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Summary 

The human intestinal tract is formed by a single layer of epithelial cells, responsible for 

regulating the permeability of the intestinal barrier. Within this tract a diverse microbiota 

composed of variable bacterial populations is found. These bacteria can be categorized 

into permanent inhabitants of the gut (commensal bacteria) or transient residents 

originating from external sources. There is evidence that gut microbiota regulates 

intestinal barrier function and may contribute to the protective mechanism of the intestinal 

mucosa against the development of chronic inflammation. The mechanism by which this 

protective effect is mediated may include the inhibition of pro-inflammatory cytokines, 

and stimulation of anti-inflammatory cytokines, which may affect barrier integrity. 

In the first part of this study, the effects of Faecalibacterium prausnitzii (F. prausnitzii), 

Bacteroides faecis (B. faecis), and Roseburia intestinalis (R. intestinalis), both 

individually and in combination, on intestinal barrier function were investigated using an 

in vitro model of intestinal inflammation. To achieve this, the differentiated human 

intestinal epithelial cells (Caco-2 and HT29-MTX) were stimulated with a pro-

inflammatory cocktail consisting of interleukin-1β (IL-1β), tumor necrosis factor-α 

(TNF-α), interferon-γ (IFN-γ), and lipopolysaccharide (LPS) to mimic intestinal 

inflammation.  

The results obtained in this work demonstrated that all three bacterial species are able to 

recover the impairment of the epithelial barrier function induced by the inflammatory 

stimulus, as determined by an ameliorating of the transepithelial electrical resistance 

(TEER) and the paracellular permeability of the cell monolayer. Moreover, inflammatory 

stimulus-induced increases in claudin-2 expression and decreases in occludin expression, 

were improved in cells treated with commensal bacteria. Furthermore, the commensals 

are able to counteract the increased release of interleukin-8 (IL-8) and monocyte 

chemoattractant protein-1 (MCP-1) induced by the inflammatory stimulus. These 

findings indicated that F. prausnitzii, B. faecis and R. intestinalis improve the epithelial 

barrier integrity and limit inflammatory responses. The potential of enhancing the 

intestinal barrier and attenuation of inflammation in epithelial cells supports our 

hypothesis that the application of specific bacteria, which are underrepresented in 

inflammatory bowel disease (IBD) patients, could support common IBD therapy and 

thereby manage intestinal inflammatory disorders.  
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In the second part of this study, the in vitro results were translated into an in vivo mouse 

model. An experimental acute colitis mouse model induced by Dextran sulfate sodium 

(DSS) was employed to examine the beneficial effects of these three commensal gut 

bacterial species on colitis. F. prausnitzii, B. faecis, and R. intestinalis are found to be 

reduced in the guts of ulcerative colitis patients.  

The administration of these commensal bacteria, either individually or in combination, to 

DSS-induced colitis mice led to a reduction in disease activity index (DAI) scores, 

inhibition of colon shortening, reinforcement of the colonic epithelial barrier, and positive 

modulation of tight junction protein expression. The treatment also resulted in the 

mitigation of crypt disruption, goblet cell loss, submucosal edema, and the modulation of 

cytokine secretion and epithelial damage induced by DSS administration. Immune 

modulation was achieved through the inhibition of the loss of CD4+CD25+ regulatory T 

(Treg) cells in the spleen. Notably, no adverse effects of commensal bacterial treatment 

on the general composition of the gut microbial community were observed. Furthermore, 

commensal bacterial therapy demonstrated comparable efficacy to contemporary 

mesalazine treatment.  

In summary, all treatments involving commensal bacterial species in this study 

contributed to the maintenance of intestinal barrier integrity, suppression of pro-

inflammatory responses, and equilibrium in microbiota composition, factors that typically 

promote and maintain intestinal homeostasis. 



Zusammenfassung 
 

XIII 

 

Zusammenfassung 

Der menschliche Darmtrakt wird durch eine einzige Schicht von Epithelzellen gebildet, 

die für die Regulation der Durchlässigkeit der Darmbarriere verantwortlich sind. 

Innerhalb dieses Trakts lebt eine vielfältige Mikrobiota, die aus verschiedenen 

bakteriellen Populationen besteht. Diese Bakterien können in ständige Bewohner des 

Darms (kommensale Bakterien) oder vorübergehende Bewohner aus externen Quellen 

eingeteilt werden. Es gibt Hinweise darauf, dass die Darmmikrobiota die Funktion der 

Darmbarriere regulieren und zum Schutzmechanismus der Darmmukosa gegen die 

Entwicklung einer chronischen Entzündung beitragen können. Der Mechanismus, durch 

den dieser Schutzeffekt vermittelt werden kann, könnte die Hemmung pro-

inflammatorischer Zytokine und die Stimulation anti-inflammatorischer Zytokine 

umfassen, welchewiederum Einfluss auf die Integrität der Darmbarriere haben.  

Im Rahmen der Arbeit wurden die Kommensale Faecalibacterium prausnitzii (F. 

prausnitzii), Bacteroides faecis (B. faecis), und Roseburia intestinalis (R. intestinalis) 

verwendet, da diese im Darm von Colitis Ulcerosa-Patienten vermindert vorliegen. Im 

ersten Teil dieser Studie wurde mit Hilfe eines In-vitro-Modells für Darmentzündung, die 

Auswirkungen von F. prausnitzii, B. faecis, und R. intestinalis sowohl einzeln als auch in 

Kombination auf die Funktion der Darmbarriere untersucht. Zu diesem Zweck wurden 

differenzierte humane Darmepithelzellen (Caco-2- und HT29-MTX) mit einem pro-

inflammatorischen Cocktail aus Interleukin-1β (IL-1β), Tumornekrosefaktor-α (TNF-α), 

Interferon-γ (IFN-γ) und Lipopolysaccharid (LPS) stimuliert, um eine intestinale 

Entzündung nachzustellen. Die in dieser Arbeit gewonnenen Ergebnisse zeigten, dass alle 

drei Bakterienarten in der Lage sind, die Beeinträchtigung der Funktion der epithelialen 

Barriere, die durch den entzündlichen Reiz verursacht wurde, zu korrigieren, wie durch 

eine Verbesserung des transepithelialen elektrischen Widerstands (TEER) und der 

parazellulären Durchlässigkeit der Zellmonolage bestimmt wurde. Darüber hinaus 

wurden durch den entzündlichen Reiz erhöhte Claudin-2-Expression und verringerte 

Occludin-Expression in den Zellen verbessert, die mit den kommunalen Bakterien 

behandelt wurden. Des Weiteren sind die Kommensalen in der Lage, die verstärkte 

Freisetzung von Interleukin-8 (IL-8) und monozytenchemoattraktantem Protein-1 (MCP-

1), die durch den entzündlichen Reiz verursacht wurde, entgegenzuwirken. Diese 

Ergebnisse deuten darauf hin, dass F. prausnitzii, B. faecis, und R. intestinalis die 
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Integrität der epithelialen Barriere verbessern und pro-inflammatorische Prozesse 

begrenzen.  

Im zweiten Teil dieser Studie wurden die In-vitro-Ergebnisse in ein In-vivo-Mausmodell 

übertragen. Hierfür wurde mittels Dextran sulfate sodium (DSS)-Gabe eine akute Kolitis 

im Kolon der Mäuse induziert, um die Effekte der der drei Kommensale auf die Kolitis 

zu untersuchen.  

Die orale Applikation dieser Bakterien, entweder einzeln oder in Kombination, resultierte 

in klinisch weniger stark ausgeprägten Krankheitssymptomen, zusammengefasst im 

Krankheitsaktivitätsindex (DAI), eine geringere Kolonverkürzung und der positiven 

Beeinflussung von epithelialer Barriere-Integrität und der Expression von Tight Junction 

Proteinen. Weiterhin führte die Behandlung zu einer Verbesserung des histologischen 

Scores, einer verminderten Sekretion von pro-inflammatorischen- und erhöhten Sekretion 

von anti-inflammatorischen Mediatoren. Eine weitere Immunmodulation konnte durch 

die Hemmung des DSS-assoziierten Verlusts von CD4+CD25+ regulatorischen T (Treg)-

Zellen in der Milz nachgewiesen werden. Die Untersuchung der mikrobiellen 

Zusammensetzung der Darmmikrobiota wies keine nachteiligen Auswirkungen der 

bakteriellen Behandlung nach. Darüber hinaus zeigte die Behandlung mit den drei 

Bakterienarteneine vergleichbare Wirksamkeit wie die konventionelle Mesalazin-

Therapie. 

Zusammenfassend förderten alle drei Kommensale die Aufrechterhaltung der 

Darmbarriere-Integrität, wirkten modulierend auf das pro-inflammatorische Milieu und 

trugen zum Gleichgewicht der Mikrobiota-Zusammensetzung bei.  

Das therapeutische Potential der drei Bakterienarten, was in vitro und in vivo 

nachgewiesen wurde, unterstützt unsere Hypothese, dass die Anwendung spezifischer 

Bakterien, welche bei chronisch-entzündlichen Darmerkrankungen (CED)-Patienten 

unterrepräsentiert sind, eine vielversprechende Therapieoption darstellt. Diese neue Art 

der Therapie kann unterstützend zur konventionellen CED-Therapie eingesetzt werden. 
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1 Introduction 

1.1 The human gastro-intestinal tract 

The human digestive tract is divided into several compartments, including the mouth, 

esophagus, stomach, small intestine, large intestine, rectum, and anus. Its primary 

functions are the absorption of nutrients, salts, and water from food, as well as the 

exudation of non-absorbable food components and metabolic waste products. In the 

mouth the food is masticated and mixed with saliva, which contains digestive enzymes 

such as amylase, starting the digestion of polysaccharides. The food is then swallowed 

and via the esophagus, moved to the stomach. In the stomach, the masticated food is then 

mixed with hydrochloric acid and proteases secreted by various glands in the folded 

epithelium. The partially digested food (chyme) is finally passed through the pyloric 

sphincter to the duodenum (1, 2). The small intestine consists of the duodenum, jejunum, 

and ileum is the site, where most of the nutrients from the chyme are absorbed. In the 

duodenum, the chyme is mixed by peristaltic movements with bile, pancreatic and 

intestinal juice (1). For an effective absorption of nutrients, the surface of the small 

intestine is highly increased to about 200- 300 m2 due to macroscopic and microscopic 

folding of the mucosa (villi and microvilli) (3). The large intestine is made up of the 

caecum, colon, rectum, and anus. Epithelial cells of the colon are forming crypts, which 

are lined with goblet cells, responsible for secreting mucus, and Paneth cells, which 

contribute to the regulation of the intestinal microenvironment. Under normal 

physiological conditions, the epithelium is covered by a mucus layer. This mucus layer 

plays diverse roles, including providing a physical barrier, preventing direct contact 

between the epithelial cells and luminal contents, and facilitating the maintenance of a 

balanced microbial community within the gut. The primary function of the colon is the 

absorption of water and electrolytes from the chyme and storing fecal material until 

defecation (4, 5) . 

1.2 The physiological structure of the intestinal barrier 

The intestinal mucosa is a critical barrier that separates the inner and outer areas of the 

intestinal lumen and is essential for the maintenance of mucosal homeostasis. It also 

serves to absorb nutrients from the lumen. The mucosa layer is considered the first line 
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of defense against the hostile luminal environment and consists of a single epithelial cell 

layer and an intraepithelial tight junction (TJ) complex (6). In addition, this barrier acts 

as a selective filter, allowing the translocation of nutrients, electrolytes, and water from 

the intestinal lumen into the blood circulation (7–9). In general, the passage of molecules 

can occur either through transcellular or paracellular transport pathways (9). The former 

is associated with solute transport through the epithelial cells and is predominantly 

regulated by selective transporters for amino acids, electrolytes, short-chain fatty acids, 

and sugars (6). The cell-cell and cell-extracellular matrix (ECM) junctions within the 

epithelial tissues are crucial anchoring structures that provide architectural stability, 

mechanical resistance, and permeability control (10). Apically localized TJ proteins play 

an important role in epithelial barrier maintenance and paracellular permeability. TJ 

proteins, mediate epithelial cell polarity and maintain directional mass transfer (11). The 

structure and regulation of TJs, which represent the physical barrier, and the regulation 

of intestinal barrier integrity, with a specific focus on the regulation of TJ integrity by 

commensal and probiotic bacteria, are described in more detail in section 1.2.1. The 

mucosa is typically composed of a thin layer of epithelium that covers connective tissues 

and is composed of a variety of cells specialized in mucus secretion, nutrient adsorption, 

or antigen uptake. This underlying tissue contains some lymphoid organs but mostly 

isolated immune cells, such as macrophages, dendritic cells (DC), plasma cells, and B 

and T cells. Mucus layers protect the tight epithelium, immunoglobulin A (IgA) 

antibodies are secreted on the apical side of the epithelial cells, and both invariant and 

adaptive immune cells are scattered beneath the epithelium (12–14)  

The mucus layer is a dynamic layer that covers the epithelial barrier and functions as an 

extra mechanical barrier, preventing direct contact with luminal antigens. In addition to 

water, filamentous glycoproteins known as mucins are the major components of this 

layer. In the small intestine, the mucus consists of a single layer, whereas in the large 

intestine, the mucus has an inner and an outer layer. The outer layer is looser and more 

permeable to bacteria and serves as a habitat for the microbiome. The inner layer is a thin, 

dense, and sterile layer that, along with glycocalyx, prevents microorganisms from 

adhering to the epithelium. The intestinal epithelium consists of the enterocyte, 

enteroendocrine cells (EEC), Paneth cells, and goblet cell lineages (15). Goblet cells are 

specialized secretory cells that are found throughout the intestine and are equipped with 

a specific biological machinery for mucus secretion. The glycosylated mucins that goblet 
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cells produce and secrete are an adherent fluid that lubricates and protects the epithelial 

intestinal surface. Furthermore, goblet cells may function as antigen-presenting cells 

(APCs), delivering luminal antigens to CD103+ dendritic cells and promoting the 

development of regulatory T cells (Tregs) (16). In addition, specialized intestinal 

epithelial cells, such as paneth cells, secrete several antimicrobial lysozymes, defensins, 

and phospholipases into the lumen in order to eliminate microbes that eventually 

penetrate the mucus (17). In addition to the highly developed Gut-associated lymphoid 

tissue (GALT), the intestinal epithelium, mucus, and antimicrobial peptides all contribute 

to immunological protection. These mechanical and chemical barriers are classified as 

non-specific defense mechanisms (18). In addition to barrier formation, intestinal 

epithelial cells play an important role in immunological activities. As so-called non-

professional APCs, they may take up luminal antigens and offer them to nave T cells via 

MHC-II (19). The commensal microbial species that inhabit the gut are considered to be 

part of the intestinal mucosal barrier. The gut microbiota can influence barrier function 

directly by stimulating epithelial cell proliferation and IL-8 secretion and indirectly 

through mediating the production of dietary metabolites such as short-chain fatty acids, 

which are an important energy source for colonic epithelial cells (colonocytes) (20–22). 

In section 1.2.4, the intestinal flora is discussed in more detail. 
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Figure 1. Schematic representation of the intestinal mucosal barrier (Created by Biorender) 

1.2.1 Tight junction  

The epithelium contains an important intercellular junctional complex, which includes  

desmosomes, adherent junctions (AJ), gap junctions (GJ), and tight junctions (23). TJs 

play a crucial role in the function of the intestinal barrier by connecting immune cells and 

sealing the space between cells to prevent the entry of toxins and pathogens (24).  

These structures which are not static undergo assembly and disassembly processes 

depending on various factors such as exposure to bacteria and food components (25). TJs 

are composed of at least 50 proteins, which can be categorized into transmembrane and 

plaque proteins. The transmembrane proteins connect inter-epithelial cells, and they can 

be further divided into tetra-span proteins and single-span proteins. The tetra-span 

proteins include occludin, claudin, and tricellulin, while the single-span proteins include 

junctional adhesion molecules (JAMs) belonging to the immunoglobulin (Ig) superfamily 

(26, 27). Plaque proteins, on the other hand, link transmembrane proteins inside the 

cytoplasm. TJs constant remodelling is regulated by signalling molecules in response to 

external stimuli. The assembly of TJs depends on protein kinase C (28), while the 
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regulation of epithelial TJs depends on myosin light-chain (MLC) phosphorylation by 

MLC kinase, which increases the permeability of TJs (29). Altered gut barrier 

components such as an impaired mucus layer, chronic hyper activation of immune cells, 

and dysfunctional TJs can lead to enhanced permeability and varying degrees of chronic 

inflammation (30). Therefore, there is an increasing interest in developing therapeutic 

agents that can maintain or improve gut barrier integrity. 

1.2.2 Immune function of the intestine 

The immune system is divided into two types, the innate and the adaptive immune system. 

The innate immune system is the first line of body defense against pathogens. It responds 

similarly to all germs and foreign substances, thus sometimes referred to as the 

"nonspecific" immune system. Cells of the innate immune system express PRRs that can 

recognize specific patterns associated with pathogens, known as pathogen-associated 

molecular patterns (PAMPs). This recognition triggers immune responses, including the 

release of cytokines and the activation of other immune cells. In the intestine, cells use 

specialized sensors called pathogen recognition receptors (PRRs) to identify specific 

patterns on microorganisms. These patterns, known as pathogen-associated molecular 

patterns (PAMPs), help the body distinguish potential harmful invaders from harmless 

microorganisms in the gut (31–35). There are several classes of PRRs in the intestine, 

two of them are membrane-bound toll-like receptors (TLRs), and oligomerization-domain 

(NOD) proteins (36–38). Host cells recognize pathogens using Toll-like receptors (TLR) 

and other pattern recognition molecules, functioning as sensors to detect pathogen-

associated molecular patterns (PAMPs) (39). Upon activation, these sensors trigger a 

signalling cascade, prompting the recruitment of inflammatory cells like neutrophils to 

the infection site. This activation also initiates immune responses, involving the release 

of cytokines and the activation of additional immune cells. The mucosal adaptive immune 

system, which works in synergy with the innate immune system, provides a secondary 

level of defense by generating an antigen-specific immune response to luminal antigens. 

This response is orchestrated by antigen-presenting cells (APCs), which present the 

antigens to T cells and B cells, producing antigen-specific antibodies and developing 

long-term immune memory (40). It is commonly considered that macrophages and 

dendritic cells (DCs) are primarily responsible for innate immune responses (39, 41) 

while CD4+ T cells, including Th1, Th2, Th17, and Treg cells play a crucial role in 
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adaptive immune responses (42). Depending on the subtype and location, numerous DCs 

with different specialized functions are present in the intestinal mucosa (41). Antigens 

are presented to T cells by the migration of DCs from peripheral to lymphoid tissue. Low 

expression of major histocompatibility complex (MHC) and co-stimulatory molecules 

results in immature DCs and a poorly immunogenic response (43). Dendritic cells are a 

critical component of the immune system that play a pivotal role in initiating and 

coordinating immune responses against invading pathogens (41). Immature DCs are less 

effective at activating T cells. However, when immature DCs encounter pathogen-

associated molecular patterns or danger-associated molecular patterns (DAMPs) released 

by damaged or stressed cells, they undergo a process of maturation (32, 43). Mature DCs 

migrate to lymphoid tissues, where they interact with naїve CD4+ T lymphocytes, leading 

to the activation, clonal expansion, and differentiation of these T cell (43). The specific 

phenotypic characteristics of the DCs, as well as the cytokine environment, can influence 

the differentiation of T cells into subsets of either effector or regulatory T cells (44).  

Effector T cells play a vital role in the clearance of invading pathogens by directly killing 

infected cells or by releasing cytokines to activate other immune cells. Regulatory T cell, 

on the other hand, help to maintain immune homeostasis by preventing excessive immune 

activation and protecting against autoimmunity (45, 46). The balance between effector T 

helper (Th) cells such as Th1, Th2, and Th17 cells and anti-inflammatory effector Tregs 

is essential in maintaining immune homeostasis and a balanced GI tract (47, 46, 45). 

1.2.3 Intestinal microbiota 

The human gastrointestinal tract is an inhabitant to a diverse and complex community of 

microorganisms, mostly bacteria, that can be classified as either indigenous or transient. 

Indigenous bacteria are well adapted to the extreme pH changes and other environmental 

conditions found throughout the GI tract and can colonize in various parts of it. Transient 

bacteria, on the other hand, come from external sources and are unable to survive for 

more than a few days in the GI tract (48, 49). 

The intestinal microbiota is estimated to consist of 500 to 1000 different bacterial species, 

outnumbering human cells by a factor of 10 or more (50–52). Traditional methods of 

microbiota analysis, such as culture-based techniques, are limited in their ability to 

identify and study the diverse microbial communities in the GI tract. However, new 

culture-independent techniques, such as 16S rRNA gene sequencing and metagenomics 
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sequencing, have allowed for a more comprehensive understanding of the gut microbiota 

(53–55). The two dominant phyla found in adult stool microbiota are Bacteroidetes and 

Firmicutes, which make up around 90% of the total gut microbiota, with a relative 

abundance of approximately 65% and 25%, respectively (56). Other phyla, such as 

Actinobacteria, Proteobacteria, and Verrucomicrobia, are present in smaller number and 

are influenced by various factors, including environmental conditions, diet, and exposure 

to enteropathogens. The bacterial colonization of the human gut begins shortly after birth, 

with exposure to maternal fecal and vaginal flora during natural delivery. The microbiota 

composition during early childhood is relatively simple and varies widely between 

individuals. However, as individuals age, their microbiota composition becomes more 

stable and gradually evolves into a microbiota dominated by anaerobic bacteria, such as 

Bacteroides, that are capable of digesting complex sugars and maintaining a symbiotic 

relationship with the host (57, 58). While microbial composition is generally stable in 

older adults, it can be altered in the short-term by dietary interventions, particularly 

changes in non-digestible carbohydrate intake. The abundance and diversity of bacterial 

populations in healthy adults vary along the GI tract, with the highest density of bacteria 

found in the colon, which is considered one of the most complex microbial ecosystems 

on Earth (59, 60). 

1.2.4 The role of commensal bacteria in human health 

Gut microbiome plays various vital roles including break down of indigestible 

compounds and production of hormones, amino acids, and vitamins. Microbiota plays an 

important role in development and homeostasis of the host immune system, proliferation 

and differentiation of intestinal epithelium and defense against opportunistic pathogen 

invasion. Commensal bacteria maintain the permeability of gut barrier by preventing 

pathogens from colonizing through the production of bacteriocins or by indirectly 

competing for nutrients (61). Human data showed a link between an imbalance in GI 

microbial composition, also called dysbiosis and the development of diseases such as IBD 

(62). Homeostasis imbalance allows bacteria to grow and leads to illness just as when 

commensal bacteria are depleted. A good health status may decline due to the decrease 

in benefits provided by commensal bacteria. According to the analysis of 16S rRNA gene 

amplicon sequencing, in IBD patients there was a notable decrease in the abundance of 

two dominant bacterial phyla, namely Firmicutes and Bacteroidetes. Conversely, the 
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abundancy of Enterobacteriaceae, Proteobacteria and Actinobacteria family was increase 

(63). Further studies revealed that decrease in Firmicutes indicates the presence of IBD 

and the increase in Proteobacteria indicates that the intestinal microbiota changes towards 

microbes which can causes inflammation.  

A balanced microbial ecosystem with an appropriate level of growth and activity is one 

of the essential factors in not only gut health, but overall human health. Dysbiosis, or 

elevated activity and growth of potentially harmful bacteria can lead to a variety of  

diseases (64). Emerging evidence has highlighted the role of the gut microbiota and its 

metabolites, such as short-chain fatty acids (SCFAs), in regulation of immune 

homeostasis (65, 66). Acetate, propionate, and butyrate are the major SCFAs produced 

by bacterial fermentation of dietary fibers and resistant starch in the colon (67, 68). 

SCFAs are rapidly absorbed in the cecum and colon, and about 5-10% of SCFAs are 

excreted in the feces (68). Butyrate, has direct effects on the mucosal layer since 

enterocyte use it as a main source of energy (68). SCFAs also reduce the pH of the gut, 

thus reduce the absorption of ammonia and increasing water and mineral uptake. 

Additionally, SCFAs modulate inflammation-related cell signaling pathways (69). 

SCFAs have the potential to modify the composition of commensal bacterial populations 

by promoting beneficial bacterial growth while inhibiting the growth and activity of 

pathogen (70). For example, butyrate has been shown to promote the growth of beneficial 

bacteria like Bifidobacteria, and Lactobacilli (68). Moreover, butyrate can exert direct 

immunomodulatory and anti-inflammatory effects (69). Furthermore, commensal 

bacteria identification by IECs initiates the synthesis of multiple immunoregulatory 

molecules, thymic stromal lymphopoietin (TSLP) and transforming growth factor β 

(TGFβ) (71, 72), which subsequently promote the development of mucosal immune cells 

possessing tolerogenic properties. This cross-talk between commensal bacteria, Intestinal 

epithelial cells (IECs), and immune cells is crucial in maintaining homeostasis and 

restricting uncontrolled inflammation in the gastrointestinal tract (73). The health-

promoting effects of probiotic bacteria and SCFAs is currently a main research focus 

since many chronic diseases, such as IBD, colon cancer, obesity, diabetes, and even 

several neurological disorders, have been linked to microbiota dysbiosis (74). 
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Figure 2. The health-promoting effects of probiotic bacteria (75) 

1.3 Inflammatory bowel disease 

Inflammatory bowel disease (IBD) is a series of gastrointestinal disorders characterized 

by chronic gut epithelial inflammation. The global prevalence of IBD is estimated to be 

396 cases per 100,000 individuals annually (76). The study of IBD patients showed that 

there were no differences in the number of cases between men and women, although 

people aged 20-30 represented the group with the highest number of patients (77). 

Nevertheless, newborns and the elderly are also affected in significant numbers (78). 

Clinical symptoms of IBD include abdominal pain, diarrhea, and more general systemic 

symptoms, such as fatigue and weight loss (79). Crohn's disease (CD) and ulcerative 

colitis (UC) are the two primary types of IBD which differ in terms of the pattern 

involvement, type of inflammation, and therapeutic approach. CD is characterized by 

persistent inflammation of the bowel wall tissue at any point in the GI tract, whereas UC 

affects only the mucosa of the large intestine and extends from the distal to the proximal 

colon with varying degrees.  

IBD is a complex disorder with unknown etiology which is triggered by exogenous and 

endogenous variables such as genetic predisposition, intestinal flora, and environmental 

factors (Figure 3). It induces a complicated dysfunction of the epithelial barrier and 

dysregulation of the mucosal immune system. Disease susceptibility is most likely driven 
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by genetic predisposition, whereas environmental triggers produce inappropriate immune 

responses to gut microorganisms, resulting in chronic inflammation (80, 81). Various 

family and twin studies have revealed the impact of genetic variations. Nucleotide-

binding oligomerization domain containing 2 gene (NOD2) is known as the major genetic 

risk factor of CD (82). A mutation on chromosome 16 leads to alterations in the NOD2 

gene, which are associated with an increased risk of developing CD and IBD (83, 84). 

Mutations of Toll-like receptor 4 (TLR4), interleukin receptor 23 (IL-23R), signal 

transducer and activator of transcription 3 (STAT3), and the human antigen (HLA)-DR 

gene are also associated with IBD (85–87). Furthermore, there is evidence that 

environmental variables such as food and stress play a role (76). IBD has long been seen 

as a disease in developed countries, meaning that environmental variables play a 

significant role in its occurrence (76, 88). However, its incidence and prevalence are 

quickly expanding across previously underprivileged ethnicities and nationalities (89). 

The predominant localization of UC in the distal region of the gastrointestinal tract with 

the highest bacterial density suggests the involvement of the intestinal flora in the 

pathogenesis of this disease. It has been shown that bacterial abundance is greatly altered 

in an inflamed colon compared to the healthy intestinal segment. IBD, particularly UC is 

a complex relapsing and remitting chronic disease, which significantly increases the risk 

of developing colon cancer, and frequently causes extra intestinal manifestations (90). 

Moreover, in some cases, surgery to remove the entire colon and rectum may be 

recommended. After surgery, the patient is usually treated with the mentioned 

immunosuppressive drugs and antibiotics to prevent reappearance of symptoms. 

However, even with the drug treatment, a high percentage of symptom recurrence is 

reported in patients that underwent surgery (91, 90). Thus, it is extremely important to 

provide suitable therapeutic agents with the least amount of side effects which can 

effectively reduce the colonic inflammation and control the disease symptom.  

 



Introduction 
 

11 

 

 

 

Figure 3. Interactions between the gut microbiota, host and environmental factors in the 

pathogenesis of IBD.(92) 

1.3.1 Current therapy 

Treatment options for UC patients consist of long-term medical therapy to control 

intestinal inflammation or surgical intervention known as colectomy, which involves 

removing the diseased colon (93). Currently, UC patients are mainly treated 

symptomatically with corticosteroids, 5-aminosalicylic acid (5-ASA), 

immunosuppressive (e.g. azathioprine) or biologicals agent, such as monoclonal 

antibodies against pro-inflammatory mediators (e.g. anti-tumor necrosis factor α (TNFα) 

or anti-IL-12/IL-13 mAbs) to achieve a remission (94–97). However, current treatment 

options are focused on decreasing the course of inflammation and preserving remission.  

5-ASA, also known as mesalazine (Mesalamine), is a common anti-inflammatory drug 

(98) used in induction and maintenance therapy of UC. However, in 10-45% of people, 

depending on the dose and the length of the therapy, it causes some side effects, such as 

diarrhoea , headache , nausea, and rash (95). The low therapeutic efficacy and substantial 

side effects of contemporary therapy are compelling reasons to explore an alternative 

effective therapeutic strategy, such as prebiotics, probiotics, and symbiotics, as 

complementary or alternative medicines to treat inflammatory bowel diseases (99, 96)  
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Numerous randomized controlled trials have been conducted to investigate the potential 

therapeutic benefits of specific herbal medicines in the treatment of UC, including Kui 

jie qing (100), aloe vera gel (101), and wheat grass juice (102). Results from most of these 

studies have indicated positive effects of these herbal remedies. Furthermore, combining 

complementary and alternative medicine (CAM) with conventional medicine has been 

found to have greater therapeutic efficacy compared to either treatment alone (103). 

However, it should be noted that although CAMs may be effective for some UC patients, 

their safety cannot be assured as most herbal remedies are not regulated (104). Extensive 

research has been conducted on the potential therapeutic benefits of probiotics for IBD. 

Probiotics are live bacteria that can provide health benefits to the host when consumed in 

sufficient amounts. Bifidobacterium and Lactobacillius are the most commonly used 

probiotics and they function in several ways, such as excluding pathogenic bacteria, 

directly affecting the GI immune system, and producing SCFAs (105, 106). The 

commercial probiotic mixture VSL#3, which combines Lactobacillus, Bifidobacterium 

and Streptococcus strain, has been shown to maintain pouchitis remission and may have 

benefits in the induction and maintenance of remission in UC, but not CD (107–109). 

Recent studies suggested that certain species from the human GI microbiota, such as 

Faecalibacterium prausnitzii and Roseburia intestinalis, which are reduced in people 

with IBD, IBS, and celiac disease, could be potential candidates for a new generation of 

probiotics (110). Probiotics may be more effective in UC but less effective in CD due to 

differences in baseline microbiota, distinct disease etiology, and higher diversity in CD 

location and behavior. 

1.3.2 Animal models of IBD 

Several animal models have been developed to understand etiology and pathogenesis of 

IBD and to evaluate new prophylactic/therapeutic strategies. IBD animal models are 

characterized by chronic or relapsing inflammation of gastrointestinal tract that resembles 

human IBD. There are several groups of animal models relevant to IBD available. The 

first  group of animal models involves SAMP1/ Yit and C3H/HeJBir mice which develop 

mucosal colitis spontaneously due to the increase of reaction between T-lymphocytes and 

B-lymphocytes towards antigens of the enteric microflora (111, 112). This group of 

animals is suitable to identify the genes involved in the onset of mucosal inflammation 

(113).The second group of animal models consists of animals with known genetic 
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abnormalities leading to dysfunctions of cytokines receptor. These genetic dysfunctions 

disturb the intestinal epithelial layer, providing researchers with insight into how 

immunological defects or dysfunction of the epithelial barrier lead to mucosal 

inflammation (114). One example of this group are IL-10-deficient mice (IL-10−/−), which 

lack the gene responsible for producing the anti-inflammatory cytokine IL-10 (115). 

The third model are bacterial models, where germ-free, specific pathogen-free, or 

immunodeficient mice are exposed to specific bacteria, such as pathogens or commensals, 

to study the potential positive or negative impact of various bacterial strains in the 

development or treatment of IBD (116). The fourth category is using chemical 

compounds or immunogenic substances, such as 2,4,6-trinitrobenzenesulfonic acid 

(TNBS) and dextran sodium sulfate (DSS), which cause mucosal inflammation due to 

disruption of the epithelial barrier (117, 118). The TNBS model involves intra-rectal 

delivery of the substance and causes histological damage in the upper intestinal tract that 

resembles clinical CD. In contrast, the DSS model involves oral administration of the 

chemical and results in inflammation, which is similar to UC symptoms in humans. 

Although all these models have limitations in fully replicating human UC, they are 

practical and increasingly used to improve our understanding of UC pathophysiology and 

develop new therapeutic approaches for IBD. In this thesis study, the focus will be on the 

DSS-induced colitis model. 

1.3.3 Dextran sodium sulfate -induced colitis 

Dextran sodium sulfate (DSS) is a widely used chemical for inducing colitis in animal 

models and has been extensively studied in different rodents since its first use in 1985 

(119). In the this model, colonic inflammation is induced by adding DSS to the drinking 

water, and depending on the concentration, duration, and frequency of DSS 

administration, acute or chronic colitis can be induced (120). Despite certain differences, 

the DSS model resembles the major clinical and histopathological features of human UC, 

including weight loss, alterations in stool consistency, blood in the stool, shortening of 

the colon, reduced physical activity, and decreased food and water intake (121). In terms 

of histological manifestations, both human and DSS-induced colitis exhibit mucosal 

damage, crypt distortion, and infiltration of neutrophils into the lamina propria and 

submucosa (122). Several molecular indicators that are common to both human UC and 

DSS-induced colitis include elevated myeloperoxidase (MPO) levels and increased of 
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pro-inflammatory cytokines such as IL-12, IFN-γ, TNF-α, and IL-1β (123, 124). The level 

of MPO, an enzyme released from neutrophils, indicates the level of neutrophil 

infiltration and has a direct correlation with disease severity in both IBD patients and 

DSS-exposed animals (123, 125). Based on the characteristics of colitis, this model is 

suitable for studying the effect of intestinal flora on the progression of colitis. Reduced 

expression of tight junction proteins (e.g., occludin) in the epithelium, as well as increased 

intestinal permeability for luminal bacteria, are additional significant features that both 

human IBD and DSS-induced colitis have in common (126). 
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2 Objective 

   

The thesis objectives were to: 

 

 Cultivate and characterize different designed microbiomes consisting of 

Faecalibacterium prausnitzii, Roseburia intestinalis, and Bacteroides faecis. 

 

  Investigate the therapeutic potential of the three commensal bacterial species 

individually and in combination in an in vitro model of intestinal inflammation. 

 

 Investigate the therapeutic potential of the three commensal bacterial species in an 

acute DSS-colitis animal model
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3 Material and Methods 

3.1 Materials 

3.1.1 Chemicals and Reagent 

Chemicals and Reagent Manufacturer 

Agar (Agar technical No.3) Oxoid Ltd., Basingstoke, England 

Acrylamid 40 % Bio-Rad-Laboratories, Hercules CA, USA 

Ammoniumpersulfat Sigma-Aldrich Chemie GmbH, Steinheim 

Bovine serum albumin Sigma-Aldrich Chemie GmbH, Steinheim 

Brain heart infusion (BHI) Oxoid Ltd., Basingstoke, England 

Cellobiose Sigma-Aldrich Chemie GmbH, Steinheim 

Cysteine Sigma-Aldrich Chemie GmbH, Steinheim 

4’,6-diamidino-2-phenylindole (DAPI) Roche, Mannheim, Germany 

Dextran sodium sulfate (DSS) MW: 35,000–

50,000 

MP Biomedical, LLC, Santa Ana, CA, USA 

Dimethylsulfoxid (DMSO) Sigma-Aldrich Chemie GmbH, Steinheim 

Dulbecco‘s MEM Biochrome AG 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Chemie GmbH, Steinheim 

Eosin 0.5% Carl-Roth GmbH + Co., Karlsruhe, Germany 

Ethanol (70%, 96 %) Merck KGaA, Darmstadt, Germany 

Ethidiumbromid Sigma-Aldrich Chemie GmbH, Steinheim 

Flurescein isothiocyanate dextran Sigma-Aldrich Chemie GmbH, Steinheim 

Glycerin (99 %) Carl-Roth GmbH + Co., Karlsruhe, Germany  

Histofix 10% Carl-Roth GmbH + Co., Karlsruhe, Germany 

Hematoxyline Carl-Roth GmbH + Co., Karlsruhe, Germany 

Hemin Sigma-Aldrich Chemie GmbH, Steinheim 

Hydrogen peroxide 35 % Merck KGaA, Darmstadt, Germany 

LIVE/DEAD Cell Vitality Assay Invitrogen, Karlsruhe, Germany 

Mayer‘s Hämalaun Morphisto GmbH, Germany 

MEM Non-essential Amino Acid (100x) GI BCO, Life Technologies 

Methanol J.T.Baker, Deventer, Holland 

Novamine Zentiva Pharma GmbH, Germany 

Odyssey® Blocking Buffer Licor Bioscience_GmbH 

PageRuler™ Prestained Protein Ladder Thermofischer Scientific, Waltham, MA, USA 



Material and Methods 
 

17 

 

Penicillin/Streptomycin-stock solution (1%) Invitrogen, Life Technologies, Fisher Scientific, 

Phosphate Buffered Saline (PBS) 10x GIBCO, Life Technologies 

RIPA-Lysis Buffer, 10x Merck Millipore, Darmstadt, Deutschland 

Rotiphorese®Gel 30 Carl Roth GmbH + Co. KG Deutschland 

Sodium Acetate  Merck KGaA, Darmstadt, Germany 

Sodiumchlorid  Carl-Roth GmbH + Co., Karlsruhe, Germany 

Sodiumcitrat  Fluka Chemie AG, Buchs, Switzerland 

Sodiumdihydrogenphosphat  Merck KGaA, Darmstadt, Germany 

Sodiumdodecylsulfat (SDS)  Serva, GmbH, Heidelberg, Germany 

Sodium acetate  Merck KGaA, Darmstadt, Germany 

Trizma® base Merck KGaA, Darmstadt, Germany 

TEMED Sigma-Aldrich Chemie GmbH, Steinheim, 

Tris-Hydrochlorid (Pufferan R
)  Carl-Roth GmbH + Co., Karlsruhe, Germany 

Triton X-100 Carl-Roth GmbH + Co., Karlsruhe, Germany 

Trypanblau Sigma-Aldrich Chemie GmbH, Steinheim, 

Trypsin EDTA (5 %) GIBCO, Life Technologies 

Tween 20 Serva, GmbH, Heidelberg, Germany 

Yeast extract Oxoid Ltd., Basingstoke, England 

Xylene J.T.Baker, Deventer, Holland 

β-Mercaptoethanol Sigma-Aldrich Chemie GmbH, Steinheim 

3.1.2 Consumables 

Consumable Manufacturer 

Cell culture flask (75 cm2)  Greiner Bio-One, Kremsmünster, Österreich  

Cell culture plate (6, 12, 24, 96 well-plates  Greiner Bio-one, Kremsmunster, Osterreich  

Cotton swabs Hartmann 

Cryotube (2 ml) Biozym 

Disinfectants AHD 2000  Lysoform Dr. Rosemann GmbH, Berlin  

Disinfectants Bacillol® AF  Bode Chemie, Hamburg  

Disposable Inoculation Loops  Greiner Bio-One, Kremsmünster, Austria  

Electroporation cuvettes  peqLab Biotechnologie GmbH, Erlangen  

Falcon Tube Cellstar® (15 ml, 50 ml)  Greiner Bio-One, Kremsmünster, Austria  

GENbox anaer (bag)  Biometra, Göttingen  

Immobilon®-FL PVDF Membran Merck KGaA, Darmstadt, Germany 

Microscope slide Marienfeld 
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Nitrocellulose membrane Hybridization bottle  

Hybridization bottle  Sarstedt AG & Co KG, Nümbrecht, Deutschland 

Petri dish 92×16 mm with cam Gilson, France  

Pipettes (10, 20, 100, 200, 1000 μl)  Greiner Bio-One, Kremsmünster, Austria  

Pipette tips (10, 20, 100, 200, 1000 μl)  Greiner Bio-One, Kremsmünster, Austria 

Roti®-Nylon 0.2, pore size 0.2 μm  Carl-Roth GmbH & Co., Karlsruhe, Germany 

Round bottom test tubes (12 x 75 mm)  Roche Diagnostics GmbH, Mannheim  

Safe-Lock tubes (0.5, 1.5, 2 ml)  Eppendorf AG, Hamburg  

Surgical suture material  Resorba, Medical GmbH, Germany 

Syringes (5 ml, 10 ml, 25 ml) Becton Dickinson.   

Transwell inserts 0.4 μm pore size   Sarstedt AG & Co. Germany 

 

3.1.3 Kits 

Kits Manufacturer 

LIVE/DEAD® Viability/Cytotoxicity Kit  Invitrogen/ Thermo Fisher Scientific  

LEGEND MAX™ Human IL-8 ELISA Kit BioLegend, Koblenz, Germany 

LEGEND MAX™ Human MCP-1 ELISA Kit BioLegend, Koblenz, Germany 

LEGEND MAX™ Human TNFα ELISA kit  BioLegend, Koblenz, Germany 

LEGENDplex™ Mouse Th Cytokine Panel 3 BioLegend, Koblenz, Germany 

Myeloperoxidase (MPO) ELISA kit  
Hycult Biotech. Inc., Plymouth Meeting, PA, 

USA 

Regulatory T cell staining kit  Miltenyi Biotech, Bergisch Gladbach, Germany 

Quick-DNA Fecal/Soil Microbe Kits  Zymo Research 

3.1.4 Stimulus 

Stimuli  Manufacturer 

Lipopolysaccharides from E. coli 055: B5 Sigma-Aldrich Chemie GmbH, Steinheim 

Recombinant Human Interferon Gamma (IFN-γ) ImmunoTools GmbH, Germany  

Recombinant Human Interleukin 1 beta (IL-1β) ImmunoTools GmbH, Germany  

Recombinant Human Tumor Necrosis Factor 

alpha (TNF-α) 
ImmunoTools GmbH, Germany  
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3.1.5 Bacterial strains 

Bacterial Strain Source 

Faecalibacterium prausnitzii A2–165 (DSM 

17677) 

Leibniz Institute, DSMZ-German Collection 

of Microorganisms and Cell Cultures GmbH 

Roseburia intestinalis (DSM 14610) 
Leibniz Institute, DSMZ-German Collection 

of Microorganisms and Cell Cultures GmbH 

Bacteroides faecis (DSM 24798) 
Leibniz Institute, DSMZ-German Collection 

of Microorganisms and Cell Cultures GmbH 

3.1.6 Device  

Devices Manufacturer 

Analytical balance BP 4100S, Sartorius, Göttingen 

Biological safety cabinet class ll Thermo Fisher Scientific, Waltham, USA 

Confocal Laser Scanning Microscope, Zeiss 

LSM 510 Meta 
Carl Zeiss AG, Oberkochen, Germany 

Refrigerated centrifuge Thermo Fisher Scientific, Waltham, USA 

Freezer -80 °C Type Hera freeze Heraeus, Hamburg.Germany 

Horizontal electrophoresis system Bio-Rad Laboratories GmbH, Munich.Germany 

Incubator B6060  Heraeus, Hamburg, Germany 

Microscope CKX41  Olympus Deutschland GmbH, Hamburg  

Mini-Max anaerobic workstation  Meintrup DWS Laborgeräte GmbH, Germany 

Millicell-ERS volt-ohm meter Merck KGaA, Darmstadt, Germany  

NanoDrop 1000 Thermo Scientific 

Odyssey® Imager  Li-Cor Bioscience-GmbH, Bad Homburg  

pH-Meter WTW Serie Type pH 720  WTW GmbH, Weilheim  

Power supply Model 200/20  Bio-Rad-Laboratories GmbH, Munich  

Power supply, Power Pac 3000 B  Bio-Rad-Laboratories GmbH, Munich  

Spectrophotometer SmartSpecTM 3000  Bio-Rad-Laboratories GmbH, Munich  

Semi-Dry Electrophoretic Transfer Cell Bio-Rad-Laboratories GmbH, Munich 

SpectraMax® M3 Multi-Mode Microplate 

Reader 
Molecular Devices LLC 

Thermomixer  Comfort Eppendorf, Hamburg  

Vortex-Genie Touch Mixer  Scientific Industries, Bohemia, NY, USA  
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3.1.7 Buffer 

10 × PBS-Buffer 

 KCl 2.0 g 

 KH2PO4 2.4 g 

 Na2HPO4 14.4 g 

 NaCl 80.0 g 

 dH2O 1 l 

 Adjust to pH 7.4 

 

0.5% Crystal Violet  

 Crystal violet powder 0.5 g 

 dH2O 80 mL 

 Methanol 20 mL 

 

1% SDS 

 SDS 1g 

 dH2O 100 ml 

 

10X Tank Buffer 

 Tris-Base 30.28g 

 SDS 10g 

 Glycine 144.130g 

 Adjust to pH 8  

 Top up to 1 L with dH2O  

 

10× Transfer Buffer  

 Tris-Base 30.28g 

 Glycine 144.130g 

 Adjust to pH 8  

 Top up to 1 L with dH2O  

 1X= 100ml+200 ml methanol+ 700 ml dH2O 

 



Material and Methods 
 

21 

 

10× TBS  

 Tris-Base 30g 

 NaCl 88g 

 KCl 2g 

 dH2O 800ml 

 pH adjust to 7.6 with HCl 

 Top up to 1 L 

 1X 100ml + 900 ml dH2O and 2 ml Tween 20 

 

1.5 M Tris-HCl 

 Tris base (18.15 g/100 ml) 27.23 g 

 dH2O 80 ml 

 Adjust to pH 8.8 with 6 N HCl 

 dH2O to 150 ml 

0.5 M Tris-HCl 

 Tris base 6.06 g 

 dH2O 60 ml 

 Adjust to pH 6.8 with HCl 

 dH2O to 100 ml 
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3.2 In vitro Methods 

3.2.1 Bacterial culture medium 

3.2.1.1  Anaerobic brain-heart infusion broth 

Brain-heart infusion (BHI) medium was prepared by adding various ingredients (Table 1) to1 

litre of ultra-pure water in screw-capped bottles. The medium was autoclaved at 121°C for 20 

min on the same day. After autoclaving, the medium was cooled down to 55°C and the bottle 

was transferred into the anaerobic workstation. The medium was used within 2 weeks after 

preparation. 

 

Table 1.  Components used for the preparation of anaerobic brain-heart infusion broth. 

 

Component Amount 

BHI Powder 37 g 

Yeast Extract 0.5% (w/v) 

Haemin  5 mg/ml 

L-Cystein 0.5 mg/ml 

Cellobiose 1mg/ml 

Maltose 1mg/ml 

dH2O 1 L 

 

3.2.1.2  Anaerobic brain-heart infusion agar 

Supplemented BHI broth (YBHI) was prepared as described in section 3.2.1.1. For the 

preparation of anaerobic YBHI agar plates, 15 g/L of agar were added to the prepared medium 

before autoclaving at 121°C for 20 min. The autoclaved was medium allowed to cool, and then 

poured into petri dishes. The agar plates were left uncovered for at least an hour to set and dry, 

and once set they were stored upside down in a plastic bag inside the anaerobic workstation 

until use. 

3.2.2 Long term storage of bacterial cultures 

All three bacterial species were stored at -80°C for long term storage using glycerol as 

cryoprotectant. Bacterial cultures were grown in anaerobic YBHI broth. 700 µl overnight 
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culture of the respective species was mixed with 300 µl anaerobic glycerol (99%) and were 

stored at -80°C. Repeated freeze-thawing was avoided as it affected the viability of the bacteria. 

3.2.3 Growth behaviour  

Faecalibacterium prausnitzii (F. prausnitzii) strain A2–165, Roseburia intestinalis (R. 

intestinalis) and Bacteroides faecis (B. faecis ) were routinely maintained at 37°C in the BHI 

medium (brain-heart infusion) supplemented with 0.5 % (w/v) yeast extract, 1mg/ml cellobiose, 

1mg/ml maltose, 0.5 mg/ml L-cysteine and 5mg/ml hemin without agitation in an anaerobic 

atmosphere of 10 % CO2, 10 % H2, and 80 % N2. The same culture medium composition was 

used for the cultivation of B. faecis, however, without addition of hemin. To plot standardized 

growth curves of the respective bacterial species (absorbance versus time) 50 µl of frozen 

bacterial stocks were inoculated into 10 ml of anaerobic YBHI medium inside an anaerobic 

workstation and were incubated for 24 hours (primary overnight culture). Hundred μL of 

primary overnight culture were used to inoculate 10 ml of anaerobic YBHI. Samples were 

collected at hourly intervals over 26 hours. The optical density at a wavelength of 600 nm 

(OD600) was measured using a spectrophotometer and recorded. Growth curves were generated 

using the averages of three biological replicates with three technical replicates each. The 

bacterial species were grown to the mid-logarithmic phase for the experiments consistency 

because metabolic activity differs between growth phases (127). 

3.2.4 Colony forming units  

CFU stands for "colony forming units" and is a measure of the number of viable bacteria present 

in a sample. To determine the CFU of the bacterial species, different dilution of the bacterial 

suspension was prepared using anaerobic PBS inside an anaerobic workstation. Twenty µl of 

diluted bacteria suspension were pipetted on the anaerobic YHBI agar plate. The plates were 

incubated inside an anaerobic workstation for around 48 h, or until bacterial colonies were 

visible. The bacterial colonies per plate were counted and numbers in a range of 10 to 100 

colonies were considered for the calculation of the viable CFU per millilitre. Incubation of 

intestinal epithelial cells with the individual bacterial species and with a three species bacterial 

mix was performed in an anaerobic chamber at three different multiplicity of infections (MOI) 

(100:1, 1000:1 and 10000:1 bacteria/cell). 
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3.2.5 Preparation of Faecalibacterium prausnitzii  

For each experiment, a frozen stock culture of F. prausnitzii was thawed in an anaerobic 

chamber. Twenty μL of thawed culture were plated on an agar plate for 24 to 48 hours. A single 

colony was then taken with an inoculating loop and used to inoculate 10 ml of anaerobic YBHI 

broth that was grown for 24 hours inside an anaerobic workstation (primary culture). To prepare 

the secondary culture, 100 μL of the primary culture were inoculated into 10 mL of fresh 

anaerobic YBHI broth. The inoculum in the conical tube was grown statically for 14 to 16 hours 

to give a mid-logarithmic phase culture.  

3.2.6 Preparation of Bacteroides faecis   

The primary culture of B. faecis was prepared as described in section 3.2.3. However, for this 

species, YBHI medium without hemin was used. One hundred μL of primary culture was 

inoculated into 10 mL of fresh anaerobic YBHL broth (secondary culture) and the inoculum in 

the conical tube was statically grown for 14 to 16 hours to give a mid-logarithmic phase culture.  

3.2.7 Preparation of Roseburia intestinalis 

The primary broth culture of R. intestinalis was prepared by inoculating 10 ml of anaerobic 

YBHI broth in a conical tube with 100 μL of frozen culture inside an anaerobic workstation. 

The primary cultures were incubated for 24 hours. Afterward, the secondary overnight culture 

was prepared by subculturing 100 μL of the primary culture into 10 ml of anaerobic YBHI 

broth. Bacteria in mid-logarithmic phase were obtained by incubating secondary overnight 

cultures for 6 hours. 

3.2.8 Preparation of bacterial cultures 

Secondary overnight culture of F. prausnitzii (section 3.2.5) and B. faecis (section 3.2.6) and 

R. intestinalis (section 3.2.7) were centrifuged at 3000 rpm for 7 minutes and resuspended in 

anaerobic cell culture medium inside an anaerobic workstation to the final concentration of 

2×109 CFU/ml and 2×1010 CFU/ml by measuring absorbance at 600 nm (OD range from 0.6 to 

0.8). The experiments described above were performed under strictly anaerobic conditions. The 

number of bacteria in the solution was calculated by counting the number of viable bacteria. To 

get a reasonable number of colonies to count, bacterial samples were serially diluted and plated. 

The number of CFU/ml was calculated by counting the colonies on each plate and multiplying 

them by the dilution factor as described in section 3.2.4.  
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3.2.9 Intestinal epithelial cells 

Human colon carcinoma cell lines Caco-2 and HT29-MTX were purchased from Merck 

(MerckCo., Darmstadt, Germany). The Caco-2 cell line originates from human colonic 

epithelial adenocarcinoma cells. This cell line is widely employed in gut cell biology, due to its 

ability to establish polarized monolayers in culture and exhibit differentiation characteristics 

similar to normal gut cells. HT29-MTX cells are mucus-producing goblet cells. The HT29-

MTX and Caco-2 cells were used in the experiments at passages 12–30 and 10–33, respectively. 

All the cell culture work were done under laminar flow hood (class II biological safety cabinet). 

3.2.10 Maintenance of Caco-2 and HT29-MTX 

Both cell lines were grown separately in tissue culture flasks in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 2 

mM L-glutamine and 1% (v/v) non-essential amino acids (MEM NEAA). They were incubated 

in a humidified atmosphere (5% CO2) at 37°C. Both cell lines were sub-cultured once a week 

at 80-90% confluence and reseeded into new culture flasks. The cell medium was replaced with 

fresh medium every two to three days. 

 

3.2.11 Long term storage of Caco-2 and HT29-MTX 

Each cell line was separately stored in liquid nitrogen for long-term storage. To generate frozen 

stocks, the cells were harvested using 0.1% Trypsin. The trypsinized cells were then centrifuged 

and resuspended in frozen media (FBS with 10% dimethyl sulfoxide [DMSO]). From this cell 

suspension, a 1 ml aliquot (1x105 cells/ml) was added to a cryogenic vial. The vials were 

transferred into a Mr. Frosty container (Nalgene, Penfield, New York, USA) and stored 

overnight at -80°C. The Mr. Frosty™ Freezing Container, filled with 100% isopropanol, 

facilitated a gradual freezing process at a cooling rate of around 1°C per minute. On the 

following day, the frozen stocks were moved to a liquid nitrogen tank for long-term storage. 

 

3.2.12 Thawing of frozen cells 

The cryotubes were removed from the liquid nitrogen tank and promptly thawed in a 37°C 

water bath. The DMSO-cell mixture was then carefully transferred to a centrifuge tube, where 

it was supplemented with warm DMEM to reach a volume of 5 ml. Following centrifugation 

(200g, 5 min, 21°C), the supernatant was discarded, and the cell pellet was resuspended in 1 ml 
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of cell medium. The resuspended cells were then seeded into a small cell culture flask (T25), 

to which 9 ml of warm supplemented DMEM cell culture medium was added. The flask was 

subsequently placed in an incubator set at 37°C with 5% CO2. Cells growth was monitored 

microscopically after 24 hours, and the cell medium was replaced after 48 hours. Upon reaching 

80% confluence, the cells were transferred to a large flask for use in experimental studies. 

3.2.13 Preparation of eukaryotic cell 

To separate cells for experimental studies from a culture flask, adherent cells were treated with 

0.1% Trypsin and incubated at 37°C. After 15 minutes of incubation, the trypsinized cells were 

washed with warm DMEM and the cell suspension removed. The cells were centrifuged at 300 

x g for 3 minutes, and the supernatant was then aspirated. The cell pellet was re-suspended with 

5 ml DMEM. To determine the number of cells, 30 μl of the cell suspension was added to 30 

μl of a 0.4% trypan blue solution in a test tube, and the mixture was carefully pipetted up and 

down. Subsequently, 10 μl of the stained cell suspension was introduced into the Neubauer 

counting chamber. Four large squares were counted under the microscope, and the number of 

cells per ml was calculated. The average cell count from each square was then multiplied by 

10,000 (104). The final value represents the concentration of viable cells per mL in the original 

cell suspension. 

3.2.14 Growing intestinal epithelial cell lines on Transwell inserts 

To simulate a biological barrier similar to the epithelial cell barrier in the gastrointestinal tract, 

Caco-2 and HT29-MTX cells were seeded on Transwell cell culture inserts. Transwell inserts 

are a common technique for cultivating epithelial cells and cell differentiation (Figure 4).  

Transwell inserts with semi-permeable polyester membranes create a dual compartment, where 

the apical medium in the insert is separated from the basal medium in the cell culture well. The 

cells were harvested and counted as described in section 3.2.13. The dilution needed to obtain 

a seeding density of 0.75 × 105 cells/ml was calculated using the counted number of live cells. 

The cell suspension was diluted with DMEM and 250 μL of this diluted cell suspension was 

seeded onto the apical compartment of each Transwell insert. The inserts were kept in 24-well 

cell culture plates and each well was filled with 800 μL of DMEM. The Transwell inserts in the 

cell culture plates were incubated at 37°C with 5% CO2. Every second day medium was 

changed by carefully removing the media from the apical and basal compartments, new DMEM 

was added drop by drop to the apical compartment, and the basal well. For 21 days, the cells 
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were cultured on Transwell inserts to form a differentiated cell monolayer. The co-culture 

experiments were carried out using these differentiated cell monolayers. 

 

 

 

 

 

Figure 4. Illustration of a Transwell cell culture insert.  

 

3.2.15 Transepithelial electrical resistance  

Transepithelial electrical resistance (TEER) is a measurement of electrical resistance across a 

cellular monolayer and is a very sensitive and reliable method to confirm the integrity and 

permeability of the monolayer. The integrity of Caco-2 or HT29-MTX cell monolayers was 

assessed by measuring TEER prior to every experiment to assess if the cells seeded on the 

Transwell insert formed a differentiated monolayer. TEER was measured using a Millicell-ERS 

volt-ohm meter and a STX-2 electrode (Figure 5A). 70% ethanol was used to sterilize a STX-

2 electrode. The electrodes were air dried and rinsed with cell culture medium before being 

connected to an EVOM voltohmmeter according to the manufacturer's instructions. As shown 

in Figure 5B, the electrode was placed vertically in the cell culture well, so that the tip of the 

longer electrode touched the bottom of the well, and the shorter electrode was above the 

membrane of the Transwell insert. The TEER was measured by pressing and holding the 'R' 

(resistance) button on the voltohmmeter for 3 seconds until the reading stabilized. In every co-

culture experiment, only cell monolayers with TEER values exceeding 600 ohm/cm2 were 
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chosen. This is a commonly accepted value, indicating the presence of fully differentiated cell 

monolayers. An insert without cells was used as a blank. The resistance read by the 

voltohmmeter was converted to TEER (Ω.cm2). To calculate the sample resistance (Ω), the 

blank value was subtracted from the total resistance of the sample. The final unit area resistance 

(Ω*cm2) was calculated by multiplying the sample resistance by the effective area of the 

membrane (0.33 cm2 for 24-well Millicell inserts). 

 

 

Figure 5. Transepithelial/endothelial electrical resistance (TEER) measurement using EVOM 

instrument.  

(A) The Millicell ERS-2 unit with an STX chopstick electrode. (B) a drawing of the electrode placed in 

a tissue culture insert.  

 

 

3.2.16 Trypan Blue staining 

Cell viability was determined using trypan blue dye. Cells were seeded in 24-well plates and 

exposed to aerobic and anaerobic conditions for 24 hours, then trypsinized and resuspended in 

DMEM with 10% heat-inactivated FCS to inactivate the trypsin. The cells were stained with a 

0.4% trypan blue solution in a ratio of 1:2. Trypan blue stains dead cells because the integrity 

of the membrane is compromised. The viable cells remain unstained. After staining, viable cells 

were counted using a Neubauer chamber and an inverted light microscope. 
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3.2.17 Live/Dead staining 

The live/dead assay is a common method for staining viable and dead eukaryotic cells. Live 

cells are characterized by their internal esterase activity, which converts the non-fluorescent 

calcein AM dye into highly fluorescent calcein, emitting green light. Calcein remains retained 

within live cells, creating a strong uniform green fluorescence. In contrast, damaged cell 

membranes allow the entry of ethidium homodimer-1 (EthD-1) dye, which undergoes a 40-fold 

fluorescence increase upon binding to nucleic acids. This results in a vivid red fluorescence in 

dead cells. EthD-1 is excluded by intact live cell membranes. The assessment of cell viability 

relies on these specific physical and biochemical properties of cells. To perform the live/dead 

cell vitality assay, we used the LIVE/DEAD ® Viability/Cytotoxicity Kit. Briefly, Caco-2 and 

HT29-MTX cells were separately seeded on cover slides for 2-3 days until the cell monolayer 

are obtained. The cell monolayers were then incubated in an anaerobic workstation for 24 hours. 

The cells were then treated with live /dead staining reagent. The cells were incubated in the 

dark for 10 minutes and subsequently analysed with a fluorescence microscope. 

3.2.18 Adhesion assay 

Adhesion of F. prausnitzii, B. faecis, and R. intestinalis was tested using fully differentiated 

Caco-2 and HT29-MTX cells. Cells were seeded in 24-well plates at a density of 0.75 × 105 

cells/well. The cell culture medium without antibiotics was added to the cells to prevent 

bacterial clumping or killing during the adhesion assay. The culture medium was changed every 

other day for 21 days. Bacterial strains were grown in the YBHI medium under an anaerobic 

condition at 37◦C. For adhesion assay bacteria were washed with PBS and adjusted to OD600 

0.5. Of this bacterial suspension a multiplicity of infection (MOIs) of 100:1, 1000:1, and 

10,000:1 was added to the cell monolayers. After 4 hours incubation, the cells were washed 

with PBS to removed non-adherent bacteria. The cell monolayers were then detached from 

plate surfaces by 0.25% trypsin–EDTA solution. Detached cells were lysed by cold distilled 

water and plated out in serial dilution steps on the YBHI agar plate. The number of viable 

bacteria was assessed by counting the CFU on agar plates incubated under an anaerobic 

atmosphere at 37◦C for 48 h. The adhesion was expressed as the percentage of the number of 

adhered bacteria in relation to the total bacteria used as inoculum.  
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3.2.19 Effect of bacterial density on cell barrier permeability 

To determine the effect of bacterial density on cell barrier permeability, differentiated Caco-2 

and HT29-MTX cell monolayers were co-cultured with F. prausnitzii, B. faecis, and R. 

intestinalis. The culture medium was changed 24 hours before the start of the experiment. Prior 

to washing the cells with PBS, the TEER was measured. Cell monolayers were incubated with 

all three bacterial species at three different multiplicities of infection (MOI) (100:1, 1000:1, and 

10000:1 bacteria/cell) in an anaerobic chamber. TEER values were measured and recorded 

before, directly after bacterial inoculation, and 3 and 6 hours after exposure to bacteria. The 

effect of the bacteria on barrier permeability was expressed as the change in TEER at each time 

point after the treatments were added. 

3.2.20 Induction of barrier dysfunction 

Pro-inflammatory cytokines produced by gut-associated immune cells and epithelial cells in 

response to the increased accumulation of luminal antigens contribute to the alteration of TJ 

protein expression thus increased permeability of the intestinal epithelium. In order to mimic 

chronic intestinal barrier dysfunction associated with chronic inflammation Caco-2 and HT29-

MTX cells were seeded in Transwell insert as described in section 3.2.14. The differentiated 

Caco-2 and HT29-MTX monolayer were treated basally with a cocktail of inflammatory 

mediators consisting of 100 ng/ml tumor necrosis factor-α (TNF-α), 50 ng/ml Interferon γ (IFN-

γ), 25 ng/mL Interleukin-1β (IL-1β), and 10 µg/ml lipopolysaccharide (LPS) for 10 and 48 

hours, respectively. Cells without any treatment were used as negative control.  

3.2.21 Bacterial treatment 

In order to investigate the therapeutic properties of F. prausnitzii, B. faecis, and R. intestinalis 

on inflamed epithelial cell monolayers, first the intact Caco-2 and HT29-MTX cell monolayer 

was treated with a cytomix + LPS for 10 hours and 48 hours respectively. Following cytomix 

+ LPS stimulation TEER values of the cells were assessed. The cell monolayers were washed 

with HBSS and incubated apically with the individual bacterial species and with a three species 

bacterial mix at three different multiplicities of infections (MOI), 100:1, 1000:1 and 10.000:1 

bacteria/cell, in an anaerobic chamber. Immediately after the stimulation, the TEER values 

were measured in the anaerobic environment. The batches were incubated anaerobically for 6 

hours. This was followed by measurement of the TEER values. Thereafter, the cells and the 

apical and basal medium were harvested and stored at -20°C. 
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3.2.22 Determination of paracellular permeability  

Paracellular permeability was determined by the flux of the fluorescein isothiocyanate (FITC)-

labeled dextran 4000 (FD-4) through differentiated Caco-2 and HT29-MTX monolayers. Cell 

monolayers were pre-incubated with the cytomix + LPS for 10 and 48 hours, respectively, prior 

to bacterial treatment for 6 hours. Following treatment, the monolayer was washed with PBS to 

remove any residual bacteria and cells were pre-equilibrated for 1 hour with HBSS buffered at 

pH 7.4 at 37 °C. Cells were carefully washed twice with PBS and 200 µL FD-4 solution 

(1 mg/ml in HBSS) was added to the apical side of the monolayers and incubated for 4 hours. 

Samples (100 µL) were collected from the basal chamber under sink conditions at 0, and 

240 min and fresh HBSS solution was substituted with the same quantity. The fluorescent 

intensity of these basolateral aliquots was determined after sampling using a multi-mode 

microplate reader (SpecteraMax M3, Molecular Devices). The wavelengths of excitation and 

emission were 490 and 530 nm, respectively. All tests were carried out as triplicate biological 

experiments. 

3.2.23 Immunofluorescence staining 

Fully differentiated Caco-2 and HT29-MTX cell monolayers were stimulated with the pro-

inflammatory cytomix + LPS cocktail. Subsequently, cells were treated with bacteria 

individually and in combination for 6 hours as described above. Following these treatments, 

monolayers of both cell lines were washed with PBS and fixed with 75% (v/v) ethanol in PBS 

for 30 min. Fixed monolayers were permeabilized with 75% (v/v) acetone in PBS for 3 min at 

-20°C. Prior to subsequent staining and detection, monolayers were washed and blocked for 40 

min with 1% (w/v) bovine serum albumin (BSA) in PBS. Cells were then incubated with either 

mouse anti-occludin or rabbit anti-claudin-2 primary antibodies overnight at 4 °C. Cells were 

rinsed again with washing buffer (PBS+0.05% Tween-20) for 3 times each five minutes, 

followed by incubation with the Alexa Fluor 488 goat anti-mouse secondary antibody (1:500) 

and Alexa Fluor 488 goat anti-rabbit secondary antibody (1 : 500) for 1 hour at room 

temperature. Cells were rinsed again with washing buffer, and finally incubated with 1µg/ml 

Hoechst 33342 for 10 minutes to stain all nuclei. The membranes were separated from the 

Transwell insert using a scalpel. The permeable support membrane was then mounted cell side 

up between a slide and coverslip with mounting medium. Microscopy of the mounted 

membranes was performed on a Zeiss LSM 510 Meta Confocal Laser Scanning Microscope.  
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3.2.24 Western Blot analysis 

Cell monolayers were grown on 24-mm Transwell inserts at a density of 2x105cells/well and 

cultured for 21 days. Caco-2 and HT29-MTX cell monolayers were treated with the cytomix + 

LPS cocktail and bacteria (MOI 1000:1) as described before. Cells were lysed with lysis buffer 

containing phenylmethylsulfonyl fluoride (PMSF), sodium orthovanadate and a phosphatase 

inhibitor cocktail. After 30 minutes incubation in ice, cell lysates were centrifuged at 12,000 g 

for 30 minutes at 4°C. The supernatant was removed, and the protein concentration was 

measured by a bicinchoninic acid (BCA) protein assay kit. This assay relies on a colorimetric 

technique that detects total protein concentration through observable color changes. The color 

alteration results from a chemical reaction between the sodium salt of bicinchoninic acid and 

the cuprous ion produced by the biuret reaction under alkaline conditions. This standard assay 

proves effective for determining protein concentrations in each homogenized sample. 

Approximately 25µg of each sample were denatured, separated by SDS-PAGE, and transferred 

to nitrocellulose membranes using a Bio-Rad Semidry transfer apparatus. Transfers were 

conducted at 15 V for 30 minutes. Membranes were subsequently washed with tris-buffered 

saline/ 1% Tween-20 (TBS-T) and blocked in 5% BSA for 1 hour following by incubation with 

primary antibody (anti– claudin-2 and anti-occludin) diluted 1:1000 in 5% BSA at 4°C 

overnight. Membrane was washed and then incubated with with IRDye® 800CW Goat anti-

Mouse and IRDye® 800CW Goat anti-Rabbit IgG secondary antibody (diluted 1:10000) in 5% 

BSA for 30 minutes at room temperature. After an additional round of washing, bands were 

visualized and analysed using an Odyssey imaging system (Li-Cor). 

3.2.25 Determination of cytokine secretion by ELISA  

The culture supernatants were collected from the basal chamber of cytokine-stimulated cells 

incubated w/o commensal bacteria, centrifuged (10 min 600× g at 4 °C) and then were 

analyzed for IL-8 cytokine and MCP-1 chemokine secretion level using Enzyme-linked 

Immunosorbent Assay (ELISA). ELISA is a common biochemical assay used for the 

measurement of specific analytes in liquid samples. It was performed on a microwell plate 

and consists of various steps that include sequentially added, incubated, and washed liquid 

reagents. First, a primary antibody was introduced to the plate and allowed to bond specifically 

overnight. To prevent nonspecific binding, the surface of the plate wells was then blocked 

using a blocking buffer. Cell-free supernatant samples containing the analyte of interest, along 

with standards featuring a specific analyte content, were added to the wells and underwent 
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incubation. Throughout this incubation period, the analyte selectively binds to the capture 

antibody. To identify the antibody-antigen complex, a second detection antibody, linked to an 

enzyme was added to each well. The enzyme catalyzed the conversion of a chemical substance 

added in the next step, resulting in a color signal. To stop this reaction, a stop solution (Sulfuric 

acid) was subsequently added to the wells. Following this final step, the absorbance was read 

at 450 nm using spectrophotometry. 
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3.3 In vivo methods 

3.3.1 Study design and bacteria treatment 

Male BALB/c mice (specific pathogen-free, SPF) aged 9-11 weeks (19-25 g) were originally 

purchased from Charles River Laboratories (Sulzfeld, Germany). The animals were housed in 

a temperature-controlled environment (22±2°C) with a 12-h day/night light cycle, a relative 

humidity of 50-60%, and ad libitum access to rodent chow and drinking water. Individual body 

weights were assessed daily for eight days. All animal experiments were performed under the 

German animal protection law and the EU Guideline and approved by the German local 

authority (72221.3‐1‐039/19). Experimental mice were randomly assigned into eleven groups 

as illustrated in Figure 6. Acute colitis was induced by adding 3.5% (w/v) DSS to the drinking 

water for 8 days, and the control group received normal drinking water. F. prausnitzii, B. faecis, 

and R. intestinalis, and the mixture of all three bacterial species at two concentrations of 109 

and 1010 CFU per 100 µl were administered by oral gavage simultaneously with DSS treatment 

for up to 7 days. Animals in the positive control group were orally administered mesalazine 

(200 mg/kg). Animals in the control and DSS groups were gavaged with normal PBS every 

day. At the end of the experimental period on day 8, the mice were anesthetized with an 

intraperitoneal injection of ketamine/xylazine cocktail to collect blood samples, followed by 

cervical dislocation. The colon, stool, and spleen were collected for further analysis.  
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  Figure 6. Experimental design for acute colitis induction 

3.3.2 Organ removal and tissue preservation 

At the end of experiment, mice were euthanized by cervical dislocation, the peritoneum was 

opened with a median longitudinal incision. Subsequently, the colon segment was removed 

intact from the ileocecal junction to the distal rectum region. The colon contents were removed, 

and its weight and length were measured. A portion of the tissue (2×1cm) were transferred to 

cryotube and snap-frozen in liquid nitrogen and stored at -80°C for later protein (distal colon) 

extraction. 

3.3.3 Clinical scoring of colitis 

The body weight of each animal was assessed during the DSS induction, and the faeces were 

collected daily. The disease activity index (DAI) of mice was calculated daily using the scoring 

system described by Cooper et al.(128) with minor modifications as shown in Table.2. The DAI 

includes three aspects: weight change, blood in the stool, and stool consistency. A HemoCARE 

occult blood detection kit was used to detect blood in faeces. The body weight change was 
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calculated relative to day 1. The sum of the weight loss, diarrhea, and bloody stool scores served 

as the clinical disease score. 

 

Table 2. Disease activity index (DAI) score parameters 

Weight Loss 
Stool 

Consistency 

Visible Blood in 

Faeces 
Score 

<1% 
Normal None 0 

1%-5% 
Slightly Loose Slightly Bleeding 1 

6%-15% 
Loose Bleeding 2 

16%-20% 
Diarrhea Severe Bleeding 3 

>20% 
_ _ 4 

 

3.3.4 Histological analysis 

For microscopic histological evaluation, colon segments were kept in Roti®-Histofix 10 % for 

24 hours before embedding in paraffin and sectioning (5 μm) with a rotary microtome. Slides 

were stained with hematoxylin and eosin for microscopic evaluation as per standard methods. 

Tissue sections were assessed based on extent of inflammation, crypt damage, and neutrophil 

infiltration (Table 3). The total histological score was generated by adding the single scores to 

a maximum value of 25. Each section of colon was analysed blinded to the experimental group. 

Alcian blue staining was done on separate sections to assess the number of mucus producing 

goblet cells. Briefly, the 5µm colonic paraffin sections were dewaxed in xylene and rehydrated 

through 95%, 80%, 70%, and 50% ethanol. Sections were then incubated with Alcian blue (1%) 

pH 2.5 for 30 minutes following by 3 minutes incubation with 3% acetic acid. Next, sections 

were incubated with nuclear fast red solution (0.1%) and rinsed with dH2O and were counter-

stained using Mayer's hematoxylin solution. Images were obtained using a model BX53 light 

microscope.  
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Table 3. Histological score to quantify the degree of colitis. 

 

3.3.5 Intestinal permeability assay 

On the last day of the experiment, mice were deprived of food and water for four hours before 

orally gavaged with fluorescein isothiocyanate (FITC)‑dextran solution (4 kDa, 600 mg/kg). 

Three hours later, blood was collected by retro-orbital bleeding, and serum was isolated. 

Fluorescence intensity in the plasma of the mice was measured using a multi-mode microplate 

reader at an excitation/emission wavelength of 490/530 nm. Standard curves for calculating the 

FITC-dextran concentration were obtained by diluting FITC-dextran in PBS. 

Score Inflammation Extend Regeneration 
Crypt 

Damage 

% 

Involvement 

0 None None - None 0% 

1 Slight Mucosa 

Almost 

complete 

regeneration 

Basal1/3 

damaged 
1%-25% 

2 Moderate 

Mucosa+ 

Submucosa 

Regeneration 

with crypt 

depletion 

Basal2/3 

damaged 
26%-50% 

3 Severe Transmural 

Surface 

epithelium not 

intact 

Entire 

crypt and 

epithelium 

lost 

51%-75% 

4   
No tissue 

repair 
 76-100% 
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3.3.6 Homogenization of the tissue 

Snap frozen distal colon samples were homogenized in tubes containing lysis buffer and 5× 2.8 

mm ceramic beads at 3500 rpm for 20 sec. The lysis buffer contained 200 mM NaCl, 500 mM 

EDTA, 10mM Trisma HCl, 10% glycerine, 28µg/ml aprotinin, 1 µg/ml leupeptin and 1mM 

phenylmethylsulfonyl fluoride. Homogenization was followed by 3 rounds of centrifugation (at 

4 oC and 15,000 g for 15 min) to eliminate cellular debris. The protein concentration was 

assessed by a Bio-Rad protein assay kit. The absorbance was read at 595nm using microplate 

reader.  

3.3.7 Myeloperoxidase activity assay 

Myeloperoxidase (MPO) level was measured as a biomarker of neutrophil infiltration. Colon 

tissue samples were homogenized as described in section 3.3.6. The homogenates were 

centrifuged at 15,000 × g for 15 min at 4°C, and the MPO concentration in the supernatant was 

measured using an ELISA kit (Hycult Biotech. Inc., Plymouth Meeting, PA, USA) according to 

the manufacturer’s instructions.  Briefly, 100 μl of standards and each sample, were transferred 

into a pre-coated 96-well plate. The plate was incubated for 1 hour in room temperature, 

followed by four washes with a wash buffer. Subsequently, 100 μl of diluted tracer was 

introduced to each well, and after an additional 1-hour incubation, 100 μl of diluted 

streptavidin-peroxidase was applied, followed by another hour of incubation. The plate was 

washed again before the addition of 100 μl of TMB substrate to each well. After a 30-minute 

incubation, the stop solution was introduced to each well, and the plate's absorbance was read 

at 450 nm using a microplate reader. 

3.3.8 Measurement of cytokines 

The expression level of inflammatory cytokines in colonic tissue was determined using a 

multiplex mouse T helper cytokine magnetic bead panel following the manufacturer's 

instructions. The colon tissue homogenate was centrifuged at 15,000 g for 15 minutes at 4°C. 

The supernatant was used to detect the levels of T helper associated cytokines including IL-2, 

4, 5, 6, 9, 10, 13, 17A, 17F, 22, IFN-γ, and TNF-α. The analysis was performed using the BD 

FACSVerse™ Flow Cytometer, and LEGENDplex TM Data Analysis Software evaluated the 

data. 
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3.3.9 Immunohistochemistry analysis 

Immunohistological examinations were performed on 5 µm thick frozen sections of the colon 

segment.  The sections were dewaxed in xylene 2 times for 10 minutes and dehydrated in a 

series of graded ethanol solutions (100%, 100%, 95%, 70% and 50% 3 min/solution). The 

sections were then incubated for antigen retrieval using the heat-induced epitope retrieval 

method for 20 minutes, followed by endogenous peroxidase inactivation with 3% H2O2 in 

methanol for 10 minutes. Non-specific binding sites were blocked for 1 hour at room 

temperature in 5% bovine serum albumin (BSA) in PBS. The primary and secondary antibodies 

were diluted with blocking serum. Then the tissue sections were incubated with the appropriate 

primary antibodies (Table 4) overnight at 4°C. The following day, the sections were washed 

three times with PBS and were incubated with the corresponding secondary antibodies 

conjugated with horseradish peroxidase (HRP) for 1 hour at room temperature. The slides were 

again washed three times with TBS-T and incubated with the liquid DAB+ 2-component 

system. This was followed by nuclear staining using Mayer's hematoxylin solution. 

Histological images were acquired using a microscope. All incubation steps were performed in 

a humid chamber at room temperature.  

 

Table 4. Primary and secondary antibodies used for immunohistochemical staining. 

 

Primary antibody Dilution Secondary 

antibody 

Dilution 

Anti-claudin-2 (Rabbit 

polyclonal) #ab53032 

Abcam 

1:200 
 

Goat anti-Mouse 

Secondary 

Antibody, HRP 

 

1:50 

Anti-occludin (Mouse 

monoclonal) Santa Cruz 

Biotechnology, #sc-

133256 

1:50 

E-cadherin (Rabbit 

monoclonal) #3195T  

(Cell Signalling Technology, Inc). 

1:450  

Goat anti-Rabbit 

IgG Secondary 

Antibody, HRP 

1:50 
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3.3.10 Western Blot assay 

The colonic tissue was weighed and homogenized in 300µl of cold RIPA lysis buffer 

supplemented with a protease inhibitor. The homogenate protein content was determined using 

the Pierce™BCA protein assay kit.  The proteins, which were previously separated by 10% 

SDS-polyacrylamide gel electrophoresis according to their molecular weight, were transferred 

to a polyvinylidene difluoride (PVDF) membrane by Western Blot and detected using specific 

antibodies. For this purpose, the semi-dry transfer method was used. First, the PVDF membrane 

was pre-treated with methanol for 2 min then floated in transfer buffer. Afterwards, gels and 

membranes were sandwiched between buffer-wetted filter papers that are in direct contact with 

flat-plate electrodes. The membrane was then blocked for 1 hour with 5% BSA before being 

incubated overnight at 4 °C with the appropriate primary antibody (Table 5). The blot was then 

washed at least five times for 5 min with 0.1% (v/v) Tween-20 in PBS and incubated for 1 hour 

at RT with the fluorescent secondary antibodies. After an additional round of washing, the 

bands were visualized and analysed using the Odyssey® CLx Imaging System. Quantification 

was also performed using Image Studio software. 

 

Table 5. Primary and secondary antibodies used for Western Blot 

 

Primary antibody  Dilution  Secondary antibody Dilution 

Anti-claudin-2 (Rabbit 

polyclonal) #ab53032 

Abcam 

1:1.000 

IRDye® 680RD goat 

(polyclonal) anti-

rabbit IgG (H+L) 

(LI-COR 

Biosciences, Lincoln, 

Nebraska, USA) 

1:10.000 

 

Anti-occludin (Rabbit 

monoclonal) #ab216327 

Abcam 

1:500 

E-cadherin (Rabbit 

monoclonal) #3195T  

Cell Signalling 

Technology, Inc). 

1:1.000 

Anti-β-Aktin (Rabbit 

monoclonal) (Cell 

Signaling Technology, 

Cambridge,UK) 

1:10.000 
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3.3.11 Analysis of Treg cells in spleen 

To determine Treg subset levels, the spleen from each mouse was collected and carefully 

crashed to obtained cell suspension. The cell suspensions were passed through a cell strainer 

(70 µm pore diameter) to obtain single-cell suspensions. The isolated cells were stained with 

CD4+CD25+ Foxp3+ regulatory T cell staining kit following the manufacturer’s instructions. 

These cell suspensions were centrifuged at 300g for 10 minutes. The supernatant was aspirated, 

and the cell pellet was resuspended in fresh cell culture medium (DMEM). Next, 1×10⁶ 

splenocytes were incubated with 2 µL of CD4-VioBlue and 2 µL of CD25 antibody for 10 

minutes in the dark at 2-8 °C. The cells were washed and resuspended in 1 ml of cold and 

freshly prepared fixation/permeabilization solution, then incubated in the dark for 30 minutes 

at 2-8 °C. Afterward, the cells were washed with cold permeabilization buffer twice before 

incubated with 2 µL of the Anti-FoxP3 antibody. Following a 30-minute incubation, the cells 

were washed and centrifuged at 300xg for 5 minutes at 4°C. The supernatant was completely 

aspirated, and the cell pellet was resuspended in 200 µL of 1× permeabilization buffer and 

proceeded to flow cytometry analysis. Flow cytometry analysis was performed using the BD 

FACSVerse™ Flow Cytometer. The numbers of Tregs in the spleens were quantified and were 

expressed as percentages of the CD4 cell population. Post-acquisition analyses were performed 

using FlowJo software. In flow cytometry analysis, a meticulous gating strategy was employed 

to discern and quantify specific immune cell subsets, with a particular focus on regulatory T 

cells (Tregs). The initial gating steps involved singlet and live cell selection to ensure the 

examination of individual and viable cells. Subsequent gates were set to identify CD4+ cells, 

indicative of helper T cells, followed by a gate within the CD4+ population to isolate cells 

expressing CD25, a marker associated with activated T cells. The final gate targeted cells 

expressing Foxp3 within the CD4+CD25+ subset, pinpointing regulatory T cells. This strategy 

allowed for the precise identification and quantification of Tregs, 

3.3.12 Microbial DNA extraction  

To explore the distinct impacts of the treatments on the gut microbiome, fecal samples were 

collected on the final day of the experiment (day 8) and preserved at −80°C. Subsequently, total 

genomic DNA was extracted from approximately 50 mg of the fecal sample using Quick-DNA 

Fecal/Soil Microbe Kits (Zymo Research), following the manufacturer’s instructions. The 

purity of the extracted DNA was assessed by measuring the A260/230 and A260/280 ratio using 

Nanodrop, and the DNA was stored at -20°C until further analysis.  
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3.3.13 16S rRNA gene sequencing  

For each sample, genomic DNA was isolated and amplified using primers targeting the 

hypervariable V4 region of the included bacterial 16S rDNA with the following bacterial 16S 

ribosomal RNA (rRNA) specific primer sequences: 515 F (TCG-TCG-GCA-GCG-TCA-GAT-

GTG-TAT-AAG-AGA-CAG-GTG-CCA-GCM-GCC-GCG-GTA-A) and 806R (GTC-TCG-

TGG-GCT-CGG-AGA-TGT-GTA-TAA-GAG-ACA-GGG-ACT-ACH-VGG-GTW-TCT-

AAT). The amplicon PCR and index PCR, a quantity and quality control, and sequencing of 

the individual libraries as a pool in one Illumina MiSeq run were performed as described in the 

Illumina “16S Metagenomic Sequencing Library Preparation” manual. Sequencing on the 

MiSeq platform using the MiSeq Reagent Kit 600 v3 resulted in 58.090 to 368.468 paired-end 

reads per individual sample with the length of 300 nt. After quality control with Cutadapt 

(Version 2.8, Dortmund, Germany) (129) the microbiome analysis was executed using Mothur 

(Version 1.46.1, Ann Arbor, MI, USA) (130). In brief, paired-end reads were joined, filtered 

and the primer sequences were removed. Reads were aligned to the SILVA ribosomal RNA 

gene database (131) and trimmed to the hypervariable region V4. After chimera removal, reads 

were clustered into a total of 17.588 OTUs representing between 24.517 and 246.192 paired-

end reads. Next, OTUs were classified against the SILVA ribosomal RNA gene database and 

subsampled to 24.000 reads per sample. Graphs were created using GraphPad Prism software 

version 8.0 (GraphPad Software Ltd, La Jolla, California, United States of America) and 

Microsoft Excel (Version 2017, Redmond, WA, USA). 

3.4 Statistical analysis 

Results are expressed as the means ± SD. For the TEER measurement, the change overtime in 

TEER values between the different groups were compared using the Mann–Whitney U test. 

One-way ANOVA was used for statistical analysis of ELISA and Western Blot. A p-value of 

less than 0.05 was accepted as the level of statistical significance. The in vivo results are 

expressed as the mean ± SEM. Statistical differences between the groups were evaluated using 

one-way analysis of variance (ANOVA) followed by Tukey's post hoc tests. In addition, two-

way ANOVA followed by Tukey's post hoc test was used to analyze DAI and body weight 

changes during the experimental period. Differences with P < 0.05 were considered significant. 

All the analyses were performed with Graph-Pad Prism software (GraphPad Prism Inc., San 

Diego, CA, USA). 
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4  Results 

4.1 Monitoring bacterial growth 

The bacterial growth behaviour was studied for 26 hours in an anaerobic chamber using 

BHI medium supplemented with yeast extract, cellobiose, maltose, L-cysteine, and 

hemin (Table 1). F. prausnitzii and B. faecis reached mid-logarithmic phase between 14 

and 16 hours of incubation, while R.intestinalis already reached stationary phase after 6 

to 8 hours (Figure 6). However, for operational reasons (i.e. subculture bacteria at night), 

the 16-hour old secondary cultures of F. prausnitzii and B. faecis, as well as the 6-hour 

old secondary culture of R intestinalis, were deemed to be at mid-logarithmic phase and 

prepared for the experiments described in the following sections. 
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Figure 6. The growth curve of F. prausnitzii, B. faecis, and R. intestinalis. 

Each curve depicts the mean ±SD, OD600 nm over time (h). The three bacterial species were 

cultured in supplemented BHI medium at 37°C in an anaerobic chamber, and optical density 

was measured at 600nm every hour for 18 to 26 hours. 

 

 

4.2 Viability of the commensal bacteria in cell culture medium  

The growth behaviour of F. prausnitzii, B. faecis, and R. intestinalis was studied in 

anaerobic cell culture medium. The prerequisite for bacterial-cell co-culture 

experiments was the survival of bacteria in the cell culture medium. Eukaryotic cells 

cannot survive in bacteria-adapted media like supplemented brain heart infusion (BHI). 
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The ability of these commensal species to survive in anaerobic cell culture medium 

(DMEM + NEAA) at 37°C in an anaerobic chamber was determined. The cell culture 

medium (DMEM) was placed into the anaerobic chamber 48 hours before the start of 

the experiment. To enable bacterial growth when co-cultured with eukaryotic cells, no 

antibiotics were added to anaerobic DMEM medium. The culture optical density (OD600 

nm) was measured over 12 hours. After 6 hours of incubation in cell culture media, all 

three bacterial species showed a decrease in OD600 nm compared to earlier time periods. 

In contrast, incubation in supplemented yeast brain heart infusion (YBHI) medium did 

not result in a decrease in OD600 nm (Figure 7). Based on these experimental results, 

DMEM was used for co-cultivation of commensal microorganisms and eukaryotic cells 

within a maximum time frame of 6 hours for the following in vitro experiments. 
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Figure 7. Growth curve for F. prausnitzii, B. faecis, and R. intestinalis in anaerobic cell 

culture medium and bacteria culture medium. 

Each graphs show the growth behavior of F. prausnitzii, B. faecis, and R. intestinalis in 

anaerobic cell medium and anaerobic bacteria medium for a period of 12 hours, determined at 

OD 600 nm. (mean ± SD; n = 3). 
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4.3 Cultivation of eukaryotic cells under anaerobic conditions 

In the first series of the experiments, the viability of cell monolayer under anaerobic 

conditions was analyzed. Therefore, the number of viable cells between samples were 

compared following incubation in aerobic or anaerobic atmosphere. 

Compared to aerobic conditions, all cells exhibited decreased survival in anaerobic 

conditions. Nevertheless, Caco-2 and HT29-MTX cells were able to survive in 

anaerobic conditions for up to 24 hours, with survival rates of nearly 70% and 50%, 

respectively (Figure 8 A and Figure 9 A). A decrease in viability for both differentiated 

epithelial cell lines indicated that Caco-2 and HT29-MTX cells have a limited ability to 

tolerate anoxic conditions. The fact that both cell lines were able to survive in anaerobic 

conditions for at least 24 hours is interesting, as it suggests that these cells have some 

ability to tolerate low-oxygen environments. However, the decrease in viability 

indicates that their tolerance is limited. To confirm these results and visually document 

the cellular behavior, cells were stained with Live/Dead dye and monitored via 

fluorescence microscopy. Cells incubated in an aerobic environment for 24 hours show 

a high level of green, fluorescent calcein AM staining, which proves the viability of the 

cells. However, both cell lines show noticeable increased EthD-1 staining after 24 h of 

incubation in an anaerobic workstation (Figure 8 B and Figure 9 B). This leads to the 

conclusion that the majority of cells are dead. The microscopic images fully support the 

results of the viability assay. It is important to note that these results may vary depending 

on the specific experimental conditions, such as the duration of anaerobic exposure, the 

cell culture medium used, and the specific cell line being studied. 
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Figure 8. Survival of differentiated Caco-2 under aerobic and anaerobic conditions. 

(A) shows the number of viable cells per milliliter compared between aerobic and anaerobic 

cultivation conditions. Data were analyzed with the Mann–Whitney-U test, *P <0.05. (B) 

Immunofluorescence images of Caco-2 cells stained with Live/Dead dyes after 24 h in aerobic 

and anaerobic conditions. Calcein AM (green) visualizes live cells, and EthD-1 (red) marks dead 

cells. Scale bar: 200 μm. 
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Figure 9. Survival of differentiated HT29-MTX under aerobic and anaerobic conditions. 

(A) shows the number of viable cells per milliliter compared between aerobic and anaerobic 

cultivation conditions. Data were analyzed with the Mann–Whitney-U test, ns= not significant. 

(B) Immunofluorescence images of HT29-MTX cells stained with Live/Dead dyes after 24 h in 

aerobic and anaerobic conditions. Calcein AM (green) visualizes live cells, and EthD-1 (red) 

marks dead cells. Scale bar: 200 μm.  
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4.4 Bacterial adherence to intestinal epithelial cells 

Exploring the adhesive properties of commensal bacteria to host cells is a crucial aspect 

in assessing the colonization potential of a probiotic strain. Therefore, we quantified the 

adhesion capability of F. prausnitzii, B. faecis, and R. intestinalis to the intestinal 

epithelial cells Caco-2 and HT29-MTX under anaerobic condition. The differentiated 

epithelial cells were separately challenged with live F. prausnitzii, B. faecis, and R. 

Intestinalis using multiplicity of infection (MOI) values ranging from 100 to 10000 in 

an anaerobic chamber. The results, presented in Table 6, compare both cell lines 

incubated with each commensal bacterium. The number of adhering bacteria was 

dependent on the density of inoculum. All the species tested at a low MOI of 100:1 

adherence to the Caco-2 and HT29-MTX cells reached values below the detection limit 

of this assay. However, the maximum adhesion to both cell lines was shown at MOI of 

1000:1. Among all three bacterial species, B. faecis showed the highest adhesion to the 

Caco-2 and HT29-MTX with values of 2.49±1.14 and 6.40±1.46 percent of the 

inoculum attached to the cells, respectively. F. prausnitzii also adhered to both target 

cell lines; however, the capacity was not as pronounced compared to B. faecis 

(1.51±0.65 and 1.32±0.94%, respectively). Only very small numbers of R. intestinalis 

adhered to both cell lines, making it the least adhesive species among all three tested 

(0.11±0.07% and 0.06±0.01% to Caco-2 and HT29-MTX cell lines, respectively). To 

sum up, the findings affirm that each species exhibits the ability to adhere to polarized 

epithelial cell layers in a manner unique to its species. Notably, the most efficient ratio 

was found to be an MOI of 1000:1, with lower or higher bacterial numbers per cell 

failing to yield further improvements in the results. 
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Table 6. Adhesion of F. prausnitzii, B. faecis, and R. intestinalis to differentiated intestinal 

epithelial cell monolayers. 

Caco-2 and HT29-MTX incubated with the commensal bacteria at three different multiplicity 

of infections (MOIs). Results are represented as the mean of triplicate experiments ±SD. ND 

not detected. 

Bacterial species   MOI 

  

  Relative adhesion (% of inoculum) 

  

    
 

  Caco-2   HT29-MTX 

    
     

F. prausnitzii   100:1   ND   ND 

B. faecis   100:1   ND   ND 

R. intestinalis   100:1   ND   ND 

        
 

  
 

F. prausnitzii   1000:1   1.510.65   1.320.94 

B. faecis   1000:1   2.491.14   6.401.46 

R. intestinalis   1000:1   0.110.07   0.060.01 

        
 

  
 

F. prausnitzii   10000:1   1.070.50   0.020.00 

B. faecis   10000:1   4.872.69   5.392.37 

R. intestinalis   10000:1   0.010.00   0.010.00 

 

4.5 Effects of commensal bacteria on healthy polarized epithelial monolayers 

This series of experiments attempted to study the influence of F. prausnitzii, B. faecis, 

and R. intestinalis on intact and non-stressed or damaged Caco-2 and HT29-MTX 

polarized monolayers. Incubation of cells and bacteria is described in section 2.6.2. The 

co-culture of commensal bacteria and epithelial cell monolayers was performed at two 

time points of 3 hours and 6 hours. Changes in TEER values after bacterial contact were 

used as a readout parameter for potential effects. We tested different MOIs (100:1, 

1000:1 and 10000:1) for each bacterial strain at two different incubation time points (3 

and 6 hour). Cell monolayers without bacterial incubation were considered as a control 

group. TEER was immediately measured after inoculation of Caco-2 and HT29-MTX 

with viable F. prausnitzii, B. faecis, and R. intestinalis. As shown in Figure 10 A-F, 

when differentiated Caco-2 and HT29-MTX cells were exposed to a low MOI of 100:1, 
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the TEER values after 3 and 6 hours of co-incubation did not differ significantly 

compared to the control. At a higher MOI of 1000:1, the TEER value of Caco-2 cells 

incubated with F. prausnitzii, B. faecis, and R. intestinalis showed a significant increase 

with corresponding values of 24.7%, 14.3% and 18.3% after 6 hours of incubation, 

respectively. For HT29-MTX, parallel outcomes were observed. After a 3-hour co-

incubation with F. prausnitzii, B. faecis, and R. intestinalis, an elevation in TEER was 

evident, reaching values of 29.4%, 23.4%, and 10% compared to the control in the 6-

hour incubation experiment, respectively. Nevertheless, the changes in TEER induced 

by R. intestinalis treatment did not achieve statistical significance. These experiments 

collectively highlight a time-dependent positive impact, primarily attributed to F. 

prausnitzii and B. faecis, on the TEER of polarized epithelial cells. The effects were 

more pronounced after a 6-hour incubation period. Notably, the MOI of 1000:1 emerged 

as the most efficient ratio, with higher bacterial numbers per cell failing to yield further 

enhancements in the results. 
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Figure 10. Effect of the commensal bacteria on the transepithelial electrical resistance 

(TEER) of differentiated Caco-2 and HT29-MTX cell monolayers. 

(A, B, C) TEER value of Caco-2 after incubation with the commensal at three different MOI. 

(D, E, F) TEER value of HT29-MTX after incubation with the commensal at three different 

MOI. Results are represented as the means ±SD (n ≥ 5). Data were analyzed with the Mann–

Whitney-U test, *P <0.05, **P <0.01, ***P < 0.001 vs control. 
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4.6 Effects of commensal bacteria on inflamed intestinal epithelial cell function 

In this phase of experiments, our investigation delved into understanding the impact of 

three bacterial species on inflamed epithelial cell monolayers, with a primary goal of 

assessing whether these commensal species could contribute to the healing and recovery 

of stressed and damaged cell monolayers. The experimental protocol began with the 

treatment of intact monolayers using a cytomix + LPS cocktail, as detailed in Section 

3.2.20. Subsequent to this treatment, damage was quantified through TEER 

measurements. Following the initial damage assessment, we introduced F. prausnitzii, 

B. faecis, and R. intestinalis at MOIs of 1000:1 and 10000:1. The TEER values were 

recorded at 3 and 6 hours after bacterial inoculation. As shown in Figure 11 A-H, the 

untreated monolayer (control) consistently maintained their TEER level over the course 

of the experiment in the anaerobic chamber. Conversely, the treated monolayer, 

subjected to cytomix + LPS stimulation, exhibited a substantial reduction in the 

resistance of Caco-2 cells by 48.75% after 48 hours and HT29-MTX cells by 56.25% 

after 10 hours compared to untreated controls. Notably, cells stimulated with the 

cytomix + LPS cocktail did not display an increase in the TEER value after transitioning 

to fresh medium without inflammatory cytokines, strongly suggesting a lack of 

spontaneous recovery in monolayer TJ function. Further observations revealed that both 

monolayer cell lines stimulated with cytomix + LPS exhibited a significant increase in 

TEER value after 3 hours of incubation with F. prausnitzii, B. faecis, and R. intestinalis 

at MOIs of 1000 and 10000. This effect was sustained at 6 hours post-incubation. 

Treatment of cell monolayers with the bacterial three-species mixture (MOI 1000:1) 

significantly restored cytomix + LPS-induced barrier disruption at both time points 

(HT29-MTX 34.0±24.3% and Caco-2 35.0±11.55%) compared to cytomix + LPS-

challenged epithelia in the absence of bacteria. 

These results collectively highlight that all three bacterial species, individually and in 

combination, have the potental to mitigate disruption of the epithelial barrier function 

induced by inflammatory cytokines and LPS in both Caco-2 and HT29-MTX cell lines. 
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Figure 11. Effect of F. prausnitzii, B. faecis, and R. intestinalis individually and in  combination on TEER in inflamed epithelial barrier. The effect of 

F. prausnitzii, B. faecis, and R. intestinalis individually and in combination on TEER in inflamed Caco-2 (A-D) and HT29-MTX (E-H) cell monolayers were 

investigated. Data are presented as means ± SD (n ≥ 5). *P < 0.05) cytomix + LPS compared to control and #P < 0.05 treated groups compared to cytomix + 

LPS, as determined by Mann–Whitney U test. 
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4.7 The paracellular permeability of epithelial cell monolayers 

In examining changes in paracellular permeability, we employed FITC-dextran (FD-4) 

diffusion as a widely accepted indicator for monitoring and quantifying these processes. 

The measurement of FD-4 flux provided insights into the protective effect of bacteria 

on epithelial monolayer integrity (Figure 12 A, B). Consistent with TEER values, Caco-

2 and HT29-MTX cell monolayers subjected to cytomix + LPS exhibited a substantial 

increase in FD-4 diffusion and flux (3 and 5-fold, respectively) compared to controls. 

This confirmed severe barrier damage following pro-inflammatory treatment. Inflamed 

and damaged HT29-MTX cells displayed a significant reduction in FT-4 flux after 

single-species incubation with F. prausnitzii (65.34±22.35%), B. faecis (65.04±2.61%), 

and R. intestinalis (55.79±2.87%) compared to cytomix + LPS-stimulated cells without 

bacterial treatment. A similar trend was observed in Caco-2 cell monolayers. The 

inflammatory cytokine and LPS mixture elevated the paracellular flux of 4-KDa FITC-

dextran, and this increase in permeability was significantly restored by F. prausnitzii 

treatment at both 1000:1 and 10000:1 MOIs (55.48±23.51% and 42.41±18.90%, 

respectively). Furthermore, B. faecis treatment of inflamed and damaged Caco-2 cells 

led to a significant reduction in barrier permeability by 48.38±24.81% and 

49.47±13.90%, for MOIs of 1000:1 and 10000:1, respectively. Additionally, a 

significant decrease in paracellular permeability was observed in cells incubated with 

R. intestinalis, relative to stimulated cells without bacterial incubation (MOI 1000:1 = 

32.63±11.40% & MOI 10000:1 = 38.46±12.40%). Co-administration of viable F. 

prausnitzii, B. faecis, and R. intestinalis as a mixture significantly attenuated the 

increase in paracellular FITC-dextran transport induced by the inflammatory stimuli 

treatment in both Caco-2 (MOI 1000:1 = 48.46±29.10% & MOI 10000:1 = 

41.45±27.10%) and HT29-MTX (MOI 1000:1 = 38.40±93.5.10% & MOI 10000:1 = 

32.27±34.85%) cell monolayers compared to the appropriate controls without bacterial 

presence. Therefore, beyond the positive effects observed on TEER, these bacterial 

species demonstrate significant beneficial recovery effects on paracellular leakage 

induced by inflammation. 

 

 

 

 



Result 
 

57 

 

 

 
 

Figure 12. Effect of F. prausnitzii, B. faecis and R. intestinalis on paracellular permeability.  

Paracellular permeability was determined by the flux of FITC–dextran through the differentiated 

Caco-2 (A) and HT29-MTX (B) cell monolayers. Cell monolayers were incubated with cytomix 

+ LPS followed by 6 h incubation with bacteria individually and in combination, the flux of 

FITC–dextran was measured. The control group received culture media. Data are presented as 

the means ± SD (n = 4). ***P < 0.001 cytomix+LPS group compared to control group and #P < 

0.05, ##P < 0.01 treated groups compared to cytomix+LPS group, as determined by the Mann–

Whitney U test. 
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4.8 Bacterial effects on host cell cytokine secretion 

In the subsequent experimental phase, our focus shifted towards assessing whether the 

three commensal bacterial strains exerted a protective effect on cells by influencing the 

secretion of inflammatory mediators. Following a 6-hour co-culture of cytomix + LPS 

stimulated Caco-2 and HT29-MTX cells with live F. prausnitzii, B. faecis, and R. 

intestinalis (at MOIs 1000:1 and 10000:1), we quantified the inflammatory chemokines 

IL-8 and MCP-1 in the supernatant of both cell lines using ELISA. Our findings, 

illustrated in Figure 13 A-D, revealed that stimulation of both cell lines with the cytomix 

+ LPS cocktail led to a significant increase in the production of IL-8 and MCP-1 

compared to non-stimulated control cultures (****P ≤ 0.0001). Interestingly, treatment 

of Caco-2 monolayers with all three bacterial species resulted in a noteworthy decrease 

in the levels of both chemokines in the basolateral media at both MOIs (####P ≤ 0.0001) 

(Figure 13 A, B).  However, while there were low levels of MCP-1 secretion in HT29-

MTX supernatants co-incubated with all three species, statistical significance was not 

achieved for treatment with F. prausnitzii (MOI 1000:1, P < 0.0921 and MOI 10000:1) 

and B. faecis (MOI 1000:1) (Figure 13 C). Additionally, the IL-8 secretion levels in 

HT29-MTX cells co-incubated with the three bacterial species showed a substantial 

approximately 3.5-fold reduction compared to cytomix + LPS-stimulated cell 

monolayers. Furthermore, simultaneous treatment of both cell lines with the three 

bacterial species resulted in a significant decrease in the detection levels of both IL-8 

and MCP-1. However, it is noteworthy that the reduction in MCP-1 levels in HT29-

MTX cells was not statistically significant. These findings suggest that the tested 

bacterial species significantly reducing the elevated levels of pro-inflammatory 

chemokines induced by pro-inflammatory stimuli. This indicates their 

immunomodulatory potential by which they protect the monolayers from further 

damage. 
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Figure 13. IL-8 and MCP-1 secretion by differentiated Caco-2 and HT29-MTX cells 

expose to inflammatory cytokine and LPS. 

Epithelial cell monolayers were treated with cytomix + LPS following incubation with bacteria 

individually or in a mixture for 6 hours. The control group received culture medium. Culture 

media sample was collected from the basal compartment. The concentration of IL-8 and MCP-

1 secreted by Caco-2 (A-B) and HT29-MTX (C-D) cells were measured by enzyme-linked 

immunosorbent assay. **P < 0.01, ****P < 0.0001 compared to control, #P < 0.05, ###P < 0.001, 
####P < 0.0001, compared to cytomix + LPS, as determined by One-way ANOVA and presented 

as means ±SD (n=3).  
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4.9 Immunofluorescence microscopic localization of tight junction proteins 

In our investigation, we assess the expression and localization of tight junction proteins 

through immunofluorescence staining. As shown in Figure 14 A, B in control samples 

from both epithelial cell lines, the occludin staining showed a characteristic localization 

at areas of cell contact, forming a discernible cobblestone pattern. However, the 

introduction of the pro-inflammatory cytokine + LPS cocktail led to a notable shift in 

occludin localization, moving away from the cell surface and causing a reduction in the 

immunofluorescence signal an indication of tight junction disruption. The intriguing 

aspect arises when we consider the subsequent incubation of cytomix + LPS-stimulated 

monolayers with F. prausnitzii, B. faecis, and R. intestinalis, either individually or in 

combination. This intervention effectively restored occludin localization to the areas of 

cell contact (Figure 14 A, B). Notably, occludin expression in HT29-MTX cells was 

notably reduced, hinting at potential effects on its synthesis. 

A parallel phenomenon was observed concerning claudin-2 expression. Stimulation 

with the cytomix + LPS cocktail resulted in an upregulation of claudin-2 expression in 

both epithelial cell lines, in contrast to control cells. However, the treatment with all 

three bacterial species in inflamed Caco-2 and HT29-MTX cells successfully mitigated 

the heightened expression of claudin-2 induced by the inflammatory cytokine and LPS 

(Figure 15 A, B). This set of results underscores a significant observation - the function 

of intestinal epithelial tight junctions was compromised upon stimulation with the 

inflammatory cocktail. However, the intervention with all three bacterial species, either 

individually or in combination, demonstrated the remarkable ability to partially restore 

this disrupted phenotypic state. This finding suggests opportunities to investigate the 

intricate relationship between beneficial bacteria and the preservation of the intestinal 

barrier's integrity during inflammatory situations. 
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Figure 14. Immunofluorescence localization of the tight junction protein occludin in Caco-

2 and HT29-MTX epithelial cells. 

Differentiated Caco-2 (A) and HT29-MTX (B) cells were subjected to three conditions: growth 

media (Control), cytomix + LPS, and exposure to the tested commensal bacteria. Subsequently, 

cell monolayers were stained using anti-occludin antibodies (green) and Hoechst (blue) and 

visualized through confocal microscopy. The images were captured at 40x magnification, and 

the scale bar represents 20µm.

A) Caco-2 

B) HT29-MTX  
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Figure 15. Immunofluorescence localization of the tight junction proteins claudin-2 in 

Caco-2 and HT29-MTX epithelial cells.  

Differentiated Caco-2 (A) and HT29-MTX (B) cells were subjected to three conditions: growth 

media (Control), cytomix + LPS, and exposure to the tested commensal bacteria. Subsequently, 

cell monolayers were stained using anti-claudin-2 antibodies (green) and Hoechst (blue) and 

visualized through confocal microscopy. The images were captured at 40x magnification, and 

the scale bar represents 20µm. 

  

B) HT29- MTX 

A) Caco-2 
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4.10 Effects of bacteria on tight junction protein expression in epithelial cell 

monolayers 

To investigate whether the changes in paracellular permeability on epithelial cell 

monolayers following inflammatory cytomix+LPS cocktail and F. prausnitzii, B. faecis, 

and R. intestinalis treatments were associated with modifications in TJ protein 

expression, protein levels of the claudin-2 and occludin were quantified by Western Blot 

analysis. As shown in Figure 16 A Caco-2 cells, the stimulation with inflammatory 

cytokines and LPS led to a substantial decrease in occludin expression (0.55±0.14-fold) 

and a marked increase in claudin-2 expression (1.32±0.67-fold). This dysregulation 

hinted at a compromised tight junction structure, potentially contributing to increased 

paracellular permeability. The subsequent 6-hour incubation with F. prausnitzii, B. 

faecis, and R. intestinalis individually demonstrated their ability to attenuate the 

reduction in occludin levels (1.60±0.28-fold, 1.91±0.21-fold, and 1.31±0.44-fold, 

respectively). These findings imply a protective role of the bacterial species in 

preserving the integrity of tight junctions against inflammatory insults. Similarly, 

claudin-2 expression was downregulated by the bacterial treatments (F. prausnitzii: 

0.50±0.22-fold, B. faecis: 0.53±0.35-fold, and R. intestinalis: 0.32±0.22-fold), further 

supporting their potential in mitigating inflammatory-induced disruptions. The co-

administration of the three bacterial species as a mixture significantly increased occludin 

levels (P < 0.05), suggesting a cooperative effect in restoring tight junction integrity in 

Caco-2 cells. 

In HT29-MTX cells, exposure to inflammatory cytokines and LPS prompted a 

noteworthy decrease in occludin expression (0.58±0.13-fold), coupled with a notable 

increase in claudin-2 levels (0.75±0.18-fold) (Figure 16 B). This alteration indicated a 

disturbance in tight junction integrity, potentially compromising the epithelial barrier 

function. Subsequent incubation with F. prausnitzii, B. faecis, and R. intestinalis 

individually demonstrated a restorative effect on occludin levels (1.91±0.21-fold, 

1.31±0.44-fold, and 1.45±0.20-fold, respectively), as illustrated in Figure 16B, 

suggesting their potential in mitigating the impact of inflammatory stimuli on tight 

junction proteins. While the increases in occludin levels induced by R. intestinalis and 

B. faecis were not statistically significant, the combined administration of the three 

bacterial species significantly elevated occludin levels (P ≤ 0.05), as indicated in Figure 

16B, emphasizing a synergistic effect. In summary, the observed effects on tight 
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junction protein expression in both HT29-MTX and Caco-2 cells indicate the potential 

of F. prausnitzii, B. faecis, and R. intestinalis to counteract the detrimental impact of 

inflammatory stimuli. This supports the hypothesis that these commensal bacteria 

possess protective properties, contributing to the maintenance of epithelial barrier 

function in the face of inflammatory challenges.  
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Figure 16. Western blot analysis of claudin-2 and occludin expression after treatment 

with F. prausnitzii, B. faecis, and R. intestinalis, alone and in combination.  

Caco-2 and HT29-MTX cells were grown for 21 days and exposed to cytomix + LPS and the 

tested commensal bacteria individually and in mixture. The cell lysates were used for 

immunoblotting for claudin-2, occludin, and β-actin. The diagrams show quantification of the 

intensity of bands, normalized to the intensity of the β-actin bands. All data represent the 

results of three different experiments (mean ± SD). *P < 0.05, **P < 0.01 compared to control 

group. #P < 0.05, ##P < 0.01, ###P < 0.001 compared to cytomix+LPS group, as determined by 

one-way ANOVA.
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4.11 The effects of the commensal bacteria on acute colonic inflammation in 

mice 

A mouse model of UC was used to investigate the effects of the three commensal 

bacterial species individually and in combination on acute colitis development. The 

mice drinking water was supplemented with 3.5% DSS for seven days. Disease 

progression in mice was assessed using classic colitis symptoms, such as weight loss, 

hematochezia, and diarrhea. Mice treated with DSS exhibited progressive weight loss 

compared to control mice which reached almost 10% of the initial body weight on 

last day of experiment. However, in the groups treated with F. prausnitzii, B. faecis, 

and R. intestinalis and the mixture of all three bacterial species, there was a 

significant reduction in weight loss at 109 CFU/100  (P = 0.002, P = 0.006, P = 0.636 

and P = 0.040, respectively) and 1010 CFU (P = 0.009, P = 0.586, P = 0.001 and P = 

0.003, respectively) relative to the DSS group (Figure 17 A). The results of the 

commensal bacteria treatment groups were comparable to those of mesalazine, which 

also significantly prevented weight loss following DSS administration. Moreover, B. 

faecis administration at 1010 CFU led to an increase in body weight on day 3 of the 

experiment, even under DSS treatment, and generally kept the body weight close to 

the values of the untreated control group. As demonstrated in Figure 17B-E, exposure 

to DSS significantly increased the DAI score of the DSS group, reaching a maximum 

at the end of the experiment (9.36 ± 1.80, P <0,0001). However, the DAI scores of 

mice treated with mesalazine, F. prausnitzii, R. intestinalis, B. faecis, and the mixture 

at both doses were significantly reduced (6.00 ± 2.10, 4.54 ± 1.92, 3.36 ± 0.64, 6.45 

± 2.90, 4.18 ± 0.93 at 109 CFU and 4.81± 1.79, 5.18 ± 1.58, 4.72 ± 2.21, 4.81 ± 2.24 

at 1010 CFU, respectively) compared to those of the DSS group. Colon length serves 

as an established marker for assessing colonic tissue inflammation induced by 

dextran sulfate sodium (DSS). Moreover, as shown in Figure 17 G the colon length 

in the DSS group was significantly reduced relative to that in the control group (6.41 

± 0.36 cm vs. 8.70 ± 1.0 cm, P < 0.001). Of note, DSS mice treated with bacteria 

(individually and in combination) exhibited longer colon lengths than DSS-treated 

mice at 109 CFU (F. prausnitzii: 7.49 ± 0.47 cm, P = 0.006; R. intestinalis: 7.25 ± 

071 cm, P = 0.056; B. faecis: 7.10±0.51 cm, P = 0.179; and mixture: 7.50 ± 0.45 cm, 

P = 0.190) and at 1010 CFU (F. prausnitzii: 7.40 ± 0.56 cm, P = 0.014; R. intestinalis: 
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7.23 ± 1.16 cm, P = 0.065; B. faecis: 7.16 ± 0.76 cm, P = 0.254; and mixture: 8.00 ± 

0.50 cm, P = 0.007). The mesalazine treatment in DSS animals exhibited comparable 

efficacy to all bacterial interventions.
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 A 
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B 
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F G 

Figure 17. Impact of F. prausnitzii, B. faecis, and R. 

intestinalis on DSS-induced colitis. 

(A) The body weight of mice was evaluated throughout 

the experiment, and the values are expressed as the 

percentage change from the initial value measured 

before DSS administration (n=11/per group). (B-E) 

The disease activity index was evaluated at the end of 

the experiment.  

(F) colon lengths were evaluated at the end of the 

experiment. (G) Representative pictures of colons 

from mice of each treatment group. The terms 10E9 

and 10E10 refere to CFUs of 109 and 1010 , 

respectively. Graphs show the mean ± SEM. Statistical 

analysis was performed with two-way ANOVA for 

multiple comparison followed by the Dunnett test for 

comparison of the untreated control group versus the 

DSS group (**P <0.01,***P < 0.001, ****P < 0.0001) 

and the mesalazine- and bacterial species-treated 

groups versus the DSS group (# P <0.05, ##P < 0.01, 
###P < 0.001). 
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4.12 Myeloperoxidase activity assay 

As a next step neutrophil infiltration in colonic tissue was assessed by quantifying 

the level of myeloperoxidase (MPO). As shown in Figure 18, the MPO activity 

increased nearly 22-fold compared to control mice (p<0.001), which was markedly 

reduced by the treatment with mesalazine (32.0 ± 1.92 U/mg), F. prausnitzii (26.4 ± 

2.15 & 26.4 ± 2.15 U/mg at 109 CFU/ml and 1010 CFU/ml, respectively), R. 

intestinalis (17.2 ± 1.62 and 18.4 ± 1.16 U/mg at 109 CFU/ml and 1010 CFU/ml, 

respectively), B. faecis (23.2 ± 1.64 and 24.3 ± 1.43 U/mg at 109 CFU/ml and 1010 

CFU/ml, respectively) and the bacterial mixture (17.1 ± 0.97 and 20.6 ± 2.01 U/mg 

at 109 CFU/ml and 1010 CFU/ml, respectively). This result revealed a positive 

correlation with histopathologic features and suggested that compared to mesalazine 

treatment, the three tested commensal bacterial species individually and in 

combination can equally relieve the symptoms of experimental colitis by decreasing 

the infiltration of neutrophils.  
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Figure 18. Effect of F. prausnitzii, B. faecis, and R. intestinalis on MPO activity.  

The level of MPO in colonic tissue from mice with DSS-induced colitis was measured by 

ELISA. Data are presented as the mean ± SEM. The terms 10E9 and 10E10 refere to CFUs 

of 109 and 1010, respectively. Statistical analysis was performed with one-way ANOVA for 

comparison of the control group versus the DSS group (****P < 0.0001) and the mesalazine- 

and bacterial species-treated groups versus the DSS group (# P <0.05, ##P < 0.01, ###P < 

0.001). 

 

4.13 Histological analysis 

The histological and morphological changes in the colon of all groups were 

subsequently examined by Hematoxylin and eosin (H&E) staining (Figure 19 A, B). 

The colon structure was intact and the mucosa with the crypt was physiologically 

distinct without sign of inflammation in the control group animals. However, the 

colon of DSS mice exhibited superficial ulcerations, loss of goblet cells, neutrophil 

infiltration, and extensive epithelial and goblet cell damage, resulting in an overall 

histological score of 11.50± 3.21 (P <0.0001). In contrast, relative to that of DSS-

treated mice, the colon tissue of DSS mice treated with mesalazine, F. prausnitzii, R. 

intestinalis, and B. faecis separately and in combination at both CFUs revealed 

significantly less loss of goblet cells, less distortion of the crypt, and decreased 

neutrophil infiltration in the colonic mucosa. This resulted in a lower histological 
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damage score (7.20 ± 3.61, 6,55 ± 3.37, 2.27 ± 1.68, 5.27 ± 5.68, 5.45 ± 2.30, 

respectively, at 109 CFU, and 4.82± 6.24, 6.18 ± 4.83, 9.27 ± 4.03, 5.55 ± 3.93, 

respectively, at 1010 CFU). Concerning the attenuation of severe histological damage, 

mesalazine was less efficient than nearly all the bacterial treatments. Additionally, 

Alcian blue staining was performed to determine the number of goblet cells (Figure 

19 C). The oral administration of all three bacterial species individually and in 

combination markedly attenuated the depletion of goblet cells. Collectively, these 

results proved the efficacy of all three commensal bacterial species (both individually 

and in combination) in attenuating clinical symptoms in mice with DSS-induced 

colitis. Moreover, application of the commensal bacterial species outperformed 

mesalazine therapy in alleviating and healing all evaluated types of histological 

damage. 
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Figure 19. Impact of F. prausnitzii, B. faecis, and R. intestinalis on histopathological 

features and goblet cells of DSS-induced colitis mice. 

(A) Representative images of H&E staining of colon tissues. (B) Histological scores based 

on H&E-stained sections per mouse (n = 11). The terms 10E9 and 10E10 refere to CFUs of 

109 and 1010, respectively. (C) Representative images of alcian blue staining of colon tissues. 

Graphs show the mean ± SEM. Statistical analysis was performed with two-way ANOVA 

for multiple comparison followed by the Dunnett test for comparison of the untreated control 

group versus the DSS group (**P <0.01, (***P < 0.001, ****P < 0.0001) and the 

mesalazine- and bacterial species-treated groups versus the DSS group (# P <0.05, ##P < 0.01, 
###P < 0.001). 
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4.14 Intestinal barrier function in DSS-induced colitis mice  

Increased intestinal permeability is linked to intestinal barrier dysfunction. In animal 

models of colitis and human IBD, TJ protein expression has been shown to play a 

vital role in the development of intestinal inflammation. Therefore, we determined 

whether the administration of F. prausnitzii, R. intestinalis, and B. faecis individually 

and in combination can protect the intestinal barrier against damage induced by DSS. 

FITC-dextran was administered by gavage, and the intensity of fluorescence in the 

serum was measured 4 hours later. As shown in Figure 20, the level of FITC-dextran 

in the serum of mice with DSS-induced colitis was significantly increased compared 

to that in the control mice (P <0.001). In addition, F. prausnitzii, R. intestinalis, B. 

faecis and the mixture treatment induced significant reductions in FITC-dextran 

levels in mouse plasma (P = 0.011, P = 0.037, P = 0.007, P = 0.001, respectively, at 

109 CFU) and (P = 0.018, P = 0.006, P = 0.037, P = 0.027, respectively, at 1010 CFU). 

Of note, the commensal bacterial treatments had positive protective effects 

comparable to those of the standard mesalazine therapy in our DSS mouse model. 
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Figure 20. Levels of FITC dextran in the serum of mice with DSS induced colitis. 

Administered FITC-dextran were measured as an indicator of intestinal permeability (n=6-

10/animal per group). The terms 10E9 and 10E10 refere to CFUs of 109 and 1010, 

respectively. Data are presented as the mean ± SEM. Statistical analysis was performed with 

one-way ANOVA for multiple comparison followed by the Dunnett test for comparison of 

the untreated control group versus the DSS group (*P <0.05, ****P < 0.0001) and the 

mesalazine- and bacterial species-treated groups versus the DSS group (# P <0.05, ##P < 

0.01).  
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4.15 Tight junction protein expression in acute DSS-induced colitis 

An investigation was conducted to assess the potential correlation between shifts in 

intestinal permeability induced by DSS and bacterial species treatments and 

modifications in the expression of tight junction proteins. The protein levels of 

occludin, E-cadherin, and claudin-2 were examined by Western blotting and 

immunohistochemistry. As indicated in Figure 21 A-D, the expression levels of 

colonic E-cadherin and occludin decreased in the DSS induced colitis group 

compared to the control group (P = 0.042 and P = 0.461). However, administration 

of mesalazine, F. prausnitzii, B. faecis, R. intestinalis, and the mixture protected mice 

against the loss of occludin expression (by 14.26-fold ± 0.67, 15.62-fold ± 0.9, 8.98-

fold ± 1.33, 10.43-fold ± 1.16, and 12.68-fold ± 0.67, respectively) and the loss of E-

cadherin expression (by 3.66-fold ± 0.64, 4.79-fold ± 0.97, 5.49-fold ± 0.60, 6.30-

fold ± 0.85, and 4.09-fold ± 0.70, respectively). Furthermore, claudin-2 protein 

expression levels were markedly increased (by 1.32-fold ± 0.36, P = 0.461) in the 

DSS group compared to the control group. Following the administration of F. 

prausnitzii, B. faecis, and R. intestinalis individually and in combination, a 

significant decrease in claudin-2 expression was noted, with corresponding decreases 

of 0.60-fold ± 0.21, 0.41-fold ± 0.14, 0.60-fold ± 0.27, 0.35-fold ± 0.11, and 0.43-

fold ± 0.2, respectively, compared to the DSS group. Overall, some of the commensal 

bacterial treatments showed stronger protective effects than the mesalazine standard 

therapy. Supporting the TJ protein Western blot results, immunohistochemistry 

experiments (Figure 22) also showed that the substantial decrease in occludin and E-

cadherin protein levels was prevented in mice treated with the bacterial species. 

Moreover, compared to DSS treatment alone, administration of all three bacterial 

species alleviated the altered expression of claudin-2 in the cell membrane and 

cytoplasm of enterocytes and glandular epithelial cells. These findings suggested that 

the three tested commensal bacterial species individually and in combination could 

ameliorate the disruption of intestinal barrier function in DSS-treated mice by 

reducing intestinal epithelial permeability and preventing the loss of tight junction 

proteins.  
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Figure 21. Effect of F. prausnitzii, B. faecis, and R. intestinalis alone and in combination 

on epithelial tight junction protein expression.  

Homogenates of colon tissue were analyzed by western blotting to detect the expression 

levels of tight junction proteins. (A) Representative blots from 2 samples from three 

independent experiments are shown, and β-actin was used as a loading control. The levels of 

(B) E-cadherin, (C) occludin, and (D) claudin-2 expression were subsequently quantified.  

Statistical analysis was performed with one-way ANOVA for multiple comparison followed 

by the Dunnett test for comparison of the untreated control group versus the DSS group (*P 

<0.05) and the mesalazine- and bacterial species-treated groups versus the DSS group (#P 

<0.05, ##P < 0.01, ###P < 0.001). 
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Figure 22. Immunohistochemically staining of tight junction proteins. 

Immunohistochemical expression patterns of the E-cadherin, occludin and claudin-2 proteins in colon tissue. Magnification: 20 ×, scale bar: 

50 µm.  
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4.16 Cytokine levels in colonic tissue in acute DSS-induced colitis 

Infiltration of inflammatory cells in the colon increases mucosal production of 

cytokines. Pro-inflammatory cytokines play a crucial role in the progression of DSS-

induced colitis. We measured Th1, Th2, and Th17-type cytokine in distal colon tissue 

to investigate the effectiveness of the three commensal bacterial species individually 

and in combination in alleviating colitis by modulating the secretion of inflammatory 

mediators. As shown in Figure 23 A-H, the levels of Th1-type (IFN-γ), Th2-type (IL-

13), and Th17-type (TNF-α, IL-6, IL-17A, IL17F, and IL-22) cytokines were 

significantly enhanced only in DSS treated animals in comparison with the control 

group. The colon tissue from mice treated with either a single species or the 

combination of all three species at both CFUs significantly reduced the levels of IFN-

γ, IL-13, TNF-α, IL-6, 17A, 17F, and IL-22 compared with the DSS group mice. In 

contrast, the Th2-type anti-inflammatory cytokine IL-10 secretion slightly increased 

in the bacteria treated groups compared with the DSS mice (Figure 23 E). Notably, 

this increase was statistically significant in the groups treated with F. prausnitzii and 

R. intestinalis in both CFU level.  Mesalazine was exclusively superior to all bacterial 

treatments in the reduction of IL-13 levels (Figure 23 H). These findings suggested 

that oral administration of all three tested commensal bacteria individually and in 

combination at both CFUs attenuates the development of colonic inflammation in the 

DSS-induced colitis model via changes in Th1-type, Th2-type, and Th17-type 

cytokine secretion. Moreover, the bacterial treatment regimen was comparable to 

mesalazine treatment in reducing cytokine levels.
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Figure 23. Regulation of the innate immune response in the colon by F. prausnitzii, B. 

faecis, and R. intestinalis. 

The expression levels of the cytokines IFN-γ, TNF-α, IL-6, IL-17F, IL17A, IL-22 IL-13, and 

IL-10 in colon tissue were detected by multiplex ELISA. Data are shown as the means ± 

SEMs (n=11). The terms 10E9 and 10E10 refere to CFUs of 109 and 1010, respectively. 

Statistical analysis was performed with one-way ANOVA followed by the Dunnet test for 

comparison of the untreated control group versus the DSS group (**P < 0.01, ***P < 0.001) 

and the mesalazine- and bacterial species-treated groups versus the DSS group (#P <0.05, 

##P < 0.01, ###P < 0.001). 
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4.17 Treg percentages in mice with DSS-induced colitis  

Regulatory T cells (Tregs) are a distinct subset of helper T cells that play a pivotal 

role in immune homeostasis and peripheral tolerance. Dysregulation of Treg function 

leads to the development of inflammatory disorders, including IBD (132). To 

examine the effects of mesalazine and the selected bacterial species individually and 

in combination on Treg subset abundance in mice with DSS-induced colitis, we 

isolated cells from the spleens of BALB/C mice. The isolated cells were stained with 

fluorochrome-conjugated mAbs against the CD4,CD25, and Foxp3 markers before 

analysis by flow cytometry. As shown in Figure 24 A, B, co-administration of all 

three bacterial species significantly elevated the percentage of CD4+CD25+Foxp3+ 

T cells at 109 CFU (15.90 ± 1.80) and 1010 CFU (14.91 ± 2.89) compared to DSS 

treated group. Moreover, the expression level of CD4+CD25+Foxp3+T cell 

population increased in the groups treated with F. prausnitzii, B. faecis, and R. 

intestinalis individually;  however, the observed increase did not reach statistical 

significance. These findings suggest that a combination of all tested commensal 

bacteria has a protective effect against acute DSS-induced colitis, which could partly 

be mediated by an increase in Treg percentages. Mesalazine therapy was comparable 

to the bacterial mixture in terms of Treg modulation. 
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Figure 24. F. prausnitzii, B. faecis, and R. intestinalis alone and in combination expand 

the Treg population in mice with experimental colitis.  

The mice were sacrificed, and their spleens were isolated. To detect Tregs, the spleens were 

stained with anti-mouse CD4, CD25, and Foxp3 mAbs. Treg percentages were analyzed by 

FACS. (A) Representative dot plots from spleen. (B) The percentage of Treg cell population. 

Data are shown as the means ± SEMs (n=11). Statistical analysis was performed by the 

Mann‒Whitney U test versus the DSS group (###P < 0.001). 
 

A 

B 



Result 
 

82 

 

4.18 Influence of bacteria treatments on the gut microbiome composition 

Considering safety and the potential for disruption and dysbiosis in the gut 

microbiome with oral treatment of mesalazine and high doses of commensal gut 

microbial species in DSS-treated mice, we conducted a microbiome analysis at the 

experiment's endpoint. The results revealed a substantial reduction in bacterial 

community richness in the DSS group compared to the control group (P < 0.0001) 

(Figure 25 A). The groups treated with mesalazine and the eight bacterial treatments 

did not exhibit notable variations in richness when compared to the DSS group.  

The analysis identified a total of 16 phyla, with Bacteroidota and Firmicutes 

collectively representing around 90% of the fecal microbiome in the experiment 

(Figure 25 B). At the phylum level, the administration of R. intestinalis (1010 CFU) 

and B. faecis resulted in a reduction in the proportion of Proteobacteria, like the 

observed effect in the mesalazine-treated group.  

At the genus level, we observed 231 bacterial genera. The majority of the 15 most 

abundant genera were typical fecal commensals with similar abundances across all 

treatment groups. Of note is the higher abundance of Pelomonas and 

Methylobacterium in all bacterial treatment groups and the mesalazine group 

compared to the DSS group. Treatment with F. prausnitzii, the bacterial mixture 

(1010 CFU) and mesalazine slightly increased the abundance of Lactobacillus. 

Furthermore, the abundance of Escherichia-Shigella was decreased in all bacterial 

treatment groups and the mesalazine group (Figure 25 C). As a final observation 

regarding the microbiome data, we could not detect the presence of F. prausnitzii, R. 

intestinalis, or B. faecis in the bacterial treatment groups, suggesting that the 

microbiome was nearly unaltered, and that the bacterial species used for treatment 

were present only transiently.
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Figure 25. Alterations of the fecal microbiome due to DSS and bacterial treatments. 

(A) Number of distinct Operational Taxonomic Units (OTUs) observed in the different treatment 

groups. (B) Phyla found in the fecal microbiome with at least 1 % relative abundance. (C) Top 15 

genera by overall relative abundance found in the eleven treatment groups. The terms 10E9 and 

10E10 refere to CFUs of 109 and 1010, respectively.   
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5 Discussion 

5.1 The influence of commensal bacteria on intestinal inflammation in vitro 

The human gastrointestinal tract is home to a large number of microorganisms, 

collectively known as the gut microbiota. These microorganisms play crucial roles in the 

regulation of various host physiological functions, including immune modulation, 

metabolism, and gut barrier integrity. Commensal bacteria, which are non-pathogenic 

bacteria that coexist with their host, are known to provide protective effects against 

pathogenic microbes and maintain a healthy gut microbiota. Therefore, there has been 

significant interest in developing strategies to promote the growth and colonization of 

beneficial commensal bacteria within the gut. In this study, we investigated the barrier 

protection and recovery effects of three commensals, F. prausnitzii, B. faecis, and R. 

intestinalis, on differentiated intestinal epithelial cells (IECs). For this purpose, it is 

necessary to elucidate the interaction between these commensal bacterial species and the 

cells of the gastrointestinal system. To this end, the conditions for co-culture experiments 

for both bacterial and eukaryotic cells were optimized.  

The centrifugation and resuspension of bacterial cells in a mammalian cell culture 

medium is a well-established approach in bacterial-mammalian cell co-culture research 

(133, 25, 134). Studies have shown that some species, such as E. coli, S. typhimurium, 

and Lactobacillus fructosus, are able to maintain equivalent viability in both mammalian 

and bacterial culture medium (134). However, in our experiment none of the three 

commensal bacteria demonstrated growth in the anaerobic mammalian cell culture 

medium DMEM for over 6 hours. This could be due to the inadequate concentration of 

essential nutrients and substrates in the DMEM medium for bacterial survival. The 

growth of the commensals may require the use of complex media. For instance, F. 

prausnitzii A2-165 did not grow without the addition of yeast extract to the bacterial 

culture medium, YCFAG (135). Additionally, iron is a crucial factor for bacterial growth, 

and its presence in adequate amounts is vital for the survival of microorganisms (136, 

135). Bacterial culture media commonly provide hemin as a source of iron, which is a 

more suitable iron source for commensals compared to ferric nitrate, the sole iron source 

in the cell culture medium. Our experimental results revealed that, while the use of 

complex media enriched with appropriate levels of nutrients and substrates is critical for 
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the cultivation of commensal bacteria in co-culture experiments, the tested commensal 

bacteria demonstrated normal growth behavior up to 6 hours of incubation in DMEM 

medium, albeit at a slower rate compared to that observed in bacterial medium.  

On the other hand, the TEER measurement of differentiated Caco-2 and HT29-MTX cells 

treated with supplemented YBHI media under anaerobic conditions showed a significant 

decline, reaching approximately 300 cm2. The TEER of differentiated epithelial cells has 

been reported to be within a range of 500 to 1100 cm2 (137). Hence, the TEER values of 

Caco-2 and HT29-MTX cell monolayers treated with bacterial culture medium were 

lower than those of differentiated epithelial cells treated with pure cell culture medium. 

This suggests that the treatment of the cell monolayers with bacterial culture medium had 

an impact on the TEER values, which is an important measure of epithelial barrier 

function. Based on these findings, the choice of DMEM medium as the culture medium 

was deemed appropriate as it did not negatively affect the viability or barrier integrity of 

the Caco-2 and HT29-MTX cells and allowed for the growth of all three tested 

commensal species up to 6 hours of incubation. These results indicate that DMEM is a 

suitable choice for co-culture experiments with commensal bacteria and epithelial cells, 

as it provides a balance between supporting cell growth and maintaining cellular 

functionality. 

Adherence to the intestinal surface is a crucial characteristic of probiotics, which can be 

direct attachment to intestinal epithelial cells (IECs) or temporary colonization within the 

intestine (138). While there are a number of studies assessing the adhesion of probiotic 

bacteria quantitatively (139–141) to date only very few have investigated adhesion of 

these organisms from a mechanistic point of view. Most mechanistic studies on adhesion 

to IECs were performed for pathogenic bacteria such as enteropathogenic E. coli (EPEC), 

Salmonella enterica, Streptococcus salivarius, Yersinia enterocolitica, and Listeria 

monocytogenes (142–145). Nevertheless, a few in vitro studies have been performed to 

evaluate the species and strain-specific adherence of probiotics to IECs, utilizing model 

systems such as mono-cultures of Caco-2 cells (146), and HT29 (147), as well as co-

cultures of Caco-2:HT29-MTX cells (148). The results of these investigations suggest 

that the adherence of probiotics to IECs can be highly influenced by both the species and 

strain of the used probiotic (149). The adhesion capability of bacteria to intestinal 

epithelial cells promotes the residence time and affects the ability of probiotic strains to 

regulate the immune response. However, little is known, as to how the adhesion ability is 
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correlated with immunomodulation (150), there are indications that the adherence of 

some probiotic bacteria to the gastrointestinal mucosa might be essential to stimulate the 

host immune system (151). Many studies have used Caco-2 and mucus-secreting HT29-

MTX cell lines to assess the adhesion ability of putative probiotic strains (152). 

Lactobacillus spp  and Bifidobacterium spp are the most common probiotics, and their 

adhesion properties to intestinal epithelial cells have been studied extensively (153, 141). 

In the present study, the Caco-2 and HT29-MTX cell lines were selected to determine the 

adhesion behavior of F. prausnitzii, R. intestinalis, and B. faecis. All species showed 

adhesion to the used cell lines, however, the adhesion level of B. faecis and R. intestinalis 

were more pronounced to HT29-MTX cell line. These data correspond with the finding 

by Schillinger et al. (154), who showed that the adhesion of all probiotic strains varies 

among strains, though high adhesion rates to HT29-MTX compared to other cell lines 

were observed. Gopal et al. (155) used HT-29, Caco-2 and HT29-MTX cells to assess the 

adherence ability of two L. acidophilus and two L. rhamnosus strains and reported the 

higher affinity of bacteria to adhere to the latter cell line. Moreover, they hypothesized 

that this behavior might be due the physical entrapment of bacteria in the mucus layer 

rather than the higher association of this cell line for strains. In our study, F. 

prausnitzii exhibited similar adherence percentages to both the Caco-2 and HT29-MTX 

cell lines, with adhesion values of 1.51 ± 0.65 and 1.32 ± 0.94, respectively. This is in 

contrast to the findings of Martin et al. who reported no adherence of F. prausnitzii to 

HT-29 cell lines, but observed up to a 20% adhesion level (relative to Lactobacillus 

rhamnosus GG) when mucin was added to the HT-29 cell line (156).  

Bacterial adhesion is a complex process, affected by several factors such as nonspecific 

and specific interactions, which include hydrophobic interactions, cation-bridging, 

receptor–ligand binding (157), and also the environmental conditions (158). For instance, 

the adhesion of strain B. bifidum MIMBb75 to Caco-2 and HT29 cells, is depending on  

pH and the presence of sugars and bile salts (159). While adhesion might play an 

important role in establishing administered probiotic bacteria in the intestinal tract of the 

host, to date no direct correlation between the health-promoting properties of probiotics 

and their adhesion to IECs and/or mucus has been demonstrated. 
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Many intestinal inflammatory diseases, including IBD, have been associated with 

impaired intestinal barrier function (59). Intestinal barrier consists of a single epithelial 

cell layer and an intraepithelial tight junction (TJ) complex is considered to be the first 

line of defense against the hostile luminal environment (160).  

The barrier function and integrity depend on the regulation of interacellular tight 

junctions. TJ proteins such as claudins (CLDs), occludin, the zonula occludens (ZO), 

junctional adhesion molecule (JAM), and the adherence junction protein E-cadherin, are 

located at the apical-lateral membrane (161, 162). These proteins regulate the passage of 

solutes and macromolecules through the paracellular pathway, thereby playing a vital role 

in regulating intestinal barrier function (160). In principle, intestinal permeability reflects 

the state of the epithelial TJ (163). Dysregulation of intracellular TJs contributes to the 

uncontrolled translocation of microorganisms, pathogens, and antigens throughout the 

epithelium, resulting in an overactive mucosal immune response that subsequently leads 

to chronic inflammation, as in the case of IBD (30).  

In our study, we analyzed several parameters to examine the effect of F. prausnitzii, R. 

intestinalis, and B. faecis on integrity of epithelial cells. One way to measure the integrity 

of an epithelial layer is to measure its trans-epithelial electrical resistance (TEER). TEER 

is a measure of the electrical resistance across the epithelial layer, which is related to the 

tightness of the TJ complex. When the TJ complex is intact, the TEER is high, indicating 

low ion flux through the pore pathway regulated by the TJ complex. Conversely, when 

the TJ complex is disrupted, the TEER is low, indicating high ion flux. 

Our results show significant alterations in the expression of claudin-2 and occludin, as 

well as in TEER (a marker for tight junction integrity) and FITC dextran flux, induced by 

a pro-inflammatory cytokine cocktail and LPS treatment. This disturbance is attributed to 

an increased ion flux through the pore route regulated by the tight junction (TJ) complex. 

However, Intervention with F. prausnitzii, B. faecis, and R. intestinalis restored the 

expression of both TJ proteins, leading to an improvement in barrier function, as shown 

by TEER and FITC dextran experiments, along with immunofluorescence staining. These 

findings reveal that all three tested commensal species markedly enhanced cell-to-cell 

integrity. Our findings are consistent with the findings of previous studies which 

demonstrated that a high occludin expression and a decrease in the abundance of claudin-

2 are associated with increased TEER values following treatment with probiotic strains 

(164–168). These observations prompted us to hypothesize that increased occludin and 
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decreased claudin-2 expression may contribute to the ability of the commensal species to 

strengthen the epithelial barrier. Several recent research studies have explored the 

potential impact of commensal microbiota on the presence of tight junctions. In a study 

conducted by Karczewski et al. (166), L. plantarum was administered to human subjects 

for six hours. Following this, the authors collected biopsies of the duodenum and 

performed immunostaining on the tight junction proteins ZO-1 and occludin. The results 

indicated that abundance of both ZO-1 and occludin was increased in intestinal epithelial 

cells (IECs), suggesting that L. plantarum could potentially enhance the strength of TJs, 

reduce gut permeability, and improve barrier protection (166). 

A microbial metabolite might promote the expression of TJ proteins like claudins and 

occludin, increasing the amount of TJ strands and strengthening the seal between cells. 

Shimada et al. (169) investigated the potential benefits of indole, a quorum-sensing 

molecule found in commensal bacteria, on intestinal barrier function. They showed that 

germ-free (GF) mice, express fewer TJ-associated molecules. However, after indole 

treatment, GF mice regained higher mRNA expression of the same TJ molecules. This 

finding clearly shows that intestinal epithelium integrity is increased by indole, a product 

of commensal bacteria, by upregulating TJ molecules. Further, a study by Singh et 

al.(170) found that the TJ proteins ZO-1, claudin-4, and occludin are highly upregulated 

in an epithelial cell line after exposure to the microbial metabolite urolithin A, 

demonstrating the beneficial effects of commensal bacteria in enhancing barrier defense 

(170).  

Further, immunostaining and Western blot analysis were performed to validate the impact 

of the tested commensals on tight junction expression and localization. The findings 

indicated that the disruption of the epithelial barrier function was linked to the depletion 

and redistribution of the tight junction proteins occludin and claudin-2. This finding is in 

line with previous research which found that the expression of claudin isoforms, 

particularly claudin-2, have an impact on TEER and ion permeability. Claudin-2 induces 

channel formation within the TJ, and is mostly expressed in leaky epithelia like the 

proximal intestine (171). The influence on the expression of other TJ proteins not 

measured in this study may also be a possible mechanism of our commensal species as it 

is known from various probiotic strains that the enhancement of the intestinal barrier is 

mediated by the activation of several signaling pathways (MAPK, ERK), resulting in a 

reorganization and increase of TJ proteins (172–174).  
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The pathogenesis of IBD involves an imbalance between pro- and anti-inflammatory 

mediators produced by various immune and non-immune cells (175). In this study, we 

investigated the anti-inflammatory potential of three commensal species on pro-

inflammatory and LPS mixture stimulated Caco-2 and HT29-MTX cells. Our findings 

demonstrated that treatment with all tested commensal species significantly inhibited the 

secretion of IL-8 and MCP-1, two key pro-inflammatory mediators, reducing their values 

to basal levels. IL-8 is a chemokine that attracts neutrophils to sites of inflammation (176), 

while MCP-1 is a chemokine that attracts monocytes and T cells (177). The suppression 

of these pro-inflammatory cytokines by the tested commensal species implies their 

potential application as therapeutic agents for inflammatory bowel disease (IBD). These 

findings correspond with previous research on the immunosuppressive effects of 

commensal and probiotic bacteria. Earlier studies have shown that L. acidophilus and 

various strains of Bifidobacteria, Lactobacillus, and E. coli are also able to reduce the 

secretion of pro-inflammatory cytokines, such as MCP-1 and IL-8 (175, 178–180). 

Moreover, IL-8 production in IL-1β stimulated Caco-2 and TNF-α stimulated HT29 cells 

was reduced by F. prausnitzii supernatant (91, 181). R. intestinalis was able to increase 

the secretion of TGFβ in LPS-stimulated Caco-2 cells (182). 

Our study also demonstrates that commensal species have the potential to enhance the 

intestinal epithelial barrier. The in vivo application of live F. prausnitzii or the cell-free 

supernatant in experimental gut inflammation models has been shown to attenuate the 

severity of inflammation and enhance the intestinal epithelial barrier (91, 182, 183). 

Similarly, R. intestinalis has been shown to have similar effects in a murine model of 

acute colitis (184).  

The transcription factor NF‐κB and its downstream pathway play a crucial role in the pro-

inflammatory immune response, and its activation by pro-inflammatory stimuli has been 

implicated in IBD pathogenesis (185, 186). Inhibition of the NF‐κB signaling pathway 

was shown to have a pivotal influence on downstream mechanisms, resulting in enhanced 

TEER and alterations in tight junction expression (187, 188). It is likely that the observed 

immunosuppressive effect of commensal species is mediated via the NF-κB pathway, as 

has been shown for other enteric bacteria (189, 190). 

In conclusion, this in vitro study provides evidence for the immunosuppressive potential 

of commensal species in IBD. The ability of commensal species to suppress pro-

inflammatory cytokines and enhance the intestinal epithelial barrier suggests their 
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potential use as therapeutic agents for IBD. However, their effect needs to be elucidated 

in an in vivo animal model to reveal the mechanisms underlying their immunosuppressive 

effects and their potential use in clinical practice. 

5.2 The influence of commensal bacteria on intestinal inflammation in vivo 

There is increasing evidence that some of the commensal bacteria may have a profound 

influence on the immune system under certain conditions. Several probiotic strains, 

mostly isolated from the normal human intestinal microbiota, have already been tested 

for application against gastro-intestinal inflammatory disorders, such as IBD (191, 192). 

Since the properties of a probiotic appear to be strain-specific (193), probiotic strains 

differ in their mode of action and therefore their potential applications (194). In the 

present study we aimed to investigate the therapeutic effects of F. prausnitzii, R. 

intestinalis, and B. faecis on intestinal inflammation in a DSS-induced murine colitis 

model. Mesalazine, a conventional treatment for ulcerative colitis (195), was used as a 

positive control. 

IBD represents a multifactorial disease and is based on complex interactions between 

different cell populations. To understand the etiology and pathogenesis of IBD, several 

animal models have been developed based on genetic, immunological, bacterial, and 

chemical principles (196, 197). However, no single model can fully replicate all the 

features of UC. Instead, each model can mimic specific UC characteristics, allowing 

researchers to investigate its pathogenesis and develop potential treatments. In genetic 

models, animals with genetically modified backgrounds, such as gene knockout or 

transgenic models, are used to study specific genetic factors involved in IBD 

susceptibility and disease progression. For example, IL-10-deficient mice (IL-10−/−) 

spontaneously develop inflammation that modifies the immune system and resembles UC 

in humans (115). In immunological models, specific subtypes of immune cells are 

introduced to immunodeficient mice to investigate their roles and effects in disease 

progression or treatment (197). To study the possible positive or negative impacts of 

various bacterial species in the development or treatment of IBD, bacterial models are 

used in which germ-free, specific pathogen-free, or immunodeficient mice are exposed to 

particular bacteria, such as pathogens or commensals (116, 198). Chemical models, such 

as TNBS and DSS-induced colitis models, are the most widely used experimental models 

due to their simplicity, reliability, and applicability (117).  
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Among these models, DSS-induced colitis mimics the major clinical and 

histopathological features of human IBD (199), including diarrhea, rectal bleeding, crypt 

destruction, infiltration with granulocytes, edema and ulceration of colon tissue (200). 

The toxic agents mediate a toxic effect on intestinal epithelial cells, leading to a loss of 

barrier integrity and exposing immune cells to antigens, subsequently triggering an 

immune response. Based on the characteristics of colitis, this model is suitable for 

studying the effect of intestinal flora on the progression of colitis. Reduced expression of 

tight junction proteins (e.g., occludin) in the epithelium, as well as increased intestinal 

permeability for luminal bacteria, are additional significant features that both human IBD 

and DSS-induced colitis have in common.  

In this study, mice were given 3.5% DSS in their drinking water for 7 days, which resulted 

in weight loss, increased DAI score, intestinal ulceration, increased neutrophil infiltration, 

and secretion of colonic pro-inflammatory cytokines. These findings indicate the 

successful induction of ulcerative colitis-like pathology in our colonic colitis model.  

However, administration of F. prausnitzii, R. intestinalis, and B. faecis, and their 

combination, at both doses, attenuated the severity of DSS-induced colitis in mice, which 

is evidenced by significant improvements in clinical symptoms, including, body weight 

loss, stool consistency, bleeding and consequently, reduced disease activity index (DAI) 

scores in mice treated with DSS. Moreover, the macroscopic and microscopic analysis 

revealed that the tested bacteria significantly reduced colon shortening. According to the 

literature, patients with active IBD experience histopathological damage characterized by 

inflammation in the colonic mucosa. In a colitis colon, inflamed tissue can involve the 

infiltration of immune cells, such as macrophages and neutrophils, into the submucosal 

region, as well as the destruction or loss of colonic crypts, ulceration in the crypts, and 

depletion of mucosal goblet cells (201). This recurrent epithelial damage results in the 

disruption of the intestinal barrier (202). Our study showed that intervention with F. 

prausnitzii, R. intestinalis, and B. faecis reduced crypt disruption, goblet cell loss, 

submucosal edema, and epithelial damage. Additionally, reduced MPO activity in DSS-

induced mice treated with bacteria was noted. It is well known that MPO activity is one 

of the key indicators of neutrophil infiltration into colonic tissues and is used as a potential 

biomarker to study the progression of colitis (203, 204). Taken together, the sum of 

attenuated clinical symptoms proved that all the three tested bacteria, individually and in 
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combination, reduced DSS-induced intestinal inflammation and might be promising 

candidates for the treatment of colitis.  

Cytokines are connected to the pathogenesis of IBD. Clinical studies have shown that the 

onset and severity of colon inflammation are often associated with an imbalance between 

pro and anti-inflammatory cytokines. DSS induces acute colitis by disrupting the 

intestinal epithelial layer, leading to the activation of mucosal immune cells and 

subsequent infiltration of inflammatory cells. These infiltrates consist mainly of T and B 

lymphocytes, macrophages, and neutrophils, which secrete various pro-inflammatory 

cytokines, including TNF-α, IL-6, IL-13, IL-22, IL-17, and IFN-γ. The upregulation of 

these cytokines, primarily associated with Th1/Th17-mediated inflammation, is a 

hallmark of acute DSS-induced colitis (199). In particular, TNF-α as an early 

inflammatory cytokine promotes T cell differentiation and proliferation, destroys the 

intestinal barrier, and accelerates intestinal inflammation. In IBD, the source of TNF-α is 

activated macrophages or monocytes. Studies have shown that blood and colonic tissues 

from patients with UC exhibit increased TNF-α expression. From this, a therapeutic agent 

that reduces the levels of TNF-α may effectively ameliorate intestinal inflammation. IL-

17A acts in the delayed-type immune reaction, in which it increases chemokine 

production and the number of monocytes and neutrophils recruited to the inflamed area. 

IFN-γ, a pro-inflammatory cytokine, has pleiotropic effects such as antiviral activity, 

increased MHC expression, and stimulation of T and natural killer (NK) cells. IFN-γ 

appears to play an important role in chronic inflammatory diseases, according to 

mounting evidence. Ito et al. reported that IFN-γ was increased in the colon of DSS-

treated WT mice, but IFN-γ –/– mice developed less severe colitis following DSS 

stimulation, as measured by body weight loss, DAI, histological score, and MPO 

expression. According to this study, IFN-γ is important in the development of DSS colitis, 

and certain chemokines such as IP-10, MIG, and MCP-1 are produced in an IFN-γ 

dependent manner.  

In the present study, we observed that the protective effect of F. prausnitzii, B. faecis, R. 

intestinalis, and their combination on DSS-induced colitis in mice is associated with the 

ability of these bacterial species to regulate the secretion of inflammatory cytokines. The 

secretion level of IFN-γ, TNF-α, IL-6, IL-4, IL-17A/F, IL-22, and IL-13 was significantly 

elevated in the colon tissue by DSS treatment and was remarkably suppressed by the 

administration of the tested commensal bacteria, individual and in combination, at both 
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doses. Increasing evidence demonstrates that IL-13 is responsible for initiating the 

detrimental inflammatory cascade in colitis. While orchestrating an inflammatory 

response by immune cells, IL-13 can also directly impact on epithelial cells. In ulcerative 

colitis, IL-13 has been described as a key effector cytokine acting on epithelial cell 

function and initiating apoptosis (205). 

Interleukin-10 (IL-10) is an immune-regulatory cytokine, and its genetic defect leads to 

gastrointestinal inflammation in humans and mice. Several studies have shown that IL-

10-deficient mice (IL-10-/-) develop colitis spontaneously, and there is an association 

between a decrease in IL-10 level and the synthesis of pro-inflammatory cytokines such 

as TNF-α and IL-17. Simon et al. noted that IL-10 deficiency is a primary initiating event 

in chronic intestinal inflammation in IL-10 deficient mice. Accordingly, in our study we 

observed that 3.5% DSS treatment profoundly decreased IL-10 levels, however an 

increase in the expression level of the potent immunoregulatory cytokine IL-10 was noted 

in DSS-induced colitis mice treated with all three bacterial species and their mixture. 

CD4+ T cells play a crucial role in the adaptive immune system by releasing different 

cytokines that can facilitate, suppress, or regulate immune responses. Among the 

cytokines produced by CD4+ T cells, TNF-α and IL-6 are notable examples. The 

development of IBD is largely attributed to the dysfunction of the adaptive immune 

system, which may be caused by an excessive number of effector T cells or a shortage of 

Treg cells. The imbalanced ratio between effector T cells and T regulatory (Treg) cells 

can result in the overproduction of pro-inflammatory cytokines, which subsequently 

triggers the onset of IBD (206). 

T regulatory (Treg) cells, which are characterized by Foxp3 expression, are important 

regulators of immunological homeostasis and tolerance. Th1, Th2, and Th17 cells are 

activated during inflammation, whereas Treg cells are suppressed. Evidence has shown 

that Treg cell deficiency, dysfunction, or mutation in the Foxp3 gene disrupts the balance 

of intestinal mucosal immunity and is responsible for fatal, highly aggressive, and 

systemic autoimmune inflammatory lesions in mice and humans. Many studies have 

reported that the number of CD4+CD25+ Treg cells and expression of transcription factor 

Foxp3 in peripheral blood of patients with inflammatory bowel disease are insufficient 

(207). Furthermore, mouse models of IBD have demonstrated the protective effects of 

Treg cells during colitis. Immunodeficient mice that are adoptively transferred with Treg-

depleted naïve CD4+ T cells develop spontaneous colitis; in contrast, mice transferred 
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naïve CD4+ T cells combined with Treg cells do not develop colitis. Consistent with this 

observation, our results showed that the number of CD4+CD25+Foxp3+ Treg cells in the 

spleen of mice with untreated colitis was lower than that of the control group. However, 

the percentage of CD4+CD25+Foxp3+ cells in the spleens of DSS-induced colitis mice 

was increased following the oral administration of B. faecis and R. intestinalis. Of note, 

Treg induction was more pronounced when the mixture of the tested species was 

administered. This finding indicates that these commensal bacterial species alone and in 

mixture had protective effects against the development of DSS-induced colitis that were 

partly mediated by increases in Treg percentages. Our findings are in agreement with 

other studies investigating the immunomodulatory actions of commensal and probiotic 

bacteria in murine colitis model (208, 209). A previous study has shown that the anti-

inflammatory effects of a probiotic mixture (BIFICO) containing Bifidobacterium 

longum, Lactobacillus acidophilus, and Enterococcus faecalis were related to the 

expansion of Tregs in mesenteric lymph nodes of colitis mice and the ratio of  Th1 /Th2 

might be regulated by Tregs (208).  

Zhu et al., demonstrated that R. intestinalis can inhibit the secretion of IL-17 and promote 

the differentiation of Treg in TNBS-induced colitis (210). Similarly, Martin et al have 

shown that application of F. prausnitzii induces Foxp3+ and Treg production in the spleen 

during TNBS-induced colitis (156). These findings suggested that enhancing the activity 

of Tregs in the gut might aid in the restoration of inflamed colonic tissues, making Tregs 

a prospective target for treating UC. Even though the exact pathogenesis of IBD is not 

yet clear, evidence suggests that Th17 and Treg cells have a functional antagonism, in 

which Tregs act as immunosuppressive cells, and Th17 cells are involved in initiating 

autoimmune and inflammatory diseases (211). Treg cells, characterized by Foxp3 

expression, are essential regulators of immunological homeostasis and tolerance by 

regulating the release of the inhibitory cytokines IL-10, IL-4, and IL-13 (212). Th17 cells 

develop by the differentiation of naive T cells, and play a crucial role in the pathogenesis 

of a number of autoimmune diseases, such as autoimmune encephalitis, allergic asthma, 

and rheumatoid arthritis (213).  

Research has shown that patients with inflammatory bowel disease have reduced levels 

of CD4+CD25+ Treg cells in their peripheral blood and elevated levels of IL-17A 

compared to healthy individuals (214, 215). Notably, the diversity of gut microbiota and 

its metabolites have a significant impact on modulating the Treg/Th17 balance, which in 
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turn affects the inflammatory responses associated with IBD; the microbiota can induce 

Th17 cells, leading to aggravated colitis in mouse models while SCFAs, which are 

microbiota-derived metabolites, promote the differentiation of Treg cells (216). 

In our study, we observed that F. prausnitzii, R. intestinalis, and B. faecis efficiently 

suppressed the secretion of Th1/Th17 cytokines in the colon of DSS-treated mice, as well 

as Th17 related cytokines including TNF-α, IL-6, IL-17A/F and IL-22. Moreover, this 

treatment also reduced Th1-related cytokine IFN-γ in the colon. IL-17A/F and TNF-α are 

Th17 secreted cytokines, whereas IL-6 is an activator of Th17 cell differentiation. 

Remarkably, the IL-10/IL-17A ratio was significantly higher in the DSS-treated group 

than in the control and bacterial-treated groups, supporting the hypothesis that Th17 cells 

induce IL-17A secretion during inflammation. However, the IL-10 secretion was induced 

by F. prausnitzii, B. faecis, and R. intestinalis intervention, which effectively reversed the 

IL-10/IL-17A ratio. These decreased cytokines in the colon of DSS-treated mice after 

treatment with the tested commensals prompted us to the hypothesis that the tested 

commensal bacteria attenuate DSS-induced colitis which is at least partly mediated by 

regulating Treg/Th17 cell balance. 

IBD is associated with a disturbed intestinal epithelial barrier caused by pathologically 

altered tight junction proteins (217). Consequently, an uncontrolled translocation of 

luminal substances throughout the epithelium results in an overactive mucosal immune 

response. One potential factor leading to the observed changes in barrier function is 

cytokines secreted from lymphocytes infiltrating the lamina propria. Numerous studies 

have shown that inflammatory responses influence TJ protein expression. For instance, a 

higher concentration of pro-inflammatory cytokines (such as IFN-γ, TNF-α, and IL-1β) 

reduces the expression of tight junction proteins, thereby increasing epithelial paracellular 

permeability (66, 65). Moreover, Th2 cytokines such as IL-4 and IL-13 have also been 

shown to affect tight junction proteins in the intestinal epithelium, by upregulating the 

expression of Claudin-2 (196, 197). In addition, IL-13 can downregulate the expression 

of occludin and ZO-1, leading to increase paracellular permeability (197). Furthermore, 

mice with DSS-induced colitis showed significantly lower expression of TJ proteins and 

junctional adherence molecules, such as occludin and E-cadherin (218). Gong et al., 

demonstrated that damaged intestinal epithelial barrier integrity contributes to increased 

intestinal permeability due to uncontrolled translocation of luminal components across 

the epithelium (219). Another animal study from Ukena et al., in DSS-induced colitis 



Discussion 
 

96 

 

mice demonstrated that administration of E. coli Nissle 1917 to DSS-induced colitis mice 

prevented increased intestinal permeability while minimizing tight junction protein (ZO-

1) down-regulation (220). In our study, oral administration of all three tested commensal 

bacteria, individually and in combination, significantly affected the expression levels of 

tight junction proteins, indicating restoration of the epithelial barrier. This positive 

outcome was confirmed by the barrier function improvement, as seen in the in vivo FITC-

dextran permeability assay. The diversity and composition of the gut microbiota are 

crucial for the progression of IBD. Accumulating evidence suggests that alterations in the 

gut microbial composition lead to metabolite changes affecting the pathogenesis of IBD 

(221, 222). Therefore, the gut microbiome was studied in all treatment groups at the 

endpoint of the experiment. At the phylum level, the R. intestinalis and B. faecis 

treatments decreased the abundance of Proteobacteria to a lower level than that in the 

control group. Most Proteobacteria are LPS-producing, harmful gram-negative bacteria 

(223), with Escherichia and Shigella as typical genera. It has been reported that the 

increased relative abundance of Proteobacteria can be used as a microbial biomarker for 

gut microbiota imbalance (224). Although Proteobacteria were found in a higher 

abundance in the bacterial treatment groups, at the genus and OTU levels, Escherichia-

Shigella were less abundant in all treatment groups. The depletion of Lactobacillus genera 

has been shown in UC patients (225) and DSS colitis (226, 227), which is consistent with 

our results from the DSS group. However, bacterial treatment with F. prausnitzii and the 

mixture did not restore the abundance of this genus or Lactobacillus OTUs to normal 

levels.  

In this study, we observed several changes in the gut microbiota composition related to 

the Muribaculaceae and Lachnospiraceae families. However, the majority of the 

differences between the groups were found in OTUs with a relative abundance of less 

than 1%, indicating that the probiotic treatment did not significantly impact the 

microbiome compared to the DSS group. Although OTU00002 increased in most 

treatment groups, its significance is difficult to determine due to limited classification at 

the family level, and further comparison with the NCBI nucleotide collection did not yield 

any additional insights. The absence of F. prausnitzii, B. faecis, and R. intestinalis 

demonstrates the transient nature of the probiotic treatment or could be a side effect of 

the endpoint measurement. Nevertheless, this outcome could indicate the safety of this 

commensal bacterial treatment approach, as the treatment does not permanently influence 
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the fecal microbiome, which is very important for potential future clinical use of our 

bacterial cocktail in human. 

Mesalazine is widely recognized as a key anti-inflammatory drug primarily prescribed 

for UC (195). Two pioneering studies, conducted by Kruis et al. in 1997 and 2004, 

revealed that the probiotic E. coli Nissle 1917 exhibits efficacy comparable to mesalazine 

in sustaining remission among individuals diagnosed with UC (191, 228). Rembacken et 

al. further supported these results, as they investigated 116 patients with active ulcerative 

colitis and found that 75% mesalazine treated patients and 68% of E. coli Nissle treated 

patients achieved remission (230). Therefore, E. coli Nissle is an alternative treatment 

option for individuals with ulcerative colitis. Although the exact mechanism of action of 

mesalazine remains unclear, it is believed to exert immunosuppressive effects by limiting 

prostaglandins and inhibiting pro-inflammatory cytokines (229). Interestingly, in our 

experiment, the groups treated with bacteria exhibited an equal or greater inhibitory effect 

on inflammatory cytokines compared to the group treated with mesalazine. This suggests 

that the protective effect of these commensal bacteria involves modulating the immune 

response of the host through the suppression of pro-inflammatory cytokines and/or the 

induction of anti-inflammatory cytokines. Another mechanism of action proposed for 

mesalazine is inhibition of IL-2 production in peripheral blood mononuclear cells, which 

inhibits T-cell proliferation, alters cell adhesion expression patterns, inhibits antibody 

production and mast cell release, and interferes with macrophage and neutrophil 

chemotaxis (230, 231). Mesalazine may also reduce IL-1 and TNF-α, cause lymphocyte 

apoptosis, and regulate NF-κB (231). 

In a study conducted by Huang et al., it was revealed that the Lactobacillus paracasei 

strain R3 possesses comparable efficacy to mesalazine in ameliorating general symptoms 

of murine colitis. Notably, the strain exhibited the ability to alleviate inflammatory cell 

infiltration, suppress Th17 response, and promote Treg function in murine DSS-induced 

colitis (232). In another investigation, the commensal bacterium Christensenella minuta 

was administered to TNBS-induced colitis rats. The results of this microscopic 

investigation suggest that C. minuta may be just as effective at protecting colonic tissue 

as mesalazine (233). These findings suggest that probiotics exhibit comparable efficacy 

to mesalazine in managing ulcerative colitis (UC), indicating that probiotics could serve 

as a potential alternative or supplementary treatment option for individuals with UC in 

the future. The observed positive effects on symptom alleviation and immune modulation 
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highlight the promise of probiotics as a safe and effective therapeutic approach to 

maintain remission and improve the overall management of UC. 
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6 Conclusions  

Inflammatory bowel disease which includes ulcerative colitis (UC) and Crohn´s disease 

(CD), is a multifactorial complex disorder characterized by chronic relapsing intestinal 

inflammation. Recommended treatments such as corticosteroids, amino-salicylates (e.g., 

mesalazine) and immunosuppressive only relieves symptomatic complications and are 

accompanied by serious side effects, including loss of immune tolerance and drug 

resistance. Thus, there are compelling reasons to explore alternative therapeutic 

strategies, including prebiotics, probiotics, and symbiotics, as complementary or 

alternative medicines to treat IBD. Alterations in the gut microbiota composition play a 

crucial role in the pathogenesis of IBD as specific commensal bacterial species are 

underrepresented in the microbiota of IBD patients. A significantly decreased abundance 

of members of the Firmicutes phylum in patients with UC was shown in clinical studies. 

Members of this phylum produce important short-chain fatty acid metabolites such as 

acetate and butyrate, which are powerful anti-inflammatory. In this work, the therapeutic 

potential of three commensal bacterial species, F. prausnitzii, B. faecis, and R. intestinalis 

and their combination in an in vitro and in vivo model of intestinal inflammation were 

studied. Results obtained from in vitro study demonstrated that all three bacterial species 

are able to recover the impairment of the epithelial barrier function induced by the 

inflammatory stimulus, as determined by an amelioration of the TEER and the 

paracellular permeability of Caco-2 and HT29-MTX cell monolayers. Moreover, the 

inflammatory stimulus increased claudin-2 expression and decreased occludin expression 

which improved in the cells treated with commensal bacteria. Furthermore, the 

commensals were able to counteract the increased release of IL-8 and MCP-1 induced by 

the inflammatory stimulus. These findings indicated that F. prausnitzii, B. faecis, and R. 

intestinalis alone and in combination improve the epithelial barrier integrity and limit 

inflammatory response.  

Thus, in part two of this study the effects of the three commensal bacterial species 

individually and in combination in an in vivo mouse model were investigated. To our 

knowledge, this study is the first to investigate the influence of the commensal bacterial 

species F. prausnitzii, R. intestinalis and B. faecis as single or mixed formulations on the 

DSS-induced colitis mouse model. 
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Acute colitis was induced by using 3.5% DSS through drinking water. The oral 

administration of F. prausnitzii, B. faecis, and R. intestinalis attenuated the severity of 

DSS-induced colitis in mice, which was evidenced by increase of body weight, redaction 

of the DAI, inhibition of colon shortening, amelioration of colonic inflammation and 

suppression of colonic MPO activity.  

IBD is characterized by the imbalance of pro-inflammatory and anti-inflammatory cells 

in the gastrointestinal tract. Excessive activation of Th1, Th2 and Th17 cells play a key 

role in the pathogenesis of IBD by instigating the inflammatory cascade. Moreover, it is 

well known that the dysfunction of the adaptive immune system in the pathogenesis of 

IBD is associated with excessive activation of effector T cells or impaired function of 

regulatory T cells. Our result proved that intervention with the tested commensal bacteria, 

individually and in combination, exhibited significant anti-inflammatory activities on 

DSS-induced colitis, these positive effects are likely associated with the inhibited 

production of Th1, Th2 and Th17 cytokines, and increased Foxp3+ expression on the 

CD4+ CD25+ Treg cells. Moreover, commensal bacterial treatment had no adverse 

effects on the general gut microbiome structure and was found to be equally effective as 

the contemporary mesalazine treatment regimen.
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7 Limitations 

Although this study is a significant step toward understanding the therapeutic potential of 

these bacterial species, it does have some limitations. 

First, although the DSS-induced colitis model is a well-established and widely used 

model of IBD, it does not fully describe the complex and multifactorial nature of the 

disease in humans. While this model is useful for studying some aspects of the disease, 

additional studies using different mouse strains and other animal models are needed to 

fully understand the effects of these bacterial treatments on IBD. 

Second, while the study provides evidence for the anti-inflammatory and 

immunoregulatory effects of the tested bacteria, the exact mechanisms underlying these 

effects remain unknown. Future research should focus on identifying the specific 

mechanisms involved, which could potentially lead to the development of more targeted 

therapies for IBD. Third, more research is needed to fully understand the microbiome-

modulating properties of the bacterial treatments used in this study. Analysis of the 

abundance of gut microbes at different time points during the experimental protocol could 

provide valuable insights into the potential long-term effects of the treatments on the gut 

microbiome. 

Finally, the study focuses on the effects of the bacterial treatments on an episode of DSS-

induced colitis. However, in patients with UC, the disease is characterized by chronic 

relapsing episodes of disbalance. Therefore, an additional study using the bacterial 

treatment cocktail to study protection against multiple episodes of DSS-induced 

disbalances would be beneficial. 
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