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ABSTRACT 

One of the central issues surrounding the physiology of good health is to uncover and 
understand the molecular networks responsible for its maintenance. The alimentary 
tract in particular, demands a properly sustained homeostatic control since it is 
constantly challenged by potentially harmful agents along with innocuous nutrients, 
with the burden of basic metabolic functions in its ward. The colon is thus a digestive 
and absorptive organ with life sustaining authority, and central to its great protective 
nature is its need to sense and use bacterial products. Our microflora is an organ in 
itself, representing a greatly efficient and stable bioreactor where dietary constituents are 
degraded for our benefit. An understanding of how the intestinal barrier senses and 
responds to bacterial products is critical to gaining insights into the pathogenesis of 
disease as well as the impact of bacterial metabolism on energy balance of the host. 
My work summarized in this thesis, highlights that development of the gastrointestinal 
tract is subject to regulation by colonizing microorganisms, and explores to what extent 
the microflora can tune its functions. These processes require crosstalk between 
commensal bacteria and host cells by way of signaling through for example Toll-like 
receptor pathways, activating transcription factors such as nuclear receptors. By 
comparing mRNA expression profiles of nuclear receptors and Toll-like receptors, I 
have identified a subset of these to be conditionally regulated by the gut microbiota. It 
would seem that the gut flora affects receptors intimately connected to innate immunity 
and metabolic control. 
Apart from transcriptional communication, bacteria can also converse through post-
translational effects. By altering phosphorylation status of the nuclear receptor PPARγ 
much like a specific ligand would, commensal bacteria are able to skew cell fate into 
maturation and anti-inflammation, thus affecting overall homeostasis. This implies that 
the manner in which the crosstalk is carried out may be through secreted molecules 
which affect host cells. Except for the clues presented in this thesis, there still remains a 
paucity of information regarding bacterial influence on host physiology, and even less 
information on how this influence is mediated. The search for mediators for fine tuning 
of body homeostasis has recognized probiotics as potentially beneficial. In my work I 
have shown that nuclear receptors such as the PPARs, can be regulated by microflora 
both in expression and function. One of their target genes, fasting induced adipose 
factor (FIAF), has a potentially interesting role in obesity because of its actions as a 
lipoprotein lipase inhibitor. Certain probiotic strains are able to upregulate FIAF, 
possibly through PPARs, with the implication of regulatory effects on body fat storage.  
Although the purported health benefits attributed to bacteria are numerous, the precise 
molecular mechanisms governing the cross-talk within the intestinal ecosystem remain 
to be discovered. Research now points toward host–microbe interactions being essential 
to several conditioning aspects of normal physiology. The work presented here adds to 
our understanding of the molecular basis for the complex and dynamic interactions 
between the microbiota and its host, and further underscores the huge potential in 
manipulation of the microbiota as a tool for sustained health. 
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1. INTRODUCTION 
 

The amount and type of proteins present in a cell largely determines its actions and 

properties. Despite the theoretical potential in externally controlling proteins and their 

signaling pathways, many of these are still too inadequately understood to be 

considered targets for drug design. The complexity of the protein networks involved in 

any given disorder would demand multiple target points in both time and space, which 

today is poorly comprehended. Fine tuning of gene regulation is crucial for all 

biological systems since they by nature demand a dynamic ability of adaptation. 

Knowledge of how to appropriately tweak these signals may solve a lot of our problems 

with unwanted side effects that always come with modern medicine.  

The gastrointestinal tract is especially a hot spot for external influence and subsequent 

response. Here, cells serve as both a barrier and an absorptive surface which demands 

intricate signaling control. In addition to this, a constant discourse between the present 

microflora and the host is maintained to ensure proper symbiosis. This dialogue is of 

particular importance for the understanding of homeostasis in the gastrointestinal tract. 

 

1.1 Environment and Homeostasis 

Westernization of developing countries has been, correctly or not, deemed the culprit 

for the steady increase in diseases such as allergy, colonic cancer and inflammatory 

bowel diseases. Migrants from countries of low prevalence are even tending to take on 

the occurrence of their adopted country [3,4]. Which elements of the culture of 

underdeveloped countries that might represent a protective factor against various 

diseases common in “western” parts of the world is becoming a hot area for research. 

Of all the vital organs in the body, the one that suffers the most abuse from modern 

dietary habits is the colon. Inflammatory bowel disease is one of the conditions on 

steady rise in Western Europe and North America [5]. Clearly, access to experienced 

medical care is likely to influence the variability between countries. However, changes in 

diagnostics cannot be the sole basis for the seen variation, given the fairly stable rates of 

disease in most areas. Environmental factors associated with bowel diseases include diet, 

smoking, microbial situation, drugs, stress, and socioeconomic status [6]. The strategy 

of identifying modifiable causes for disease has made some progress. Life-style variables 

along with genetic information thus have the potential to clarify causation of a variety 

of diseases. 
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When comparing cultures, diet is often the most apparent feature that differs. Semi-

manufactured foods are a widespread way of time-saving by simplifying everyday life. 

Storage, shelf life, and taste can, by modern knowledge about compounds, be adjusted 

according to demand which introduces food supplements not there naturally. There is 

growing concern regarding the effects of food additives and their contribution to 

various diseases. It has been suggested that added inorganic, non-nutrient 

microparticles can act in concert with additional individual factors to influence 

intestinal permeability important for epithelial cell integrity and healing [7]. Increased 

hygiene associated with improved socioeconomical conditions is also believed to have 

global effects on the developing infantile immune system. The hygiene hypothesis 

imparts the message of caution against the westernized attitude toward microbes, 

stating that it leaves the immune system more naïve than it would be in underdeveloped 

countries [8,9]. This could in turn result in an increased susceptibility to inflammatory 

diseases. 

 

1.2  Intestinal Biology 

Function and disease of the gastrointestinal tract is a complex subject that demands 

both fundamental and specialized research in order to understand all its facets. 

The intestinal ecosystem is composed of three closely interacting components: host 

cells, nutrients and microflora. The main function of the gastrointestinal tract is to 

provide the body with nutrients and energy for satisfactory metabolism. Uptake is 

however not as simple as absorption, but is closely linked to risk of invasion. Along with 

absorption, the intestine needs to selectively hamper uptake of harmful agents as well as 

microorganisms in the lumen. The barrier responsible for all this consists of a single 

layer of epithelial cells (Figure 1), the integrity of which is maintained even though it is 

shed every other day. Surface enterocytes are interconnected with tight junctions and 

overlain with mucus, and their preferred energy source is a short chain fatty acid called 

butyrate produced by the intestinal flora [10].  

 

1.2.1 Small Intestine  

The epithelium of the small intestine consists of many different cell types with 

specialized functions. The enterocytes are the absorptive cells which actively take up 

nutrients. The epithelium also has scattered mucus secreting cells, called goblet cells, 

which accumulate as you go further on down the intestine. Both enterocytes and goblet 

cells have a lifespan of 5-6 days. At the base of the protruding villi you find Paneth cells 

which release anti-bacterial factors, and also phagocytize some bacteria and protozoa. 

Paneth cells play a role in depressing the flora in the small intestine and have a lifespan 
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of about 4 weeks. Enteroendocrine cells, which are also present in the stomach, often 

occupy the lower part of the villi where they secrete products that stimulate secretion 

from the pancreas, and gall bladder contraction such as cholecystokinin. The base also 

holds undifferentiated stem cells that give rise to all other cell types in the epithelium. 

The complete mucosa, together with the epithelium of both the small intestine and 

colon, also includes the lamina propria where capillaries and lymph vessels along with 

lymphoid tissue are accommodated. 

 

1.2.2 Colon 

The classical functions of the large intestine are electrolyte absorption and storage of 

excrement. The colon has no villi as compared to the small intestine and produces no 

digestive enzymes. The mucosa consists of numerous straight, tubular crypts 

responsible for extraction of fluids, electrolytes and vitamins. The glands and the 

surface are lined with simple columnar epithelium whose cell types are as described for 

the small intestine. However, Paneth cells are usually absent in the adult colon and 

enteroendocrine cells are rare, while absorptive cells and goblet cells are abundant. 

Goblet cells are more prevalent in the crypts than along the surface, and their number 

increases distally toward the rectum. The mucus they generate facilitates the passage of 

Figure 1. Schematic over small and large intestinal cell types and general wall structure 
of epithelium. 

Figure 1. 
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the increasingly solid colonic contents, and covers bacteria and particulate matter. As in 

the small intestine, undifferentiated cells are found at the base of the crypts.  

 

1.3  Intestinal Disease 

To protect the body, the intestine can mount an inflammatory reaction to deal with a 

potentially harmful invasion [11]. Enterocytes detect danger signals in the lumen by 

secreting defensins, chemokines, and cytokines alerting innate and adaptive immune 

systems [12,13]. The epithelium may therefore be viewed as the primary sensor of 

infection in the gut. Many pathogens have developed strategies to breach the epithelial 

barrier, but in the case of commensals, their crossing is largely restricted to sampling of 

luminal content through microfold cells or directly by dendritic cells. These dendritic 

cells then travel to mesenteric lymph nodes where they activate the adaptive immune 

system to secrete IgA antibodies which coat the luminal microbes to prevent them from 

violating the gut lining [14]. 

When the intestine interprets these signals incorrectly or overreacts to them 

inflammatory bowel diseases (IBD) such as Crohn’s disease (CD) and Ulcerative colitis 

(UC), but also milder food allergies such a celiac disease ensue. Causes for these types of 

ailments include immunological overreactivity where nature and nurture cooperate 

with several unknown triggering factors. Chronic inflammation in itself is a risk factor 

for developing cancers such as colorectal carcinoma [15]. 

Acid, bile, and pancreatic secretions hinder most bacterial colonization of the stomach 

and proximal small intestine. After these more bacterially sparse gastrointestinal parts, 

the density of bacteria increases dramatically, ending in colon where 60% of the fecal 

matter is of bacterial origin [16]. Since this is the intestinal niche that contains the most 

bacteria and discarded food agents, the colon is in particular need of ways to distinguish 

between adverse and innocuous signals from the luminal content. Many animal models 

have been instrumental in determining causative factors in IBD. Three genetically 

engineered models, T cell receptor α [17], Interleukin (IL) -2 [18] and IL-10 knockout 

mice [19] were independently found in 1993 to develop spontaneous colitis. Many 

transgenic and knockout models have since been added to this group. The IL-10 

knockout mouse has educated us on the implications of bacterial presence, as they no 

longer develop disease under germ free conditions [20]. Other predisposed animals, 

such as dextran sodium sulphate (DSS) induced colitis subjects, no longer develop 

colorectal cancer when bacterial factors are excluded [21]. Other studies have gone 

deeper into the mechanisms of these inflammatory signals and have found a link 

between nuclear receptors and the type of response generated by infection [22]. It is 

however not as easy as blaming inflammatory mediators as recently shown by targeting 
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signaling by the transcription factor NF-κB [23]. Here they conclude that disruption of 

NF-κB activation causes an IBD-like phenotype, indicating that this pathway is crucial 

for maintenance of immune homeostasis in the gastrointestinal tract. 

 

1.4  Intestinal Microbiota 

A prominent feature of multicellular organisms and their microbiota is their well 

established co-evolved symbiotic relationship. Adult humans are actually composed of 

more prokaryotic than eukaryotic cells making the microflora a formidable force to be 

reckoned with [24]. Indigenous microbial communities are often referred to as 

“commensals”, the implication of which is that these microbes have no discernable 

effect on the fitness of their host, which could however be a mere reflection of our lack 

of knowledge about their specific contributions. This ecosystem is by and large still 

considered a black box since the majority of the bacteria cannot be cultured.  

During maturation of the host, the developing intestine can be affected by intestinal 

flora with a subsequent change in interaction with the nutrient environment. The 

microbiota participates a great deal in providing metabolic traits that we ourselves have 

not fully mastered. These traits include the ability to break down plant polysaccharides, 

promote conversion of conjugated bile acids, synthesize certain vitamins [25-27], and 

assist in absorption of calcium, magnesium and iron. If colonic bacteria are normal, 

vitamins B-1, B-2, B-12 and K are produced by them, and all with the possible 

exception of B-12 are absorbed and used by the body.  

Germ free animals have provided a crucial experimental system to study in particular 

the epigenetic effects of microorganisms on gastrointestinal development. Studies in 

germ free mice have shown that bacteria regulate such diverse host responses as 

glycoconjugation, production of antimicrobial proteins, and intestinal angiogenesis 

[28]. An experimental germ free existence is very much compatible with life if certain 

vitamins are supplemented. The animals are, however, more susceptible to infection 

and display alteration in vascularity, digestive enzyme activity, muscle wall thickness, 

cytokine and immunoglobulin production [29]. One interesting finding is that chronic 

inflammation is abrogated if the animals in question are maintained germ free, 

supporting the notion of the fine balancing act that is mutualism [30].  

Acquisition of our microbial nation begins at birth, before which the intestine is sterile 

[31]. In the initial colonization, the maternal flora is the most predominant followed by 

environmental microorganisms. The first colonizing bacteria are Escherichia coli and 

Enterococcus sp., quickly followed by the obligate anaerobes, represented by 

Bifidobacterium sp., together with Bacteroides sp. [32]. Depending on diet, the flora 
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then continues to evolve over the first 24 months of life before it is comparable to 

adulthood conditions even though further colonization is an ongoing process. The most 

common genera include the anaerobic Bifidobacterium, Clostridium, Bacteroides, and 

Eubacterium, and the aerobic Escherichia, Enterococcus, Streptococcus, and Klebsiella 

are also found. 

Postnatal colonization of our intestine induces changes in gut epithelial homeostasis 

such as increases in cell proliferation, maturation including major shifts in surface 

expressed glycans [33-35]. The new flora educates our immune system, so we become 

tolerant of a wide variety of microbial immunodeterminants. When normal flora is lost, 

in the context of infection or antibiotic treatment, beneficial stimulation on GI mucosal 

development may be impaired along with innate and adaptive immune responses. It has 

been reported that this education may reduce allergic responses to food or 

environmental antigens [36]. Apart from effects on the immune system, indigenous 

microbes shape the development of the intestine’s elaborate microvasculature [37]. 

When comparing germ free mice to conventionally raised mice, the complexity of the 

submucosal capillary network appears quite primitive. These findings illustrate that 

certain postnatal developments in mammals are consequences of host-flora co-

evolution. Since the microbial population in the premature infant affects maturation 

and optimal function of the intestinal innate and adaptive immune system, a 

pathogenic role has been suggested in several diseases such as necrotizing enterocolitis 

(NEC), chronic lung diseases, and hematopoietic abnormalities. The small intestine of 

immature fetuses responds excessively to external inflammatory stimuli compared to the 

small intestine from infants and children [38]. With this in mind, the altered course of 

colonization as a result of premature birth or even breast-fed versus formula-fed infants 

should be considered very important. Human milk is an important factor in the 

initiation, development and, composition of microbiota in the healthy neonatal gut. 

Prematurely born babies have fewer episodes of late-onset sepsis, NEC, and diarrhea, 

and need less antibiotic therapy when fed their own mother’s milk rather than formula 

[39].  

The bacterial diversity in the gut is currently considered to consist of eight phyla, with 

members of the Gram-negative Bacteroidetes, and Gram-positive Firmicutes 

representing 60-80% of the total faecal community [40]. Alterations in gut microflora 

during intestinal disorders have been given some attention with interesting results. A 

reduction in Firmicute complexity has been seen in Crohn’s disease patients compared 

to healthy controls [41]. Here they show that the main group affected is a major 

contributor to the pool of the aforementioned epithelial energy source, butyrate, in the 

gut. 
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1.5  Probiotics 

In recent years people have begun to understand the benefits of a well composed 

intestinal flora and pro- and prebiotics are readily discussed. Probiotics are living 

microbial food ingredients beneficial to health beyond basic nutrition. Prebiotics in 

turn, are non-digestible to the host and modify the composition of the intestinal flora in 

a health-promoting fashion. The most common and researched species belong to 

genera Lactobacillus, Bifidobacterium and Saccharomyces, particularly L. casei, L. 

rhamnosus, L. acidophilus, L. plantarum, B. longum, B. breve, B. bifidum, S. cerevisiae 

boulardii [42]. The mechanisms of action for probiotics differ between strains, but also 

depending on the surrounding flora and disease setting. With fermented milk products, 

the effects are known to depend on the strain used, whereas the metabolites produced 

by the fermentation process may also exert immunomodulatory activity, which further 

complicates the research. However, there are a number of common mechanisms 

evident for a variety of probiotics [43]. One such mechanism is prevention of 

colonization by pathogenic bacteria by competing for mucosal niches. Another 

mechanism of action is to promote anti-inflammatory mediators which could have a 

significant effect on the gut overreacting to external stimuli. 

Probiotics have been suggested to be beneficial as part of IBD treatments possibly due to 

their immunomodulatory effects. Disease profiles for both DSS induced colitis and IL-

10-/- mice have been alleviated by administration of Lactobacillic strains [44,45]. 

Clinically, a mixture of probiotics have been used to prolong remission in UC patients 

with promising results [46-49].  

The rational for using prebiotics is to elevate numbers of beneficial endogenous 

bacterial strains. Inulin and oligosaccharides are commonly used to stimulate 

Lactobacilli and Bifidobacteria and/or decrease pathogen colonization. Another option 

to consider is a combination of pro- and prebiotics, so called synbiotics, where the 

prebiotic is present to boost the escorted probiotic. 

 

1.6  Pattern Recognition Receptors 

Microbial products are generally sensed through pattern recognition receptors (PRRs) 

and often activate signaling pathways that converge on NF-κB. There are two major 

PRR systems where nucleotide binding oligomerization domain 1 and 2 (NOD1/2) 

function intracellularly, while members of the Toll-like receptor (TLR) family reside on 

cellular membranes [50,51]. These receptors are used as a first line of defense against 

foreign challenge, whereas acquired immunity depends largely on production of an 

antigen-specific defense system providing specificity and memory.  
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Cytoplasmic PRRs consists of many different types of related molecules, out of which 

the NODs represents a group of well studied and yet enigmatic bacterial sensors. NOD2 

is a general sensor for most bacteria, whilst NOD1 recognizes peptides from Gram 

negative bacteria. The sensing capabilities of NOD2 has been implicated in 

susceptibility for chronic inflammatory disorders such as Crohn’s disease [52,53], thus 

relating bacterial components and development of disease. 

All TLRs are type I intregral membrane glycoprotein receptors that recognize highly 

conserved microbial motifs called pathogen associated molecular patterns (PAMPs), 

from both pathogens and commensals. Working as homo- or heterdimers with other 

PRRs, they recognize a plethora of ligands such as lipopolysaccharide (LPS), bacterial 

flagellin, or CpG DNA, enabling the innate immune system to recognize nonself, and 

activate both innate and adaptive immune responses [54-56]. TLRs 1, 2, 4, 5 and 6 are 

located mainly on the cell surface and primarily recognize bacterial components, while 

TLRs 3, 7, 8 and 9 are located in endocytic compartments where they mainly sense viral 

products. Signals mediated through TLRs by commensals are essential for intestinal 

barrier function and repair [57].  

The epithelium and resident immune cells are dependent upon commensals to provide 

molecules such as LPS, which interact with the TLRs. The resulting signaling enhances 

the ability of the epithelial cells to withstand injury while also priming the surface for 

repair responses [58]. Given the continuous presence of bacteria the signaling of the 

mucosal PRRs must be under strict control to avoid aberrant stimulation. Signals of 

both conciliation and danger need to be managed. Apart from differential expression 

levels, control is achieved by both negative feedback mechanisms and cross-interference 

with cytokine signaling pathways such as that of IL-1 [50,59]. Prolonged exposure to 

bacterial products induces tolerance in the form of hyporesponsiveness by for example 

down-regulating the surface expression of TLRs [60]. However, down-regulation is not 

always the answer since signaling through some TLRs is actually needed to stop 

inappropriate epithelial behavior. TLR-4 dependent signaling has been shown to inhibit 

allergic hyperreactivity to food allergens [61], implicating it in an important balancing 

act between extremes in inflammatory cytokine production. Whether TLRs are the 

primary cause for intestinally originating inflammations or not, they represent an 

important area of research for further understanding the balancing act of bacterial co-

existence.  
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1.7  Nuclear Receptors 

The mammalian nuclear receptors (NRs) are a family of transcription factors of 

approximately 50 members, including receptors for steroid hormones, thyroid 

hormone, vitamin D, and retinoic acid as well a group of orphan receptors [62,63]. 

NRs are implicated in nearly every aspect of vertebrate development and adult 

physiology, and alterations in their structure, function and expression, as well as 

altered environmental stimuli can give rise to pathogenic conditions such as obesity, 

insulin resistance, type 2 diabetes, and atherosclerosis [64]. Figure 2 highlights NRs 

important in the gastrointestinal tract, capitalizing on their general function. 

Nuclear receptors bind to the promoter of a target gene, where they interact with the 

basal transcription machinery, recruit co-activators, and maintain a pre-initiation 

complex in order to drive transcription. Nuclear receptors can be subdivided into 

classes based on their ligand- and DNA-binding properties [65,66]. The steroid and 

thyroid hormone receptors make up the first and more classical group of receptors, 

which is also the most extensively characterized class. In absence of ligand these are 

sequestered in complexes with heat shock proteins and/or co-repressors and thus kept 

transcriptionally inactive. The second group is comprised of so called adopted orphan 

receptors where former orphans have been conferred a ligand and physiological role. 

These are able to bind to their cognate DNA sites even in absence of ligand and often 

form heterodimers with other member of this class. The third subclass consists of 

Figure 2. 

Figure 2. Nuclear receptors important in gastrointestinally relevant tissues clustered 
according to general function [2]. 
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orphan receptors, which have not yet been linked to a specific ligand, or function in a 

ligand-independent manner.  

Nearly all members the NR family contain two activation domains separated by a 

DNA binding domain (Figure 3), thus conveying both ligand-independent and 

ligand-dependent activation functions, AF-1 and AF-2 respectively [67-69]. The DNA 

binding domain (DBD) is often highly conserved, mediating sequence specific 

recognition of target genes. The DBD mediates specificity of mono-, homo- or 

heterodimeric NRs by binding to response elements in enhancer or promoter regions 

of targets. Most of these response elements contain two or more closely spaced core 

recognition motifs, each coming in contact with a DBD. However specific the binding 

might seem, there is a surprisingly high level of promiscuity between different 

receptors. Even though many receptors share the same response element selectivity is 

achieved from relative orientation as well as spacing of the element. If the optimal 

orientation and spacing is not present a receptor may still bind but then instead acts 

as a repressor on that spot [70].  

Figure 3. 

Figure 3. Domains of nuclear receptors. A) Nuclear receptor domain structure is 
comprised of an amino-terminal activation domain (AF-1) followed by a central zinc 
finger based DNA binding domain and a carboxy-terminal ligand binding domain 
including a second activation domain (AF-2). B) When in tertiary structure the 
domains of nuclear receptors gain functional characteristics such as transactivation 
and/or repression functions along with ability to bind ligands and other proteins.  
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The amino terminus (AF-1) is poorly conserved among different NRs and conveys 

ligand independent action, while the C-terminal domain determines specific ligand 

binding properties of each receptor and overlaps the second activation function (AF-

2). Hormone recognition in the ligand binding domain (LBD) ensures selectivity of a 

physiological response. In addition to binding ligand, the LBD integrates 

transcriptional activation or repression with a role in dimerization through leucine-

rich sequences which form coil-coil interactions [71]. Presence of ligands represents 

one of the most important determinants of activity. Working as signaling components 

of both external and endogenous origin, ligands are as diverse as the LBDs 

recognizing them. Whether the receptor in question requires ligands to be very small 

or allows for larger and more complex molecules, they commonly share a non-polar 

character matching the interior of most ligand binding pockets.  

Nuclear receptors do not only activate target genes but are equally proficient in 

repressing expression [72]. Passive repression refers to competition either for DNA 

binding or for dimerization partners which results in steric hindrance. Inactive 

heterodimer formation has been documented. Active silencing on the other hand is 

when an unliganded receptor either affects transcriptional initiation or recruits an 

array of factors with the function of creating an environment incompatible with pre-

initiation complex assembly – called transrepression. Ligand dependent repression is 

poorly understood but seems to stem from inhibition of other signal dependent 

transcription factors, an activity referred to as ligand dependent transrepression.  

 

1.7.1 Nuclear Receptor Co-regulators 

Transcriptional regulation by NRs is a flowing multistep process, in which different 

factors have temporally and spatially distinct functions at promoters. NR co-

regulators can roughly be divided into co-activators and co-repressors. Co-activators 

can be defined as molecules directly recruited by NRs to enhance gene expression. Co-

activators can be subdivided into primary and secondary molecules, where the 

secondary are a group of activators that do not directly contact the NRs but rather 

contribute by being a constituent of multisubunit co-activator complexes. Co-

repressors act in an opposite manner primarily through interaction with unliganded 

NRs. 
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Table 1. Nuclear receptor co-regulators 

 

The structural shift that takes place upon ligand binding enables attachment of co-

activator proteins to the LXXLL interaction motif in NRs, by recognition through a so 

called NR box [65]. The sequence divergence around individual NR boxes might 

determine their binding affinity for the AF-2 ligand-induced hydrophobic groove of 

NRs. The recruitment of co-activator complexes allows for modification of chromatin 

structure and facilitates assembly of the general transcriptional machinery at the 

promoter. Co-regulators are often organized into preformed complexes, which 

facilitates assembly into multiple configurations and make them readily available to 

competing pools of activators and promoters. Relative expression of co-activators and 

–repressors is also an important determinant of an appropriately graded response to 

ligand.  

 

1.7.2 Peroxisome Proliferator Activated Receptors 

The peroxisome is a ubiquitous organelle that participates in fatty acid metabolism 

and rids the cell of toxic peroxide by using it as an oxidizing agent. Peroxisomes are 

very dynamic and can replicate upon stimuli. The peroxisome proliferator activated 

receptor (PPAR) family of nuclear receptors, consisting of three members 

(PPARα/δ/γ), were cloned in the early 1990s [97], starting with recognizing PPARα as 

Cofactor Comments Ref. 

CBP Interacts with and co-activates multiple activators including NRs [73,74] 

HMG-1 Specific for steroid receptors [75] 

NCoR Interacts with and co-represses unliganded TRα, RARα and COUP-
TF1, RevErb and DAX-1 

[76-79] 

NSD-1 Interacts with both unliganded and liganded NR LBD [80] 

p300 Functionally similar to CBP, interacts with and co-activates NRs [81] 

PBP/TRIP2 Binds to RARα, RXR and TRβ1 and co-activates PPARγ, originally 
isolated as a TR-binding protein [82,83] 

PGC-1 Interacts with PPARγ ligand-independently, induced at low 
temperatures 

[84] 

RIP-140 Interacts with and co-activates ER, co-repressor for TR2 [85,86] 

SRA Functions as RNA transcript, co-activates AF-1 of steroid receptors [87] 

SMRT 
Interacts with and co-represses unliganded TR and RAR, similar to 
NCoR [88,89] 

SRC-1 
Interacts with and co-activates NRs, contacts basal transcription 
factors [90,91] 

TIF-1α 
Interacts with and co-activates RXR and RAR AF-2, interacts with 
factors related to chromatin modifying proteins [92,93] 

TRAP/DRIP Interacts with liganded TR and VDR [94,95] 

TSC-2/Tuberin Interacts with RXR, co-activates PPARγ and VDR [96] 
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the protein binding agents responsible for peroxisome proliferation [98]. Despite 

their name however, neither PPARδ nor PPARγ responds to peroxisome proliferators 

very well.  

PPARs control many different target genes involved in both lipid and glucose 

homeostasis, which have identified the PPARs as master regulators of lipid and 

carbohydrate metabolism [99]. By forming heterodimers with the retinoid X receptor 

(RXR), PPARα/δ/γ regulates transcription of many genes in a ligand-dependent 

manner. The typical response element for PPARs is a direct repeat of the core 

sequence AGGTCA separated by one or two nucleotides. 

In contrast to other NRs, the PPARs are quite promiscuous in their binding of ligand 

and accommodate quite differently structured ligands, while still keeping a fair 

amount of specificity between the three by ligand interacting residues inside the 

cavities [100]. PPAR-RXR complexes can be activated by ligand for either receptor, 

with simultaneous binding being the most efficient. PPARα binds unsaturated fatty 

acids, albeit with a lower affinity than PPARγ, along with arachidonic acid metabolites 

and synthetic fibrates. PPARδ binds both saturated and unsaturated fatty acids as well 

as the prostanoid prostacyclin. Examples of natural ligands for PPARγ are unsaturated 

fatty acids, arachidonic acid, and a prostanoid called 15-deoxy-δ-12,14-prostagladin 

J2. Synthetic ligands include members of the thiazolidinedione (TZD) family of anti-

diabetic compounds [101]. 

PPARα is highly expressed in hepatocytes, cadiomyocytes, skeletal muscle, and 

enterocytes, where its activation favors fatty acid catabolism. PPARδ is ubiquitously 

expressed, often at a higher level than the other two PPARs. Functionally, PPARδ is a 

bit of an enigma, but knock-out mice indicate action in lipid metabolism, skin, and 

small intestine [102], transgenic mice have also shown PPARδ to have a considerable 

fat burning capacity [103]. PPARγ is found to be highly expressed in white and brown 

adipose tissue, immune cells, colonic mucosa, and placenta.  

 

1.7.3 Roles of PPARγ in Physiology 

PPARγ can be found as two separate isoforms (γ1 and γ2), where the longer one has 

28 additional amino acids resulting in a lengthening of its AF-1 domain, and is 

virtually only expressed in adipocytes while the rest of the PPARγ sites of expression 

are in the form of PPARγ1. PPARγ is well known as one of the master genes driving 

differentiation programs during adipogensis [104,105]. It not only drives maturation 

but is also a pivotal coordinator of fat uptake and storage by regulating genes such at 

fatty acid binding proteins and lipoprotein lipase. 
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PPARγ plays a vital role in stimulating release of fatty acids from triglycerides, 

facilitating intracellular fatty acid transport, and fatty acid esterification [106]. 

Because of its large and quite open LBD, PPARγ is often viewed as a generic sensor of 

fatty acid fluxes, without a particular optimal ligand. 

Type 2 diabetes is considered a disorder of fatty acid metabolism and adipokine 

production [107]. Obesity related insulin resistance involves release of mediators such 

as free fatty acids, tumor necrosis factor (TNF) α, or the adipokine resistin from 

adipocytes, all of which impair insulin action on skeletal muscle. An obese state will 

impair the normal adipokine mediated crosstalk between adipose tissue and other 

organs, and unless excess triglycerides are properly taken care of by adipocytes, lipid 

deposition will occur in liver and muscle, impairing their normal function which can 

lead to insulin resistance [108]. A role for PPARγ in type 2 diabetes has been inferred 

by the efficacy of TZD ligands in ameliorating insulin resistance [109,110]. TZDs 

lower hyperglycemia, hyperinsulinemia, and hypertriglyceridemia as well as increase 

high density lipoproteins (HDL) by enhancing tissue sensitivity to insulin. This can, 

however, result in long term adverse effects, especially in combination with high 

caloric intake, in the form of weight gain. The sites of action for the TZDs have been 

studied with the help of mice lacking white adipose tissue, and there it has been 

shown that insulin and glucose levels cannot be reduced in absence of this tissue 

[111]. However, the high triglyceride levels could still be affected by TZDs even 

without presence of white fat, indicating additional tissue targets of these anti-diabetic 

drugs.  

PPARγ ligands inhibit production of an array of different inflammatory cytokines 

depending on cell type either by transcription factor competition or direct 

transcription. In monocytes they inhibit proinflammatory molecules such as TNFα, 

IL-1β and IL-6 [112], while in macrophages affecting inducible nitric oxide synthase, 

matrix metallopeptidase 9, and scavenger receptor 1 [113]. In induced colitis studies 

one has also reported that PPARγ action has beneficial effects on disease progression 

[114]. Furthermore, the anti-inflammatory properties of PPARγ have been linked to 

its anti-atherosclerotic effects where both PPARγ and RXR ligands have beneficial 

outcomes on the disease. Although activation of PPARγ induces the fatty acid 

transporter CD36, recent work shows that it also causes lipid efflux by increasing 

levels of ATP binding cassette protein A1 in concert with LXRα [115]. 

PPARγ also has anti-proliferative actions which have been implemented in different 

types of malignancy. Impediment of proliferation due to PPARγ seems to be true for 
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liposarcomas [116], but also for colon cancer where PPARγ activation results in a 

more mature, less malignant phenotype [117].  
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2. AIMS OF THESIS 
 

The objective of this thesis was to characterize the colonic expression of nuclear 

receptors in general and functional properties of PPARγ in colonocytes in particular, all 

with the ultimate goal of elucidating important players in the regulation of local gut 

homeostasis. The importance of intestinal flora in achieving a balanced biological 

setting through NRs was also to be addressed.  

 

Specific aims for each paper: 

 

I. Through the use of germ free mice address whether NRs can be regulated by 

bacteria in colonocytes, and if these differences vary depending on exposure to 

commensals or pathogens. 

 

II.  Investigate how ligand induced phosphorylation of PPARγ1 regulates its 

transcriptional activity and address possible pathways of host-microbe interactions 

involved in protein modification. 

 

III.  Assess the PPAR target gene Fasting-induced adipose factor (FIAF) as a function of 

probiotic regulated weight control. 
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3. METHODOLOGICAL HIGHLIGHTS 
 

3.1  Germ Free Mice 
We have had the opportunity to utilize germ free mice in our investigations of host-

microbe interactions. The concept of the germ free animal is attributed to Pasteur even 

though he hypothesized that a bacteria-free existence would not be compatible with life. 

Today the rearing of germ free animals is a standardized antiseptic procedure with 

specialized equipment. Germ free animals are obtained by germicide treated eggs, in the 

case of birds, and by cesarean section, in the case of mammals. Cesareans are performed 

on pregnant females at term, and the intact amniotic sac is passed through an antiseptic 

into a clean isolator. The pups are subsequently delivered, resuscitated and placed with 

a germ free foster mother that has a newly delivered litter of her own. The drawbacks of 

this approach include the precarious decision of timing regarding the Caesarian section 

as well as the acceptance by the foster mother. Because of our bacteria laden 

environment, it is fairly easy to contaminate germ free animals. Meticulous protocols 

and experimental controls are required to make sure contamination is not a factor 

influencing phenotypes. Germ free animals also need dietary supplements, such as 

vitamins B and K, as these will be lost without bacterial presence. 

Depending on the animal facility, availability of different animals and strains provides 

the researcher with tools to determine the effect of a single, or a combination, of 

bacteria on whole animal physiology. Germ free animals colonized purposefully with a 

known microflora is called gnotobiotic animals, meaning “known life”. The germfree 

system provides unique experimental advantages for studies in which microbial flora 

might have a modifying influence on the health of the host. 

 

3.2  Expression Analysis 
The TaqMan Low-Density Array (TLDA; Applied 

Biosystems) is a micro fluidic card designed to 

simultaneously run between 12 and 384 real time 

PCR reactions with a single sample loading 

(Figure 4). Regular quantitative or semi-

quantitative, as with the usage of SYBR Green, real 

time PCR is accurate enough but does not really 

translate efficiently to large expression profiles, 

such as validation of microarray data. The TLDA 

card is a high throughput approach that will 

Figure 4. Loading of TLDA 
card [1]. 

Figure 4 
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generate large expressional profiles with high reproducibility. 

The arrays, where the assays have been pre-loaded in the wells, can be custom made by 

choosing from the inventoried gene list or ordered as pre-composed cards with 

different specializations. We have employed these cards for the generation of the large 

data sets while, the smaller ones and subsequent validation have been performed using 

regular SYBR Green based qPCR.  
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4. RESULTS AND DISCUSSION 
  
This thesis is based upon three perspectives of microbe-host interactions with special 

emphasis on nuclear receptors such as the PPARs. The first paper deals with the impact 

that normal flora has on NR expression in the gut, implying a broad microbe-host 

cross-talk potentially necessary for proper colonic development. The second paper 

explores bacterial points for regulation of NRs, and identifies phosphorylation of 

PPARγ as a way of altering its transcriptional potential. By affecting expression and/or 

activity of nuclear receptors in the colon one might envisage bacterial content to be a 

player in regulation of gastrointestinally related organs as well as metabolically 

important tissues such as muscles and fat. The third and last paper is based on this 

extended view of bacterial signals. Here it is shown that presence of probiotic bacteria 

can influence expression of metabolically active factors, potentially through PPARs, and 

thus affect lipid homeostasis. 

 

4.1  Paper I: Gut Flora, Toll-Like Receptors and Nuclear Receptors: A 

Tripartite Communication that Tunes Innate Immunity in Large 

Intestine 

Considering that the amount of bacteria present in our body exceeds our own human 

cells in number, it is difficult to resolve whether the bacteria are subordinated to our 

existence or vice versa. The intestine is however known for its exclusivity even though 

the sheer numbers of species can seem daunting. Despite differences in early colonizers 

depending on environment, the adult intestine is, as mentioned before, really only 

dominated by two divisions of bacteria: the Bacteroidetes and the Firmicutes. It would 

seem that the intestine has strict membership clauses even though it is bombarded by 

new applicants every day. It is conceivable that this is a part of a survival strategy 

brought about by co-evolution, where some functions of life can be outsourced to the 

ever present bacteria for the price of providing provisions and accommodation. With 

this in mind one can also imagine that it is not only metabolic functions that have been 

subcontracted but also certain base stages of development. As seen in germ free animals, 

the biological system is quite capable of coping with life without bacteria, even though 

aspects of tissue maturation have not been fulfilled [118]. Except for small clues, there 

still remains a paucity of information on bacterial influence on host physiology, and 

even less information on how this influence is mediated. 
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In this paper, we have monitored the effects of bacterial presence on the nuclear 

receptor family of transcription factors. The diversity of NRs links this group of 

receptors to virtually all aspects of life, and bacterial manipulation of these would help 

explain how flora affects host properties.  

Especially five of the 49 tested NRs show an inherent difference in expression pattern 

between germ free and specific pathogen free (SPF) control mice. Intestinal microbiota 

seems to elevate GCNF and Nur77, while reducing the expression of CAR, LXRα and 

RORγ, the implications of which are yet to be determined. Functional repercussions in 

diverse facets of physiology, such as metabolic, immunological and maturation 

processes can be inferred by alterations of these particular NRs. In view of 

developmental consequences, GCNF in particular conveys interesting signals to the 

gastrointestinal tract. GCNF is highly influential during embryogenesis and has been 

shown to be a powerful agent of differentiation in germ and neuronal cells [119]. 

Elevated differentiation seems to fit well with the intestinal alterations inherent to 

colonization, since the germ free gut is less mature. Being a transcriptional repressor, 

GCNF also has a noteworthy role in inhibiting the action of other NRs such as ERRα, 
which would squelch inflammatory signaling pathways [120,121]. We performed a 

small comparative study on 12 CD, 14 UC patients and 11 healthy controls where these 

five NRs were investigated. Only GCNF showed a significant differential expression 

pattern, as it was downregulated in both UC and CD patients compared to controls 

(Figure 5). This could be a reflection of the chronic inflammatory state where the anti-

inflammatory properties of GCNF are subdued, or it might represent a targeted drop in 

differentiation to quench the need for a constant flow of new cells to replace the ones 

lost to the detrimental inflammation. 

 
 
Figure 5. GCNF shows altered 
expression in IBD. Out of the 
five bacterially regulated NRs, 
GCNF levels are significantly 
lower in human Crohn’s 
disease (CD) and Ulcerative 
colitis (UC) patients compared 
to healthy controls.  

Figure 5 
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We go on to show that the naïve germ free gut is not practiced in the art of 

inflammation and thus responds very differently to pathogenic infection compared to 

conventional animals. Since two of our original five NRs, Nur77 and RORγ, have clear 

ties to immune cells, it is tempting to speculate on the topic of their importance in gut 

“immunoeducation”. Nur77 has been attributed pro-apoptotic signaling in colon 

cancer cells, but is mostly mentioned in relation to T cell receptor signaling, where it is 

responsible for selection and elimination of autoreactive populations [122,123]. RORγ 

activation on the other hand, results in inhibition of T cell receptor induced 

proliferation and cell death by affecting IL-2 and Fas ligand expression [124]. Based on 

this information these two NRs could act in concert to educate immune cells, but also 

play an important role in the colonic mucosa. The elevation of Nur77 could be 

explained by the need for controlled cell death in a properly functioning mucosal layer 

since it has a higher rate of cell proliferation and cell number than epithelial linings 

which have not encountered bacteria. The decrease in RORγ could allow for proper 

expansion and function of immune cells through epithelial secreted factors. 

CAR and LXRα are primarily found in liver and are responsible for metabolic processes 

such as elimination of xenobiotics and cholesterol metabolism. We show that LXRα is 

downregulated in the presence of bacteria. A possible link between bacterial signals and 

LXRα has been made prior to our study, where its downstream targets are shown to be 

negatively affected by TLR-3 and TLR-4 signaling [125]. It has also been shown that 

LXR activation represses cholesterol absorption [126], which would suggest that a 

metabolic switch has taken place in the SPF mice, where cholesterol absorption is 

increased due to low levels of LXRα.  

The main organ of expression for CAR is the liver, but since it acts as a xenosensor to 

protect from exogenous insults, its presence in the intestine is reasonable. Given the 

large amount of new metabolites present in a colonized intestine it might seem odd 

that CAR is in fact downregulated in this setting compared to germ free. We also 

found a possible link between TLR-2 signaling and CAR expression which would 

imply that this NR is under bacterial regulation. This can be interpreted as a placating 

property of the healthy commensal setting on xenosensing to ensure low 

overreactivity. This represents yet another route of developmental stimuli 

orchestrated by the resident flora.  

Our study mainly focuses on expressional differences while the posttranslational and/or 

stimulatory differences are unfortunately not within the scope of this paper. There are 

however some interesting connections between NRs and TLRs which involve general 

signaling pathways. One such pathway is the phosphatidylinositol 3-OH kinase (PI-3K) 

which can be manipulated to lessen LPS stimulated inflammatory targets [127,128]. PI-
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3K is a part of signaling pathways often shared and affected by NRs. This pathway is also 

underscored in Paper II of this thesis where its action has a hand in the regulation of NR 

transcriptional activity, exemplified by PPARγ.  

 

4.2  Paper II: Enterococcus Faecalis from Newborn Babies Regulate 

Endogenous PPARγ Activity and Interleukin-10 Levels in Colonic 

Epithelial Cells 

Our microflora is an organ in itself, representing a greatly efficient and stable 

bioreactor. Functional redundancy between bacteria keeps the stability constant, if not 

disturbed by highly pathogenic species or antibiotics. Proper colonization early in life is 

crucial for further development and aids in laying the ground work for future stability. 

Bacterial legacies are hard to pin down, both due to redundancy between species, and 

also because of the intricate network of the host signaling pathways. Understanding 

these networks will help us grasp the microbial bestowals shaping our physiology. 

The human intestine is the equivalent of a chemostat where exogenous complex 

carbohydrates and endogenous glycoproteins together create a rich culture medium 

where fermentation to produce short chain fatty acids takes place. This fermentation is 

a very important source of calories and carbon in other animals [129] and probably 

figured prominently in human nutrition when we were less well fed. Through the 

production of these short chain fatty acids, resident bacteria can positively influence not 

only metabolic effects, but also intestinal epithelial cell differentiation and proliferation 

[130]. We often focus on NRs as the mediators for these effects, as they readily bind 

fatty acid derived ligands. Mechanistically, these processes are still poorly understood, 

and to truly know these pathways one needs to delve into the complex nature of 

intracellular signaling. 

Here we focus on the phosphorylation aspect of signaling, and try to establish this as a 

potential transcriptional modulation pathway for bacterial influence. Phosphorylation 

of NRs and other transcription factors is a well known mode of altering activity. Post-

translational modifications are very important in regulation of NRs, each with their 

own implications. In the field of PPARγ there is a clear schism of whether 

phosphorylation connotes positive or negative effects of transcriptional activity [131-

134]. Differences in results might be explained, while speculatively, by divergent 

methodology, cell type, or genetic predisposition. This chapter is long from closed and 

we have tried to further our knowledge by including specific ligand work together with 

bacterial data, to prove our stand-point of highly active phospho-PPARγ. We show that 

a ligand dependent phosphorylation of PPARγ correlates to increased activity in the 
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form of target gene expression. We show this relationship in a colonic epithelial cell 

line, but have obtained similar results from a macrophage lineage as well. This suggests 

that the seen effect is not cell type specific but could rather be a general mechanism of 

activation (Figure 6).  

We go on to demonstrate that bacterial presence, in the form of E. faecalis, has the same 

effect on PPARγ function as ligand. The Enterococci strains we are using are early 

colonizers isolated from infants, and could potentially be important in gut development 

knowing the importance of early interplay as stated previously.  

The reported inconsistencies on phosphorylation effects could be a consequence of 

differences in addressing proteasomal degradation. Phosphorylation is intimately 

coupled to ubiquitination and degradation, and could thus signify a mere means to an 

end where the protein is decommissioned, as seen for other NRs [135,136]. In 

accordance with this premise we show that this modification is coupled to proteasomal 

degradation and increases in amount when this pathway has been obstructed. We 

propose a model where phosphorylation instigates increased transcriptional activity, 

Figure 6. Role of PPARγ phosphorylation in macrophages. A) Western blot showing 
effects of Rosiglitazone (Rosi) and GW9662 (GW) on phospho-PPARγ1 (P-Pγ1). B) 
Accumulation of phospho-PPARγ1 in presence of the proteasomal inhibitor MG-132 
(MG). C) Real time PCR of CD36 under the influence of Rosiglitazone, GW9662, and 
MG-132. 

Figure 6 
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which in turn is kept under strict control by degradation systems as not to disturb the 

cellular balance. We also allude to a possible signaling pathway for this particular 

posttranslational modification. It would seem that the PI-3K pathway is a crucial part of 

this phosphorylation event as inhibition results in ablation of receptor activation in 

response to bacteria.  

These interconnected networks set the stage for controlled manipulation of the colonic 

mucosa by commensal bacteria such as E. faecalis, where differentiation and anti-

inflammatory expression programs, such as IL-10, may be initiated. Here we also show 

the targets ADRP and FIAF which are linked to fatty acid transport and metabolism. 

Both can be conceived as part of a developmental program important early in life when 

a metabolic switch is made upon birth.  

Probiotic bacteria have been shown to attenuate TNFα mediated induction of NF-κB 

activation by inhibiting the proteasome [137]. The bacteria are thus able to regulate 

epithelial cell responses to both increase cytoprotection and decrease inflammation. In 

said paper the focus is on proteasomal influences on the NF-κB pathway, while it is 

highly likely that it would affect a number of other signaling cascades as well. That these 

probiotic influences could be mediated through PPARγ and its phosphorylation is a 

very appealing concept. Anti-inflammatory consequences due to phospho-PPARγ, such 

as upregulation of IL-10 expression, would be a natural synthesis between our data and 

theirs.  

A continuation of bacterial activation of PPARγ can be seen in Paper III where also 

probiotics are featured.  

 

4.3  Paper III: Lactobacilli Targets Fat Storage by Activating Fasting 
Induced Adipose Factor (FIAF) 

Microbial ability to degrade dietary constituents is well established, while impact of 

bacterial metabolism on energy balance of the host is granted less focus. Given the 

diversity of responses that can be mounted by the gut epithelium, alteration of 

microflora through probiotics could represent a possible route of total body 

manipulation. Combined efforts have however established that ingested probiotic 

strains generally do not persist as members of the normal microbiota beyond the dosing 

period [138,139]. Although permanent microbiota alteration may not be possible, 

association of probiotics to host cells or their release of relevant factors might be 

sufficient to trigger important signaling cascades.  

The metabolic syndrome (also known as Syndrome X) is a constellation of metabolic 

abnormalities that includes glucose intolerance, insulin resistance, abdominal adiposity, 
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dyslipidemia, and hypertension and is often linked to cardiovascular disease and type 2 

diabetes. The metabolic syndrome is often initiated by an excess of weight which is 

coupled to low grade inflammation. Insulin resistance and cardiovascular disease seem 

to share mechanistic traits in the form of macrophage derived cell types and their 

actions on adipose tissue and atherosclerotic plaques. Diet induced obesity leads to 

recruitment of macrophages to white adipose tissue and an increase in inflammatory 

mediators [140]. The importance of inflammation in atherosclerosis is highly respected, 

and the role of macrophages in lipid rich plaques has been given a lot of attention. The 

precursors of foam cells are attracted to plaques by the same chemokine (CCL2/MCP-

1) that attracts macrophages to adipose tissue during obesity [141,142]. Interestingly, 

the receptor for this CCL2 is downregulated by PPARγ when activated by oxidized LDL 

[143]. Signaling circuitry involved in such complex diseases is naturally quite intricate 

and does not involve any one pathway or transcription factor. The PPARs are however 

a favorite group of mediators tied to metabolic control and have been known to 

reverse many aspects of the metabolic syndrome. One pathway intimately associated 

with type 2 diabetes is insulin and the body’s pathogenic resistance to it. PPARγ ligands 

are, as stated before, known for their anti-diabetic properties and reversal of insulin 

resistance. The promising effects of PPAR ligands do however not tell the whole story 

since they in practice have mixed effects on metabolic endpoints. 

The angiopoietin-like protein 4 (ANGPTL4), also known as hepatic 

fibrinogen/angiopoietin-related protein (HFARP), PPARγ angiopoietin-related gene 

(PGAR), or fasting induced adipose factor (FIAF) is a circulating plasma protein 

upregulated during fasting by PPAR agonists, involved in regulating glucose 

homeostasis and lipid metabolism through its inhibition of lipoprotein lipase (LPL) 

[144,145]. LPL hydrolyzes circulating very low density lipoproteins (VLDL) and 

chylomicrons, generating fatty acids for energy through beta oxidation or alternatively 

for storage and presumed future use. This means that an inhibition of LPL would result 

in decreased uptake of fat into storage facilities such as adipocytes. 

It has been shown that FIAF is a player in the microbially related propensity for obesity, 

as normal gut flora is suggested to downregulate its expression [146,147]. Mice devoid 

of FIAF, display a reduced expression of peroxisomal proliferator activated receptor 

co-activator (PGC-1α) and enzymes involved in fatty acid oxidation. The GF state is 

believed to exhibit higher levels of FIAF and an accompanied lean phenotype even 

when exposed to Western type diets. 

We show that the probiotic Lactobacillus F19, in contrast to previously published whole 

flora, induces FIAF expression in colonic cells. It seems to do so through a secreted 

lipophilic factor possibly affecting PPAR gene transcription programs. Systemically, F19 
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colonization results in elevated levels of circulating FIAF, the effect of which can be seen 

on lipoprotein content in serum as a consequence of LPL inhibition. Storage of fat is 

thus circumvented by less uptake of lipids to adipocytes. Homeostatic changes such as 

these do of course have their own set of consequences. Increased levels of the lower 

density lipoproteins are associated with disorders of the metabolic syndrome and could 

lead to pro-atherogenic lipid oxidation. On the other hand, studies have shown that 

LPL derived from macrophages is pro-atherogenic in the arterial wall [148], in which 

case a drop brought about by FIAF would be highly favorable. This stresses the 

importance of molecular origin and cell type specific actions. 

PPARγ activation modulates gene expression leading to decreases in circulating glucose 

and triglycerides. Because of this, its synthetic ligands are used to treat type 2 diabetes 

where they reverse insulin resistance. The undesirable consequence of this is an increase 

in fat mass through promotion of triglyceride storage into adipose tissue, as well as 

generation of new adipocytes. Fibrates, sensed by PPARα, are used as pharmacological 

tools for reducing triglyceride levels and increasing the concentration of HDL 

cholesterol [149]. Both PPARα and PPARγ have also been known to directly induce 

expression of LPL [150,151]. This of course introduces the concept of direct and 

indirect effects brought about by NR activation (Figure 7). The direct effect of PPAR 

ligands allowed to act systemically will be quite different from their indirect effects 

where factors such as FIAF are the ones allocated to act on homeostatic parameters. 

Figure 7 

 
 
Figure 7. Simple representation of 
PPAR activation. Direct effects 
brought about by ligand 
recognition is here represented by 
the target gene LPL in adipose 
tissue. A secondary, or indirect, 
effect of PPAR activation in 
colonic epithelium is expression of 
FIAF, which subsequently can 
inhibit LPL action. 
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These potentially health promoting actions of F19 encourage further studies into it 

being used as a pro-active complement during weight loss. In addition to basic life style 

interventions, multi-strain probiotic combinations could be used to ensure successful 

weight loss, and it is therefore necessary to intensely investigate strain selection, dosing, 

and colonization issues. Mechanisms by which this Lactobacillus is able to accomplish 

this feat have not yet been elucidated. Since a link to PPARs have been shown one might 

envisage both ligand dependent and independent pathways. Whether the effect we are 

seeing is on account of a secreted factor acting as ligand or, as mentioned in Paper II, 

probiotic effect on proteasomal function tying directly to PPAR action as a downstream 

mediator, is not known but worthy of further investigation. 
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5. CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 

 

One might view both PRRs and NRs as complementary parts of a bacterial sensing 

strategy. PRRs are responsible for recognition of their structural and physical properties 

such as components of cell wall and DNA, while NRs sense bacterial products for 

example in the form of secreted or conjugated molecules. Sensing bacterial presence is 

both a protective and developmental endeavor where pathogenesis is balanced against 

symbiosis. How this balance is achieved is of utmost interest to a vast array of disease 

settings. 

Revealing NR mechanisms of conduct has widespread implications for our 

understanding of biological regulation. As future biomarkers, it might be possible to 

match NRs with different diseases based on the expression patterns of the receptor and 

its target gene profile in relevant cell types. Combinatorial therapy using NR agonists to 

work in synergy might represent an alternative, and potentially complementary, strategy 

to achieve desirable health effects while minimizing the adverse outcomes of 

overstimulating only one signaling pathway. Using chronic inflammatory diseases as an 

example, it is possible that anti-inflammatory actions of glucocorticoids could be 

achieved at lower doses with fewer side effects by a simultaneous administration of for 

example PPARγ ligand. Transrepression constitutes one mechanistic basis for the anti-

inflammatory properties of PPARs. Ligand stimulation of PPARγ was shown to trigger 

its association with the co-repressor NCoR, thereby preventing dissociation of NCoR 

from the iNOS promoter and subsequent gene action [158]. The post-translational 

modification responsible for this PPARγ action was SUMOylation (conjugation of a 

small ubiquitin related modifier), as this alteration targeted the receptor for interaction 

with the co-repressor. 

Taking inflammatory bowel disease into account, regulatory systems of host-microbe 

interactions are yet another important field of research as it impinges on the origin of 

disease. Here signaling pathways, as the ones discussed in this thesis, are at the hub of 

regulation and could represent tangible points of modulation. Degradation and 

activation coupled phosphorylation discussed for PPARγ in Paper II, is only one 

possible route of bacterial influence, but offers intellectually stimulating ramifications. 

The involvement of ubiquitin-protein conjugation enzymes for efficient transcription 

factor activation raises the intriguing possibility that clearance of factors from 

promoters enables sequential interfacing of activated NRs with different co-regulator 

complexes. While this thought adds to the expressional complexity of any given system, 



 

  29 

it also offers an explanation to divergent results depending on cell type and 

transcriptional machinery. Further mapping of these differences will be instrumental 

for future composite knowledge.  

The benefits of TZDs are attributed to direct effects on lipid metabolism in adipose 

tissue and to secondary effects on lipid and glucose metabolism in liver and skeletal 

muscle. PPAR involvement in atherosclerosis and insulin resistance is inferred by their 

lipid sensing roles central to starvation, feeding and inflammatory control. Macrophage 

infiltration is a prominent feature of these diseases, and both pro-inflammatory M1 

macrophages and anti-inflammatory M2 macrophages are present in fatty streaks and 

adipose tissue. Activation of PPARγ is critically involved in macrophage polarization 

to the M2 phenotype in both adipose tissue and atherosclerotic lesions and improves 

insulin sensitivity. Conversely, selective deletion of PPARγ in macrophages increases 

insulin resistance and exacerbates atherosclerosis [115,159]. Together with our 

observations on PPARγ action in macrophages, these data provide evidence that tissue 

macrophages and their PPARγ is a potential therapeutic target for the treatment of 

both the metabolic syndrome and its related diseases. 

Modern environment versus ancient genotype is postulated to expose inherent genetic 

imprints of “thriftiness” regarding syndromes such as cardiovascular disease and obesity 

[160]. Thrifty genes would be the ones that favor insulin resistance and fat storage 

during times of famine. This can be coupled to the symbiotic relationship developed 

with surrounding bacteria where their fermentation products provides us with about 

10% of our daily caloric intake [161]. Our microbiota is well equipped to degrade and 

ferment luminal constituents, an ability which has been given some attention regarding 

health and disease. The relative proportion of Bacteroidetes and Firmicutes studied in 

obese patients, indicates that the presence of Bacteroidetes species is inversely correlated 

with the obese state [162]. Theoretically this would imply that Firmicutes, which 

generate more energy in the form of butyrate, get a larger playground and can thus 

produce more calories readily available to the host. It could also entail signaling brought 

about by an increased luminal content of butyrate. Butyrate is known for its effects on 

histone acetylation and could thus be influential in altering gene expression and 

function of epithelial cells [163]. Whether the short chain fatty acids are involved in the 

effects we see in both mice and cell lines is yet to be determined but they could 

represent at least a part of the explanation.  

Inter-molecular relationships at the helm of homeostatic regulation show us the 

importance of a balanced co-existence. Similarly, symbiotic union between host and 

microbe dictates our wellbeing, confirming that happiness comes from within. 
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