bacteria yet retain any bacterial factors secreted below the size of 

0.20 µm.  If MET-1-CM was unable to exert protective effects in this model, it would suggest that 

MET-1 bacteria are likely responsible for protection, not a secreted factor. 

4.5.1 MET-1-Media, but not MET-1-CM, pretreatment following oral antibiotics had a 

modest effect on weight loss 

Control mice treated with saline, MET-1, or MET-1-CM all gained weight over the course of 

the experiment.  DSS mice that were treated with antibiotics and saline, or antibiotics with MET-

1-CM lost a similar percentage of weight, on average (8.3%, and 7.7%, respectively). Antibiotic 

MET-1 DSS treated mice had a reduced weight loss on average (4.4%), however there was high 

variability between mice in the treatment group, resulting in an insignificant change in weight 

loss in this group (Figure 4.14).  Interestingly, mice that received treatment with antibiotics 

followed by unused MET-1 media and DSS only lost 4.0% body weight, suggesting that this 

treatment may have a protective effect (Figure 4.14). 

4.5.2 The effects of MET-1 vs. MET-1-CM pretreatment following oral antibiotics on 

DSS-induced damage to the colon 

Colons from DSS treated mice all appeared unhealthy, and all showed increased 

weight/length ratios compared to healthy control mice (Abx DSS 47.0 mg/cm, Abx MET-1 DSS 
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Figure 4.14 MET-1 pretreatment, and MET-1-Media treatment, following antibiotics 
resulted in a lower average weight change during DSS than antibiotic saline, or MET-1-CM 
treatment.  Mice were administered 3% DSS following treatment with antibiotics (Abx) and: 
saline, MET-1, MET-1 conditioned media (MET-1-CM), or sterile MET-1 culture media (MET-
1-Media).  Body weight on each day was compared to the weight on day 1 of DSS, and expressed 
as a percentage change.  Data were analyzed by two-way ANOVA with Bonferroni correction,  
**p<0.01; ns, not significant.
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46.9 mg/cm, Abx MET-1-CM DSS 45.2 mg/cm, Abx MET-1-Media DSS 43.2 mg/cm; Figure 

4.15), similar to previous experiments, indicating there was still damage occurring in the colon. 

Inspection of the distal colon with H&E staining was carried out to evaluate the extent of 

histological damage.  There did not appear to be a protective effect of either MET-1 or MET-1-

CM following antibiotics on the DSS-induced histological damage; however MET-1-Media 

treated mice demonstrated modest improvements to the histology of the distal colon, mainly a 

reduction in mucosal erosion and loss of colonic crypts (Figure 4.16). 

4.5.3 There was no effect of any treatment on DSS-induced increase in serum MCP-1 

The systemic inflammatory response to DSS was measured by the concentration of MCP-1 in 

the serum of mice.  All control treatment groups that did not receive DSS administration 

(antibiotics followed by either saline, MET-1, MET-1-CM, or MET-1-D) had serum MCP-1 

concentrations between 24.0-62.0 pg/mL.  Oral antibiotics prior to saline and DSS resulted in an 

increased average MCP-1 concentration of 285.2 pg/mL, while MET-1 treated mice had similar 

MCP-1 levels of 291.1 pg/mL.  MET-1-CM following antibiotics caused an average level of 

406.8 pg/mL, on average, following antibiotics. Interestingly, similar to antibiotic MET-1 treated 

DSS mice, the MET-1-Media pretreated mice still had high levels of serum MCP-1 (299.8 

pg/mL), despite a reduction in weight loss (Figure 4.17). 
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Figure 4.15 DSS caused the colons to become short and edematous, resulting in an increase 
in the weight/length ratio of the colon that was not significantly affected by MET-1, MET-1-
CM, or MET-1-Media pretreatment following antibiotics.  A)-C) Representative photos of 
healthy colons from Abx, Abx MET-1, and Abx MET-1-CM treated mice.  D)-G) Representative 
colons from Abx DSS, Abx MET-1, Abx MET-1-CM, and Abx MET-1-Media mice, 
respectively.  I)  Colon weight to length ratios of mice.  Data were analyzed by ANOVA with 
Bonferroni correction.  
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Figure 4.16 DSS exposure resulted in histological damage to the distal colon, with no 
significant effect of treatment with saline, MET-1, or MET-1-CM following antibiotics. A), 
C), E) Representative photos of the distal colons from antibiotic saline, MET-1, and MET-1-CM 
treated mice.  B), D), F), G) Representative photos of the colons from DSS exposed, antibiotic 
saline, MET-1, MET-1-CM DSS, and MET-1-Media treated mice, respectively.  Scale bars 
represent 100 µm (100x). 
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  Figure 4.17 DSS exposure resulted in a significant increase in serum levels of MCP-1; 
however none of the MET-1 treatments investigated following antibiotics significantly 
altered MCP-1 concentration.  Serum was collected from the blood of mice, and concentration 
of MCP-1 was measured in the serum.  Data were analyzed by ANOVA with Bonferroni 
correction, ns – not significant. 
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4.6 Heat-killed MET-1 following oral antibiotics displayed moderate effects on 

the severity of colitis 

To further address whether live MET-1 is required to confer protective effects towards DSS-

induced colitis, MET-1 pretreatment following oral antibiotics was compared to pretreatment 

with heat-killed MET-1 (MET-1-D) following antibiotics.  MET-1 was boiled for 20 minutes, 

frozen for 20 minutes, and then boiled again for 20 minutes to effectively kill the bacteria.  

Efficacy of MET-1-D in protecting from development of disease would indicate that some 

component of the bacteria cell is important, as opposed to live bacteria interactions. 

4.6.1 MET-1-D pretreatment reduced body weight loss during DSS exposure 

Change in body weight was again monitored as an indicator of health, as described 

previously.  Antibiotic saline pretreated DSS mice lost 10.3% body weight by the final day of the 

experiment.  Mice that received antibiotics followed by MET-1 pretreatment and DSS lost an 

average of 8.7% body weight, while mice treated with antibiotics followed by MET-1-D and DSS 

lost only 3.0%, indicating that heat-killed MET-1 was sufficient to attenuate the severity of the 

disease (Figure 4.18).  

4.6.2 There was no effect of MET-1-D pretreatment on DSS-induced changes to colon 

gross morphology 

The colons of mice treated with DSS underwent characteristic changes, including a 

significant increase in the colon weight to length ratio. Antibiotics saline DSS mice had an 

average ratio of 49.0 mg/cm.  Similarly to past experiments, pretreatment with MET-1 had no 

effect on the weight to length ratio, with an average of 50.0 mg/cm.  MET-1-D also had very little 

effect on the weight to length ratio, with an average across the group of 45.0 mg/cm (Figure 

4.19). 
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Figure 4.18 MET-1-D treatment following antibiotics resulted in mice losing significantly 
less weight than antibiotic saline and antibiotic MET-1 treated mice.  Weight was measured 
on each day and compared to the weight on day 1 of DSS.  Data analyzed by two-way ANOVA 
with Bonferroni correction, * p<0.05, **p<0.01. 
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Figure 4.19 DSS-induced increase in colon weight to length ratio, and pale, empty 
appearance of the colon was not impacted by MET-1 pretreatment following antibiotics.  A) 
Colon weight to length ratio is shown.  Data were analyzed by ANOVA with Bonferroni 
correction, ns – not significant.  B), C), D) Representative photo of colons from antibiotic saline, 
MET-1, and MET-1-D pretreated mice, respectively.  E), F), G) Representative photos of colons 
from antibiotic saline, MET-1, and MET-1-CM DSS mice, respectively. 
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4.6.3 MET-1-D pretreatment had a mild beneficial effect on DSS-induced histological 

damage in the distal colon 

Colons of antibiotic saline DSS mice and antibiotic MET-1 DSS mice were examined by 

cross section in the distal colon, and also by the “Swiss Roll” technique to observe its entire 

length.  Both of these groups demonstrated typical histological changes, characterized by mucosal 

erosion and loss of colonic crypts, as well as submucosal edema, and this occurred in a proximal-

distal gradient as noted previously.  In addition to an improvement in body weight loss in the 

MET-1-D treatment group, there appeared to be slight protection histologically to the mucosal 

structure of the distal colon (Figure 4.20). 

4.6.4 MET-1-D pretreatment had minimal effect on DSS-induced increase in serum 

MCP-1 

Colitis caused by DSS exposure resulted in an increase in circulating MCP-1, as 

evidenced by the high concentration seen in DSS treated mice (described in section 4.5.4).  

Interestingly, however, MET-1-D pretreated mice appeared to have a lower mean concentration 

of serum MCP-1 than other DSS groups (259.1 pg/mL), although not significantly, indicating that 

although these mice lost less weight, they still had high levels of MCP-1 in the serum  (Figure 

4.17). 
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Figure 4.20 DSS exposure caused histological damage to the distal colon that was not 
significantly improved by MET- treatment 1, however MET-1-D appeared to have a modest 
beneficial effect.  Colonic “Swiss Rolls” were prepared to examine damage along the length of 
the colon.  A), C) Representative photos of colonic “Swiss Rolls” from antibiotic saline, and 
MET-1 mice, respectively; p-proximal colon, d-distal colon.  B), D) Representative photos of 
colonic “Swiss Rolls” from antibiotic saline, and MET-1 DSS treated mice, respectively; p-
proximal colon, d-distal colon.  Cross sections of the distal colon were prepared to observe 
damage to the colon from DSS exposure. E),F) Representative cross section of the distal colon of 
antibiotic saline, and MET-1 DSS exposed mice, respectively.  G), H) Representative cross 
section of the distal colon of antibiotic MET-1-D treated, and antibiotic MET-1-D DSS treated 
mice, respectively.  Scale bars represent 100 µm (100x).
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Chapter 5 

Discussion 

The protective potential of MET-1 was initially investigated by evaluating colonic and 

systemic health.  Based on published work different probiotic formulations have shown efficacy 

in both preventative and treatment regimens (Mennigen et al., 2009; Nanda Kumar et al., 2008), 

so three different treatment plans were devised: pretreatment daily for two days prior to DSS; 

treatment daily during DSS; and an extended treatment combining two days of pretreatment with 

the daily treatment during DSS. 

Pretreatment with multiple different probiotics have been shown to be protective towards 

DSS-induced colitis (Hudcovic et al., 2012; Nanda Kumar et al., 2008; Natividad et al., 2012).  

Weeklong pretreatment with a mixture of four lactobacilli and four bifidobacteria was sufficient 

to prevent DSS-induced weight loss and histological damage, and was associated with elevated 

levels of the supplemented microbes in the stool of mice, which were all significantly reduced in 

control treated DSS mice (Nanda Kumar et al., 2008).  A shorter, two day pretreatment with 

MET-1 was used instead of the longer treatment periods in the literature based on other work in 

our laboratory that indicated that one dose of MET-1 was sufficient to protect from Salmonella 

infection; as well, patients that received MET-1 treatment were only administered one dose of the 

mixture (Petrof et al., 2013). 

Based on change in body weight during the course of the experiment, it was clear that the 

pretreatment regimen was not successful in curbing DSS-induced illness.  Pretreated mice lost an 

equal percentage of weight as control treated mice, roughly 15% on average, and the disease was 
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evident in the colon both in terms of gross morphology and histologically.  There was also a 

significantly increased MPO activity in the colon, reflecting a greater extent of neutrophil 

infiltration into the tissue; however, mice demonstrated a slightly reduced average concentration 

of serum MCP-1, potentially indicating a lessened systemic immune response to the colitis.  From 

this data it was speculated that there might be a very subtle effect of the treatment that, in this 

case, was washed away during the seven days following treatment, therefore a more aggressive 

treatment plan was explored. 

The daily treatment plan was modeled after similar work done in the acute DSS model 

with the probiotic mixture VSL#3.  DSS exposure in this study was for 7 days, and mice received 

oral VSL#3 or placebo once each day for the duration of DSS.  This approach proved to be 

therapeutic in treated mice and resulted in protection of the integrity of the epithelium, 

presumably the cause of the lessened pathology (Mennigen et al., 2009).   

Surprisingly, MET-1 used in a very similar treatment regimen, daily during 5 days of 

DSS exposure, did not offer any protection to the development of disease, despite the fact that 

MET-1 contains some of the bacteria present in VSL#3, including Bifidobacterium longum and 

Lactobacillus paracasei; although, this could be due to the absence of the six other organisms 

present in VSL#3 that may have contributed to disease attenuation.  Mice that received MET-1 

treatment had very similar changes to body weight and colon histology to saline treated mice.  

These data closely resembled the data that was obtained during the pretreatment regimen, 

however MPO activity in the colon for both treatment groups was found to be considerably lower 

than in the previous experiment, although there was no difference between the saline and MET-1 

treated groups.  This indicated that there is some variability in this assay, which will be discussed 

in more detail below. 
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Finally, an extended treatment plan combining the pretreatment routine with the daily 

doses during DSS exposure was investigated, similar to previous work with the probiotic 

Lactococcus lactis, and Lactobacillus rhamnosus (Claes et al., 2010; Nishitani et al., 2009).  The 

hypothesis in this scenario was that the small beneficial effect that appeared to be present in the 

pretreatment regimen would be strengthened by repeated treatments throughout the experiment.  

This experiment was also conducted with a reduced concentration of DSS; 2% in the drinking 

water versus 3% used in the previous experiments (2% remains in acceptable range of dosage in 

this model (Per&#353 et al., 2012)).  This was designed to reduce the severity of colitis in the 

mice (Vowinkel et al., 2004), to test the hypothesis that the excessive damage caused by 3% was 

masking any beneficial effect that the MET-1 treatment was having.  It was speculated that more 

subtle protective effects would become more apparent with this design. 

It was found that the MET-1 extended treatment was not sufficient to prevent colitis from 

DSS exposure.  Body weight loss resembled very closely what was seen in the previous 

experiments with 3% DSS, as well colons still had an unwell appearance.  Histologically, 

although there was no difference between treatment groups, there appeared to be less extensive 

damage to the mucosa of the colon, and this was also correlated with a decreased average MPO.  

This suggested that the reduction in DSS concentration from 3% to 2% did in fact reduce the 

severity of colitis as intended; however there were still no protective effect observed by the 

extended treatment versus saline treated DSS mice. 

There are two possible explanations for the negative results obtained from the three initial 

experiments conducted.  First, it is possible that MET-1 has no effect on DSS-induced colitis, and 

second, it is possible that MET-1 was not able to colonize the colon of the mice, which resulted in 

the lack of beneficial effects. As alluded to above, other microbial treatments carried out in a very 
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similar manner have been found to be protective in this model.  However, different bacteria have 

different functions and effects on the host, and it is possible that the microbial composition of 

MET-1 is not beneficial during exposure to DSS. Considering point number two, it has been 

shown that smaller mixtures of facultative anaerobes (Mennigen et al., 2009; Nanda Kumar et al., 

2008), and single strain probiotics (Hudcovic et al., 2012; Natividad et al., 2012) can provide 

protection in this model in treatment regimens very similar to what was used here.  However, this 

study is novel in the sense that treatment is with a complex bacterial mixture comprised of 33 

microbes, many of which are strict anaerobes that are only found colonizing the colon (Petrof et 

al., 2013).   

The importance of this distinction is that commercial probiotics often used in other 

studies are found transiently passing through the gut, as opposed to strongly colonizing and 

persisting there (Charbonneau et al., 2013; McNulty et al., 2011; Saxami et al., 2012).  Thus, they 

may play a role in hindering inflammation through significantly different mechanisms than the 

microbes found in MET-1, which may require the ability to colonize in the gut, an environment 

they are well suited to, to exert beneficial effects.  For example, some of the probiotics previously 

discussed can secrete factors into their environment which can benefit the host, an effect likely 

not contingent on strong colonization of the gut (Caballero-Franco et al., 2007; Ewaschuk et al., 

2008; Im et al., 2009). 

It was hypothesized that the administration of MET-1 in these studies was unable to 

strongly colonize the colon due to the presence of a fully intact mouse microbiota; a phenomenon 

referred to as colonization resistance, often thought of as an important protective barrier towards 

pathogenic microbes.  This occurrence could result in no effect of the treatment, similar to what 

was seen in the first set of experiments.  In an attempt to overcome potential colonization 
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resistance, oral antibiotics were used.  It is well documented that perturbation with antibiotics is 

capable of disrupting the normal microbial community and increasing susceptibility of 

colonization by pathogens (Antonopoulos et al., 2009; Sekirov et al., 2008; Ubeda et al., 2010); 

therefore it was hypothesized that antibiotic treatment prior to gavage with MET-1 would 

alleviate the effect of colonization resistance and allow for more effective microbial transplant of 

MET-1.  It is also worth noting that this approach more closely mimics the conditions under 

which MET-1 was successfully administered to both human patients for recurrent CDI (Petrof et 

al., 2013) 

Mice were pretreated 24 hours before MET-1 gavage with a combination of oral 

vancomycin and streptomycin.  Vancomycin is a naturally occurring antibiotic that affects Gram-

positive bacteria by inhibiting appropriate cross-linking in the cell wall.  Streptomycin is also a 

natural occurring antibiotic that acts predominantly towards Gram-negative bacteria through 

binding to the 30S component of the prokaryotic ribosome and interfering with protein synthesis.  

Also, both of these antibiotics are not absorbed into the circulation when taken by mouth, 

remaining in the gut lumen.  Therefore, this combination of antibiotics should have broad-

spectrum effects on the gut microbiota, effectively creating a niche for other microbes to 

colonize.  Streptomycin alone was already used in our laboratory before MET-1 treatment to 

prevent Salmonella infection, and the combination of the two had also been used prior to 

administration of MET-1 in a toxin-mediated intestinal loop model. 

Following oral antibiotic treatment MET-1 was administered in a pretreatment regimen 

as described previously, because of all the treatment regimens explored, it appeared to 

demonstrate the only sign of protective potential (a modest decrease in serum MCP-1).  Mice 

were once again exposed to 3% DSS.  Over the course of DSS exposure, control treated mice lost 
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a significant amount of body weight, similar to what was seen previously, while mice that 

received MET-1 following antibiotics lost significantly less weight in comparison.  This initial 

observation suggested that treated mice were less sick than control treated mice.  Interestingly, 

there were no observable differences between the colons from the different treatment groups on a 

gross morphological scale.  Histologically however, treated mice exhibited a reduction in overall 

pathological score, particularly in terms of goblet cell loss and degree of neutrophil infiltration, 

indicating a reduction in degree of colitis.   

Surprisingly, results from the MPO assay showed no significant difference between 

treatment groups, and in fact a heightened average MPO value in the antibiotic-MET-1 treated 

group.  Due to the fact that there was already concern about the accuracy of this assay, combined 

with blinded histological scoring that indicated a decrease in neutrophil infiltration, MPO staining 

was carried out to qualitatively examine neutrophil infiltration into the tissue.  Visualization of 

MPO in the tissue suggested that there was in fact less neutrophil infiltration into the submucosa 

and mucosa of the colon, contrary to the results from the MPO assay.  One possible reason for 

this discrepancy could be that the assay and the tissue staining are done on adjacent pieces of 

tissue, as opposed to the exact same location of the colon.  In an attempt to be consistent, MPO 

assay was always conducted with the most distal section of the colon, whereas staining was 

carried out on the next section of colon moving proximally.  Since the disease is known to afflict 

more severely in a proximal-distal pattern, it could be that there is a difference even in this short 

length of colon, and treatment had no effect on colitis in the rectum. 

Due to the decreased goblet cell loss indicated by histological scoring, mucin-2 

immunofluorescent staining was carried out on the distal colon to visualize the effect of decreased 

goblet cells on mucin-2 production.  Mucin-2 is the primary constituent of the secreted mucous 
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layers in the colon, and as described previously, has a significant impact on intestinal homeostasis 

acting as a physical barrier atop the epithelium.  Loss of function of this gene results in the 

development of spontaneous colitis (Van der Sluis et al., 2006), while mucin-2 is reduced in the 

DSS colitis model (Hudcovic et al., 2012; Johansson et al., 2010b), reiterating the importance of 

this protein in maintaining homeostasis in the colon. 

It was found that mucin-2 production in the colon was in fact affected by DSS exposure.  

Mainly, there was a loss and disorganization of mucin-2 producing goblet cells, from the typical 

crypt like structure containing abundant goblet cells to an eroded mucosa with some remaining 

goblet cells superficially present along the edge of the lumen.  This was reflected by a reduction 

in the amount of mucin-2 staining per micron of mucosa in DSS saline and MET-1 DSS mice.  

Antibiotic, MET-1 pretreated mice displayed a more typical mucosa structure with more 

organized presence of mucin-2 positive goblet cells, and maintained a higher level of mucin-2 per 

micron of mucosa.  Protecting from loss of the goblet cell population, and thus the loss of mucin-

2, could be a mechanism by which MET-1 treatment could be protective towards DSS-induced 

colitis.  Interestingly, the loss of mucin-2 producing goblet cells was not as drastic in antibiotic, 

saline treated mice as compared to those DSS mice that did not receive antibiotics, suggesting 

that the antibiotic treatment may also contribute some beneficial effects on goblet cell loss, a 

finding also noted in the histological scoring.  These data suggest that alleviating bacterial load in 

the colon may aid in some aspects of disease development, with the replenishment of ‘good’ 

microbes providing additional benefits. 

To further investigate the impact of treatment on mucin-2, quantitative real-time PCR 

was conducted to look for effects on gene expression.  It was found that in the colon tissue there 

was very little effect of treatment or DSS exposure on the expression of the mucin-2 gene.  It has 
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previously been demonstrated that DSS exposure has little effect on the expression of this gene 

(Renes et al., 2002a, 2002b), and MET-1 also did not appear to effect mucin-2 at the gene level.  

It is also possible that the kinetics of any effects on mucin-2 mRNA expression were earlier than 

when the tissue was sampled.  These experiments were carried out 7 days after MET-1 treatment, 

so effects may have been more prominent during the DSS exposure period, closer to the initial 

MET-1 treatment.  This suggests that the heightened mucin-2 staining observed in the colons of 

treated mice could just be a result of increased goblet cells, strengthening the hypothesis that 

treatment was beneficial in maintaining this cell population, or that perhaps treatment had an 

initial excitatory effect on mucin-2 mRNA expression, which resulted in more mucous production 

and a protective effect.  Stopping the experiment at earlier time points to verify the time course of 

this gene and protein could help to answer this question. 

 Finally, effects on the immune response were analyzed by measuring cytokine secretion 

in the serum of mice.  A proinflammatory multiplex bead assay was used to scan the serum for a 

range of proinflammatory mediators. Overall it was found that there was a reduction in a number 

of cytokines in antibiotic MET-1 pretreated mice compared to antibiotic saline treated mice.  Of 

all the cytokines analyzed, the subset that experienced the greatest decrease in the treated group 

was a group of chemokines important for acute phase inflammation, as opposed to the cytokines 

more critical to directing the adaptive immune response.    

Specifically within the group of acute chemokines there were significant reductions in 

circulating eotaxin, granulocyte-colony stimulating factor (G-CSF), granulocyte macrophage-

colony stimulating factor (GM-CSF), KC, MCP-1, and macrophage inflammatory protein-1α 

(MIP-1α).  Eotaxin is a chemokine that directs the recruitment of eosinophils to the inflamed 

tissue. Interestingly, it has been demonstrated that eotaxin dependent eosinophil infiltration into 
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the colon contributes to DSS-induced colitis, and that knocking out the eotaxin gene significantly 

reduces the disease (Forbes et al., 2004); G-CSF functions to stimulate development of 

granulocytes in the bone marrow, and in particular the survival, proliferation, and function of 

neutrophils; GM-CSF, similarly, induces development of granulocytes and monocytes in the bone 

marrow; KC (CXCL1) is a chemoattractant to neutrophils; MCP-1 chemoattracts primarily 

monocytes to inflamed tissue; MIP-1α is secreted from stimulated macrophages and is a 

chemotactic factor for granulocytes.  The significant reduction in each of these chemokines in 

antibiotic MET-1 treated mice, as compared to antibiotic saline treat mice, suggests that there was 

a less severe colitis in these mice, and specifically less development and recruitment of 

granulocytes. 

Other cytokines analyzed in the serum were more important for adaptive immunity, 

particularly those involved with a Th1 mediated immune response.  There was a significant 

reduction in the cytokines IL-1β, IL-2, IL-12(p70), and IFN-γ; and there was an average decrease 

in IL-6, IL-9, IL-17, TNF-α, as well as IL-10 and IL-13.  IL-1β, IL-6, IL-12(p70), IL-17, IFN-γ, 

TNF-α all play a role in driving Th1 mediated responses, IL-2, IL-9 lead to T cell expansion and 

proliferation, while IL-10 and IL-13 are more important for inhibiting Th1 responses and 

initiating a Th2 response.  These data indicate that there was less of a pronounced effect on the 

adaptive immune response to DSS-induced colitis than the effect on the innate response; a result 

consistent with the previous data discussed showing reduced neutrophil infiltration into the colon. 

It has previously been documented that acute DSS colitis is associated with a highly Th1-

Th17, chemotactic profile as innate immune cells infiltrate the inflamed colon (Alex et al., 2009).  

Additionally, it was shown that while the disease developed into a more chronic disease over 

time, there was a shift towards a more Th2 driven cytokine environment (Alex et al., 2009).  
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These findings support the data shown here, where a predominantly innate, chemotactic cytokine 

profile was observed. It would also be interesting to measure cytokine levels in the inflamed 

colon tissue by biopsy, and to correlate those data with data from the serum. 

The hypothesized rationale for the efficacy of MET-1 pretreatment following oral 

antibiotics is that a decrease in indigenous microbes in the mouse colon allowed for stronger 

colonization of MET-1 following oral gavage, and that this microbial composition was less 

conducive to the development of colitis following DSS administration.  This idea was not directly 

tested with microbial 16S rRNA genetic sequencing, and so it remains a hypothesis.  However, 

there is some evidence supporting this concept if the microbial composition of MET-1 is 

considered in the context of compositional changes documented in DSS mice. 

It has been demonstrated that during DSS there are compositional changes in the 

microbiota, including increases in a number of different taxa.  In DSS treated mice there has been 

shown to be an increase in the family Ruminococcaceae, which are low in MET-1, and which 

were shown to decrease in a human patient following MET-1 treatment.  DSS results in an 

increase in the family Enterobacteriaceae (Berry et al., 2012), which is represented in low 

quantities in MET-1.  Interestingly, this family of microbes was seen to be disproportionately 

high in two patients with CDI, but was almost completely eradicated 6 months following 

treatment with MET-1, suggesting that MET-1 inhibits growth of this family (Petrof et al., 2013).  

Deferribacteraceae, and Verrucomicrobiaceae families also increase in DSS-treated mice, 

including increased occurrence of the genera Akkermansia and Mucispirillum, which are not 

found in MET-1 (Berry et al., 2012; Petrof et al., 2013).  These last microbes are known to be 

inhabitants of the mucous and possessing mucolytic ability, and thus could be important in 

maintenance of the mucous barrier. 
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Along the same lines, it is interesting to examine the composition of MET -1 in 

comparison to those taxa thought to be important in human IBD.  The two major phyla in the 

healthy microbiota are consistently the Bacteroidetes and Firmicutes, also highly represented in 

MET-1, yet both of these phyla appear to be reduced in patients with IBD (Frank et al., 2007).  

The family Lachnospiraceae, which are well represented in MET-1, appear to be significantly 

reduced in IBD microbiotas.  Interestingly, treatment with MET-1 stimulates expansion of this 

family of microbes in both patients that were treated for CDI, suggesting the MET-1 community 

created a positive environment for these beneficial bacteria (Petrof et al., 2013).  Similarly, but 

more specifically, the organism F. prausnitzii has been shown to be decreased in IBD patients 

and is thought to be an important factor in disease remission (Sokol et al., 2008), and is present to 

a high degree in MET-1 (Petrof et al., 2013).  Conversely, the family Enterobacteriaceae appear 

to be high abundance in IBD (Papa et al., 2012; Seksik et al., 2003), but are present in low 

amounts in MET-1, and were significantly reduced in two patients following MET-1 treatment 

(Petrof et al., 2013).  This is also true of the genera Bacteroides and Desulfovibrio which are high 

abundance in IBD patients (Rowan et al., 2010; Swidsinski et al., 2005) but low and not present 

in MET-1, respectively. 

The fact that there are a number of taxa increased in DSS-induced colitis in mice, as well 

as IBD in humans, suggests that changes to these taxa may contribute to development of disease.  

It is therefore noteworthy that many of these taxa occur in low amounts or not at all in the MET-1 

mixture.  Also very interesting is that some of these taxa were drastically inhibited by MET-1 in 

humans, regressing back to a very small proportion of the community following treatment.   It is 

also worth noting that the opposite is true; certain taxa are very abundant in MET-1 and flourish 

following transplant into a host, and these taxa appear decreased in IBD patients.  These parallels 
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provide a compelling link between microbial contribution to the inflammatory disease state and 

the potential efficacy of MET-1 treatment. 

The next objective was to determine if protective effects from MET-1 were in fact due to 

colonization of live microbes into the gut, or whether they could be attributed to some secreted 

factor or structural component of the bacteria.  To test this question, MET-1 treatment following 

antibiotics was compared to treatment with MET-1-CM, and MET-1-D.  MET-1-CM was 

prepared to contain any secreted factors or peptides but not bacteria, whereas MET-D was 

prepared to contain the heat-killed microbes of MET-1. MET-1-Media, the sterile, unused media 

normally used to culture MET-1 in a chemostat, was used as a vehicle control for MET-1-CM. 

It was found that MET-1-CM failed to prevent weight loss; however, MET-1 and MET-

Media appeared to reduce average body weight loss, although not to a significant extent.  The 

protective effect histologically was not as pronounced in these experiments, regardless of the 

treatment regimen.  All colons appeared short and edematous, with significant signs of mucosal 

erosion and submucosal edema.  Serum concentration of MCP-1 was elevated in antibiotic saline 

DSS mice, as well as antibiotic MET-1-CM, and MET-1 treated mice.  As mentioned above, it is 

possible that cytokine concentrations in the colon tissue may differ more than those circulating in 

the serum.  Chemokines like MCP-1 secreted into the tissue likely play a larger role in the 

infiltration of immune cells to the target site, while those in the blood likely contribute to their 

egress from the bone marrow; therefore, it would also be advisable to measure cytokine secretion 

from a colon tissue biopsy to compare these data. 

Unexpectedly, antibiotic MET-1-Media treated mice appeared to suffer from less severe 

colitis than did antibiotic saline, and antibiotic MET-1-CM treated DSS mice.  The media used 

was the sterile culture media used to grow MET-1; however unlike MET-1-CM it had not been 
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used to culture bacteria, and thus did not contain any microbial products.  One possible 

explanation for this finding is that the media effectively acted like a complex prebiotic mixture.  

Prebiotics are considered indigestible food components that selectively stimulate certain bacteria 

in the gut in a way that improves host health (Gibson and Roberfroid, 1995).  Certain prebiotics 

have been shown to improve health in DSS-induced colitis previously in mice (Fuhrer et al., 

2010; Nishimura et al., 2010), and in rats (Fukuda et al., 2002; Håkansson et al., 2009; Kataoka et 

al., 2008; Lara-Villoslada et al., 2006; Moreau et al., 2003).  The MET-1-Media is a mixture of 

fibers, saccharides, and proteins (Appendix A.2), some of which have been shown to have 

prebiotic activity.  Some of these components with demonstrated prebiotic effects are: pectin 

from citrus peel (Manderson et al., 2005); arabinogalactan (Marzorati et al., 2010; Terpend et al., 

2013); and inulin (Gibson et al., 1995; Whelan, 2013), all of which are present the MET-1-Media.  

It is possible that the reason that no effect was demonstrated with the conditioned media, in 

comparison to the ‘unspent’ media is because many of these nutrients would have been digested 

by the microbes in culture, weakening the prebiotic potential of the media for later use. 

Also unexpected was the finding that treatment with MET-1-D following oral antibiotics 

appeared to protect mice to some extent from DSS exposure.  Specifically, administration of 

MET-1-D following antibiotics limited weight loss in response to DSS exposure, and this effect 

was more pronounced than in MET-1 treated mice.  Gross morphologically, colons from MET-1-

D treated mice had a slightly lower average weight to length ratio than the other treatments 

groups, however similar to what was seen before this effect was not significant.  Histologically 

there was still significant loss of the typical structure, indicating that this treatment did not totally 

prevent colitis. 
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Heat-killed probiotic therapies have been demonstrated previously to have the ability to 

be protective in the DSS-induced colitis model, which provides some context for this finding.  

Heat-killed L. brevis treatment was shown to be protective through strengthening effects on the 

gut barrier function (Ueno et al., 2011), while heat-killed L. rhamnosus was shown to have very 

similar effects on DSS colitis (Miyauchi et al., 2009).  Additionally, heat-killed Escherichia coli 

strain Nissle 1917 has demonstrated protective potential in this model (Kamada et al., 2005).  The 

mechanism of how MET-1-D may protect mice from development of disease is unknown, as is 

whether this treatment requires pretreatment with antibiotics to have an effect.  Heat-killed 

preparations likely exert their effects on the host through PRR recognition and signaling (Adams, 

2010; Kataria et al., 2009), but may also have effects on the composition of the microbiota (Yoda 

et al., 2012).  The reason that MET-1-D appeared to be more effective than MET-1 treatment in 

protecting from colitis is not known, but it is possible that the harsh treatment used to create 

MET-1-D could have denatured or altered bacterial components.  This process could potentially 

impact how these molecules are sensed by the host,leading to different effects than the live 

mixture. 

One concern with MET-1 treatment in this study was the route of administration, and the 

efficiency of MET-1 delivery to the site of action.  Without sampling the composition of the 

microbiota it is not possible to know whether the effects seen are due to compositional changes, 

or if each mouse is receiving the same treatment to the colon.  The stomach is known to be a 

barrier to many microbes entering the GI tract, including probiotic therapies (Charteris et al., 

1998), and variables such as pH and transit time can vary at different times and between 

individuals, which could effect delivery of MET-1 microbes to the eventual colon.  Potential 

discrepancies in MET-1 delivery could have contributed to the fact that there seemed to be large 
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variability in efficacy of MET-1 treatment; treated mice appeared to either lose very minimal 

amount, or gain weight, or lose a considerable amount, perhaps due to a difference in MET-1 

reaching the colon as opposed to different responses to MET-1 present in the colon. 

Some degree of variability may also have been due to the use of different DSS batches 

during experiments.  Each experiment conducted was done with entirely with the same DSS 

batch, however later experiments had to be conducted with a different batch than early 

experiments, due to the finite amount of DSS available.  As discussed previously, the nature of 

the DSS contributes to the model, and batches of DSS are known to vary between one another, 

and so this should be considered when using and interpreting this model.  Although water intake 

was monitored during early experiments to confirm there was no effect of treatment on the 

volume of water (and DSS) consumed, the water consumption of all mice in later experiments 

was not measured.  Thus, altered drinking habits by certain cages of mice could have affected the 

extent of colitis, and moving forward this should be measured as accurately as possible. 

It would also be helpful to obtain a probiotic therapy with known protective effects in the 

DSS model that could be used as a positive control.  By using a published probiotic treatment 

with known activity, it would be possible to interpret variable results by comparing to treatment 

that should reduce disease severity.  If the positive control treatment did not sufficiently attenuate 

colitis, it would point to an issue with the model or DSS.  Common probiotics, such as VSL#3, 

referred to previously in the text could serve this purpose. 

5.1 Conclusions 

In conclusion, MET-1 treatment on its own by oral gavage was not capable of protecting 

mice from acute DSS-induced colitis.  This finding is true for three different treatment regimens: 

pretreatment (daily for 2 days prior to DSS); treatment (each day of DSS); and extended 
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treatment (daily, 2 days prior, and during DSS).  The administration of oral vancomycin and 

streptomycin 24 hours prior to pretreatment with MET-1 appeared to reduce the severity of 

colitis, reflected by improved weight loss, and less histological damage in the colon.  Systemic 

inflammation also appeared reduced, as indicated by reduced serum proinflammatory cytokines.  

There was also some preservation of mucin-2 production by goblet cells in the colon, despite no 

change to the expression of the mucin-2 gene, suggesting treatment may have protected the goblet 

cell population. 

The conditioned media from MET-1 does not have the ability to protect mice from the 

disease, however heat-killed MET-1 appears to possess protective potential in this model, 

pointing to the contribution of some bacterial cell component.  Interestingly, MET-1-Media 

displayed some protective potential, likely due to actions as a prebiotic.  The effects of treatment 

were variable, potentially due to differences between MET-1 delivery to the colon, or because 

two different batches of DSS were studied.  An investigation focusing on the dynamics of the 

microbiota before and during DSS exposure, and how that changes with treatment, is necessary to 

fully understand, and evaluate the potential of MET-1 in protecting mice from DSS-induced 

colitis. 

 The significance of these findings is twofold.  First, they support the hypothesis that 

changes to the microbiota are important in the development of inflammation in the gut of DSS 

treated mice.  With further work, hopefully this idea could be strengthened to the extent that it 

can be extrapolated to human IBD.  Secondly, they indicate the potential of specific transfer of a 

“healthy” microbiota to replace a damaged one to attenuate disease.  This could have implications 

for human IBD, especially if it can be demonstrated that this effect can be recapitulated more 
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consistently, and with treatment following the initiation of inflammation, not only prior to the 

onset. 

5.2 Future Directions 

An important next step to this work would be to study the composition of the microbiota in 

the mice.  It would be interesting, and very useful, to understand how the microbiota changes 

following MET-1 treatment in the absence of antibiotics, following treatment with antibiotics and 

MET-1, and during DSS exposure in all treatment groups.  This would help to prove or disprove 

hypotheses concerning colonization resistance, MET-1 delivery and persistence in the colon, and 

how that might be implicated in the disease state.  This could be accomplished by using 16S 

rRNA gene analysis to identify taxa present within either colonic tissue or mouse stool at 

different time points.  Alternate routes of delivery of MET-1, intrarectally or with a 

biotechnological delivery system, would also be interesting to investigate. 

It would also be interesting to study the effect of alternate treatments, such as MET-1-D, or 

MET-1-D in more detail, to determine if these treatments are protective in a similar or different 

mechanism than live MET-1 treatment.  Due to the fact that MET-1 mixture contains 33 different 

bacteria, it is likely that there are a number of different ways the mixture can impact the host to 

exert beneficial effects.  Experimenting with the duration of MET-1-D or MET-1-Media 

treatment, as well as treatment in the absence of antibiotics, would also be worth investigating. 

 Breaking these experiments down to discrete time points would also help to clarify what 

effects treatment has on the disease.  Euthanizing mice at different stages of the DSS period 

would allow for observation of early disease initiation and comparison between treatment groups.  
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The ability of treatment to initiate resolution and repair in the colon could be investigated at later 

time points, potentially in the chronic setting of the model.  

Finally, it will be important to determine if this therapy could be used in a treatment regimen, 

after the initiation of inflammation.  This would be of particular importance in order for these 

findings to be translated into any kind of therapy for human IBD, as it would be difficult to 

determine who will develop the disease and pretreat them, as opposed to treating patients 

presenting with the active disease.  This could also be investigated in the chronic model of DSS-

induced colitis, where mice are subject to repeated cycles of DSS administration.  Inflammation 

could be initiated, and due to the longer time frame in this model, mice could then be treated with 

antibiotics followed by MET-1 in an attempt to reset the microbiota and curb disease 

development.   
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Appendix A 

Species Abundance 

Acidaminococcus intestinalis +++ 

Bacteroides ovatus + 

Bifidobacterium adolescentis (two different strains) ++ 

Bifidobacterium longum (two different strains) +++ 

Blautia producta + 

Clostridium cocleatum + 

Collinsella aerofaciens + 

Dorea longicatena (two different strains) + 

Escherichia coli + 

Eubacterium desmolans + 

Eubacterium eligens +++++ 

Eubacterium limosum + 

Eubacterium rectale (four different strains) +++++ 

Eubacterium ventriosum ++ 

Faecalibacterium prausnitzii +++++ 

Lachnospira pectinoshiza + 

Lactobacillus casei/paracasei + 

Lactobacillus casei + 

Parabacteroides distasonis ++ 

Raoultella sp. + 

Roseburia faecalis ++ 

Roseburia intestinalis ++ 

Ruminococcus torques (two different strains) +++ 

Ruminococcus obeum (two different strains) + 

Streptococcus mitis + 

 

A.1 Microbial Composition of MET-1.  Species were identified based on 16S rRNA sequences aligned 
with the GreenGenes database.  The abundance column indicates how predominant the species was in the 
formulaton.  Table derived from (11). 
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- 4g peptone water  
- 4g yeast extract 
- 4g NaHCO3 
- 0.02g CaCl2 
- 4g pectin, from citrus peel 
- 4g xylan, from beechwood 
- 4g arabinogalactan 
- 10g starch, from wheat, unmodified 
- 6g casein, tech. 
- 2g inulin 
- 0.2g NaCl 
- 1g bile salts 
- 1g L-cysteine HCl 
- 0.08g K2HPO4 
- 0.08g KH2PO4 
- 0.02g MgSO4 
- 0.01g hemin 
- 0.002g menadione 
- 8g porcine gastric mucin (type II) 

A.2 Composition of MET-1 Culture Media.   

 


