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ABSTRACT 

Mast cells are immunological cells having an important function in host defense. Mast 
cells also participate in the regulation of many other physiological functions of the body, 
such as the regulation of tissue homeostasis, intestinal functions, and neuro-immune 
interactions, by producing multiple mediators including cytokines, chemokines, 
leukotrienes, prostaglandins, proteases, and biogenic amines. However, these same mast 
cell-derived mediators are involved in the pathogenesis of many inflammatory diseases, 
such as atherosclerosis and other metabolic disorders, as well as allergy and intestinal 
diseases. 

Considering the inflammatory nature of atherosclerosis, exploring the role of infection 
in the pathogenesis of the disease has recently gained attention. Components of microbial 
origin have been detected in atherosclerotic lesions and are suggested to promote the 
inflammatory status in the arteries. On the other hand, microbes with beneficial effects on 
human health, called probiotics, have been under extensive study regarding their ability to 
modulate immunological functions and, thus, their possible benefits in the prevention and 
alleviation of inflammatory diseases.  

The purpose of the present study was to investigate the ability of atherosclerosis-
related and probiotic bacteria to activate mast cells and their possible effects on 
inflammation caused by infection or diet. The proatherogenic bacteria Chlamydia 
pneumoniae (Cpn) and Aggregatibacter actinomycetemcomitans (Aa) induced pro-
inflammatory effects in cultured human peripheral-derived mast cells characterized by the 
elevated expression and secretion of pro-inflammatory cytokines, including tumor necrosis 
factor α (TNF-α), and chemokines, such as interleukin (IL)-8 and chemokine (C-C motif) 
ligand 2 (CCL-2). Cpn and Aa also increased the number of activated mast cells in the 
aortas of atherosclerosis-prone ApoE-/- mice. Aa was also observed to induce increased 
concentrations of serum lipopolysaccharide (LPS) and TNF-α in the mice. The probiotic 
Lactobacillus rhamnosus GG (GG) and Lactobacillus rhamnosus Lc705 (Lc705) induced 
the downregulation of several mast cell activation-related genes in cultured human 
peripheral-derived mast cells. In addition, GG, Lc705, Bifidobacterium animalis ssp. lactis 
Bb12 (Bb12), and a combination of these three strains with Propionibacter freudenreichii 
ssp. shermanii JS (PJS) upregulated the expression of Th1 type pro-inflammatory 
cytokines, including TNF-α and IL-1β, and chemokines CCL-2 and IL-8, as well as the 
anti-inflammatory cytokine IL-10. The administration of GG and PJS to high fat-fed 
ApoE*3Leiden mice reduced the number of intestinal mast cells and the concentrations of 
plasma markers of inflammation, including vascular cell adhesion molecule (VCAM) 1, 
E-selectin, and serum amyloid A (SAA).   

In conclusion, Cpn and Aa induced pro-inflammatory actions in cultured mast cells as 
well as the activation of mast cells and the induction of systemic inflammation markers in 
vivo. These effects might induce the inflammation in atherosclerotic lesions and, thus, 
promote the development of atherosclerosis. The probiotic GG and Lc705 suppressed the 
expression of genes related to mast cell activation and induced the production of Th1 type 
and anti-inflammatory cytokines. These changes are suggested to alleviate allergic 
inflammation. In addition, GG and PJS elicited several anti-inflammatory effects in mice 
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with high-fat diet-induced inflammation, including decreases in the numbers of intestinal 
mast cells and in the concentrations of markers of systemic inflammation. These actions 
could be beneficial in the prevention or treatment of inflammatory diseases, such as 
metabolic disorders.   
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INTRODUCTION 

Mast cells are bone marrow-derived cells, which have been detected in all vertebrates 
(Crivellato and Ribatti, 2010). Despite their hematopoietic origin, mast cells are primarily 
located in tissues, where they are found in the proximity of the epithelium as well as 
vascular and neural structures, enabling contact with external agents. Mast cells have been 
traditionally regarded as “allergy cells” involved in allergic disorders and as effector cells 
defending against parasites (Metz et al., 2007). However, the understanding of the 
multiple functions of mast cells in immunomodulation, host defense and the regulation of 
tissue homeostasis is emerging. By producing a plethora of mediators, mast cells exert 
many immunological and non-immunological effects either directly or indirectly by 
regulating other cells (Galli et al., 2005). The production of the mediators is dependent on 
the microenvironment that mast cells encounter and can occasionally also be detrimental, 
leading to persistent inflammation and the promotion of inflammatory diseases (Weller et 
al., 2011).  

It has been acknowledged that increased numbers of mast cells and mast cell-derived 
mediators are involved in allergic inflammation, atherosclerosis, and other metabolic 
disorders as well as in inflammatory intestinal diseases (Weller et al., 2011; Bischoff, 
2009; Bischoff, 2007). In addition to mast cells, infection has also been suggested to play 
a role in the pathogenesis of certain inflammatory diseases. Indeed, direct and indirect 
evidence supports the hypothesis that pathogenic lung and oral bacteria are involved in the 
progression of atherosclerosis (Rosenfeld and Campbell, 2011). Although mast cells are 
well known to be activated by several pathogenic bacteria or pathogen-derived products, 
and the role of mast cells in the progression of atherosclerosis has been widely studied, the 
effects of proatherogenic bacteria on mast cells have not been explored. 

Recently, the role of the gut microbiota in inflammatory diseases has also been 
emerging (Tlaskalova-Hogenova et al., 2011). Differences in the composition of intestinal 
bacteria have been detected between patients with inflammatory diseases and healthy 
individuals. The non-pathogenic, beneficial bacteria supplied often in dairy products and 
dietary supplements, called probiotics, are suggested to balance the intestinal microbiota 
and have immunomodulatory functions (Parvez et al., 2006). The effects of different 
strains of probiotic bacteria on various health problems, including inflammatory diseases, 
have been under extensive study. However, the molecular mechanisms behind the actions 
of probiotics are not fully elucidated, and the concept of mast cells mediating the effects of 
probiotics has been gaining interest.  

The aim of this thesis was to explore the effects of proatherogenic and probiotic 
bacteria on human mast cells in culture and on inflammation in mouse models in the 
context of inflammatory diseases. 
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REVIEW OF THE LITERATURE 

1 Mast cells 

The first notes of mast cells were made by Friedrich von Recklinghausen in 1863 when he 
discovered granular cells in the frog mesentery (von Recklinghausen, 1863; Archer, 1980). 
Some years later, Paul Ehrlich described accurate detailed characteristics and the 
metachromatic staining ability of these granular cells (Ehrlich, 1879; Crivellato et al., 
2003). It was Ehrlich who named these cells as “mastzellen” or mast cells. The name 
reflected his image of well-fed cells of the connective tissue as he thought mast cell 
granules were filled with material ingested from the surrounding tissue (“mast” derives 
from German word “mästung” which means well-fed) (Figure 1). Ehrlich also described 
the distribution of mast cells throughout the connective tissue and in the proximity of 
blood vessels.  

In the following decades, mast cell research focused almost entirely on morphology 
and histology. The functional side of mast cells has only recently been explored. It is now 
well known that, in addition to connective tissue, mast cells also reside at the mucosal 
sites of the body and can be detected in almost all vascularized tissues, such as the skin, 
the airways, the gastrointestinal tract, and the brain. The location of mast cells in the 
interfaces of the body explains their function as gatekeepers that detect and react if 
anything foreign tries to enter the body. In addition to host defense, mast cells also 
participate in many other physiological functions, such as the regulation of tissue 
homeostasis, intestinal functions, and wound healing (Galli et al., 2008; Bischoff, 2009; 
Wulff et al., 2011). However, mast cells are also involved in many pathophysiological 
conditions, including allergy, atherosclerosis, and inflammatory intestinal diseases (Weller 
et al., 2011).  

 

 
 

Figure 1. Mast cell. 
Scanning electron micrograph of a rat serosal mast cell. 
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1.1 Origin, differentiation, and heterogeneity 

Since Ehrlich had found mast cells in connective tissue, he proposed that these cells 
differentiate from fibroblasts (Crivellato et al., 2003). Kitamura et al. discovered in 1977 
that mast cells originate from myeloid stem cells in the bone marrow (Kitamura et al., 
1977), where they start to develop into committed mast cell progenitors and enter the 
circulation (Rottem et al., 1991). These observations, together with the fact that mature 
mast cells could not be found in the circulation, led to agreement that mast cells are homed 
into tissues where their differentiation and phenotype are defined (Kitamura and Fujita, 
1989) (Figure 2). 

Mast cell precursors show considerable heterogeneity, but it is known that committed 
mast cell progenitors express CD34, CD13, and CD117, but not the high affinity IgE 
receptor (FcεRI), on their surface (Kirshenbaum et al., 1999; Valent et al., 1991). After 
entering tissues, the microenvironment, including growth factors and cytokines, defines 
the phenotype of mast cells. The most important molecule for mast cell differentiation is 
the stem cell factor (SCF), also known as mast cell growth factor and kit ligand. The 
receptor for SCF is the CD117 molecule (also called c-kit), and it is expressed on the mast 
cell surface at all stages of maturation (Galli et al., 1993). SCF is secreted by tissue cells, 
such as fibroblasts and endothelial cells (Miyamoto et al., 1997; Nocka et al., 1990). The 
importance of SCF is highlighted by the discovery that mutations in either SCF or CD117 
proteins in mice result in perturbated CD117 signaling and in a deficiency of mast cells 
(Kitamura et al., 1978; Kitamura and Go, 1979), while, on the contrary, patients with 
gain-of-function mutations in CD117 have increased levels of mast cells in their tissues 
(Nagata et al., 1998). In addition, SCF is involved in the homing of mast cells into tissues 
via CD117 (Nilsson et al., 1994; Galli et al., 1995). Other homing molecules that guide 
mast cells into tissues include eotaxin via C-C chemokine receptor type 3 (CCR-3) and the 
integrins β7 and β47 (Arinobu et al., 2005; Juremalm and Nilsson, 2005) as well as the 
corresponding intestinal ligands of these integrins, the vascular cell adhesion molecule 1 
(VCAM-1) and the mucosal cell adhesion molecule addressin (Gurish and Boyce, 2006). 
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Figure 2. Differentiation of mast cells. 
1. Mast cell precursors originate in the bone marrow. 2. Committed mast cell progenitors enter the 
circulation expressing CD34, CD13, and CD117 on their surface. 3-4. The stem cell factor (SCF) 
secreted by smooth muscle cells and endothelial cells attracts mast cell progenitors into tissues. 5. 
Cytokines in the tissue microenvironment determine the phenotype of mature mast cells. IL, 
interleukin; NGF, nerve growth factor. Original illustration Arto Nurmi 1993, modified with 
permission. 

 
In humans, two main subtypes of mast cells have been described based on the protease 
content of the granules. Mast cells that have granules containing detectable amounts of 
only tryptase (T-positive subtype) are mainly located at mucosal sites, while cells with 
granules containing detectable amounts of both tryptase and chymase (TC-positive 
subtypes) are traditionally located within various connective tissues, including 
subcutaneous tissues (Irani et al., 1986). Mediators produced by other cells, particularly T 
cell-derived mediators, are essential for the development of the T-positive subtype since 
these cells are absent in athymic mice (Ruitenberg and Elgersma, 1976) and in patients 
with abnormal T lymphocyte function (Irani et al., 1987). The differentiation and growth 
of mast cell progenitors into mature mast cells is also influenced by several cytokines, 
such as interleukins (IL)-3, IL-4, IL-6, and IL-9, and the nerve growth factor (NGF) 
secreted by several cell types in the surrounding tissue (Saito et al., 1995; Valent, 1995; 
Toru et al., 1998; Welker et al., 1998; Gebhardt et al., 2002; Matsuzawa et al., 2003). 
However, the phenotype might be readjusted when the cell encounters another type of 
tissue or microenvironment, (Nakano et al., 1987; Kitamura and Fujita, 1989; McNeil and 
Gotis-Graham, 2000), perhaps due to the ability of mature mast cells to re-enter the cell 
cycle and/or start to proliferate. Mast cells are also long-lived; they can stay alive for up to 
a year (Dvorak et al., 1988; Kitamura, 1989).  
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1.2 Activation 

Mast cells have a prominent capability to degranulate, i.e. exocytose mediators preformed 
and stored in their cytosolic secretory granules (Figure 3). Degranulation has traditionally 
been considered a hallmark of mast cell activation. However, after being activated, mast 
cells are also able to secrete mediators that are synthesized after encountering an antigen 
or other mast cell-activating agents. To react properly to specific stimuli, mast cells 
express a large repertoire of receptors. 

 

 
 

Figure 3. Degranulated mast cell. 
Scanning electron micrograph of a degranulated rat serosal mast cell activated with compound 
48/80.  
  
The most extensively studied mast cell receptor is the high affinity receptor for IgE or 
FcεRI. Immunoglobulin (Ig) E antibodies bind to FcεRI, and an encounter with an antigen 
(or an allergen) leads to the cross-linking of the IgE-FcεRI complex. This cross-linking 
initiates mast cell activation and intracellular signaling, resulting in the secretion of 
granule-stored mediators and the induction of gene transcription with the ensuing 
secretion of newly synthesized effector molecules. The IgE-mediated mast cell activation 
is important in host defense against parasites, such as Trichinella spiralis and helminths 
(Gurish et al., 2004), and plays a crucial role in allergic reactions (Bischoff, 2007).  

The FcεRI receptor consists of three polypeptide subunits: α, β (containing four 
transmembrane domains), and a homodimeric γ subunit (Turner and Kinet, 1999) (Figure 
4). The α subunit binds the Fc portion of IgE with high affinity, while the β and γ subunits 
contain conserved immunoreceptor tyrosine-based activation motifs (ITAMs) and, thus, 
participate in the downstream signaling events. The γ subunit is essential for the FcεRI-
induced signal transduction, and the β subunit is suggested to act as a modulator of the γ 
subunit-mediated signaling events (Wilson et al., 1995; Furumoto et al., 2004). On antigen 
presenting cells and eosinophils, however, an alternative form of the FcεRI, consisting of 
only one α and two γ subunits, also exists (Turner and Kinet, 1999). Recently, a soluble 
form of the FcεRI α subunit was found circulating in the serum, capable of binding IgE 
with high affinity (Dehlink et al., 2011).  
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Figure 4. Schematic picture of the structure of FcεRI. 
ITAM, immunoreceptor tyrosine-based activation motif. 

 
 
The early FcεRI signaling cascade initiates a multi-branched network of phosporylation 
events depicted in Figure 5. However, all the details of the signaling cascade are not fully 
understood. To summarize the known events, FcεRI aggregation leads to the translocation 
of the receptor into plasma membrane microstructures, known as lipid rafts (Field et al., 
1997), where they have access to protein tyrosine kinases of the Src family, e.g. Lyn 
(Honda et al., 2000). This interaction enables the efficient phosphorylation of the ITAMs 
of the β and γ subunits and leads to the activation of the tyrosine kinase Syk, which then 
phosphorylates several cytosolic substrates. One of the most important of these cytosolic 
substrates is the membrane-associated protein LAT (linker for activation of T cells) that 
recruits key signaling molecules to the plasma membrane, where it becomes 
phosphorylated. In another, parallel pathway, phosphatidylinositol 3-kinase (PI3K) is 
activated by Fyn, and the following downstream phosphorylations lead to the activation of 
proteins, such as phospholipase C γ (PLCγ) (Gilfillan and Tkaczyk, 2006). The 
suppression of the phosphorylation of PLCγ by adaptor molecules leads to diminished 
calcium mobilization and degranulation, suggesting an important role for PLCγ in mast 
cell activation (Yamamoto et al., 2003). PLCγ docks to LAT on the plasma membrane, 
and becomes phosphorylated by several protein tyrosine kinases. This leads to the 
formation of second messengers that release calcium and activate the protein kinase C 
(PKC). Both the increased calcium levels and activated PKC induce mast cell 
degranulation (Sagi-Eisenberg et al., 1985; Ozawa et al., 1993). In addition, the activation 
of PKC, along with other enzymes, results in the phosphorylation of mitogen-activated 
protein kinases (MAPKs) and, thus, in the synthesis of cytokines as well as in the 
activation of cytoplasmic phospholipase A2 and in the release of arachidonic acid 
metabolites (Abramson and Pecht, 2007).  
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Figure 5. FcεRI signaling cascade in mast cells (modified from Gilfillan and Tkaczyk, 
2006). 
After FcεRI aggregation, the receptor is incorporated into microdomains of the plasma membrane 
called lipid rafts following the activation of the Scr-family kinase Lyn and the phosphorylation of 
the ITAMs of the β and γ subunits of the receptor. The adaptor molecule LAT becomes 
phosphorylated in a Syk-dependent manner, resulting in the direct or indirect binding of the 
adaptor proteins GRB2, GADS, SHC, SLP76, VAV, and SOS. Another kinase, Fyn, activates 
PI3K, following the binding of LAT. The binding of LAT leads to the activation of PLCγ, which 
in turn activates PtdIns(4,5)P2. The resulting activation products InsP3 and DAG induce the 
mobilization of calcium and the activation of PKC, respectively, resulting in the degranulation of 
the mast cell. The activation of the RAS-RAF-pathway after the binding of LAT leads to the 
phosphorylation of MAPKK and MAPKs. MAPKs activate either transcription factors, resulting in 
the synthesis of cytokines, or PLA2, resulting in the synthesis of eicosanoids. ITAM, 
immunoreceptor tyrosine-based activation motif; LAT, linker for activation of T cells; GRB2, 
growth-factor-receptor-bound protein 2; GADS, GRB2-related adaptor protein; SHC, SRC 
homology 2 (SH2)-domain-containing transforming protein C; SLP76, SH2-domain-containing 
leukocyte protein of 76 kDa; SOS, son of sevenless homologue; PI3K, phosphatidylinositol 3-
kinase; PLCγ, phospholipase Cγ; PtdIns(4,5)P2, phosphatidylinositol-4,5-bisphosphate; InsP3, 
inositol-1,4,5-trisphosphate; DAG, diacylglycerol; PKC, protein kinase C; MAPKK, mitogen-
activated protein kinase kinase; MAPK, mitogen-activated protein kinase; PLA2, phospholipase 
A2.  
 
 
  



Review of the literature 
 

 

18 
 

Mast cells also express Fc receptors for IgG. FcγRI binds IgG in high affinity, whereas 
FcγRII and FcγRIII bind IgG with lower affinity (Tkaczyk et al., 2004). In contrast to 
FcεRI, Fcγ receptors are able to both activate and inhibit mast cell activation (Malbec et 
al., 1999; Okayama et al., 2003). Many immune cells express FcγRI constitutively (Pan et 
al., 1990), whereas mast cells do not; rather, they show increased levels of FcγRI on their 
surface after interferon (IFN)-γ treatment (Okayama et al., 2000). The FcγRI-mediated 
activation of mast cells leads to the transcription and production of many pro-
inflammatory mediators, such as TNF-α (Okayama et al., 2001). Mast cell activation via 
FcγRI or FcγRIII also plays a role in type III hypersensitivity, i.e. IgG-dependent allergic 
reactions. This observation was already made before the discovery of IgE-mediated 
reactions (Malbec and Daeron, 2007).  

Mast cells have a critical role in host defense against bacterial infections. This was 
demonstrated in the murine model of peritoneal sepsis, in which most wild-type mice 
survived the severe infection, but mast cell-deficient mice showed significantly increased 
mortality (Echtenacher et al., 1996; Malaviya et al., 1996; Shelley et al., 2003). Mast cells 
are able to recognize a wide variety of constructions of bacterial and viral origin, also 
known as pathogen-associated molecular patterns (PAMPs). These molecules are sensed 
by pattern recognition receptors (PRRs), including toll-like receptors (TLRs) (Rao and 
Brown, 2008). PAMPs include peptidoglycan and lipopolysaccharide (LPS), the latter also 
called endotoxin. These PAMPs are common bacterial wall components of gram-positive 
and gram-negative bacteria, respectively. TLRs expressed on mast cells include TLR1, 2, 
3, 4, 5, 6, and 9. TLR2 has been found to act as a receptor for peptidoglycan, TLR3 for 
viral dsRNA, and TLR4 for LPS. Mast cell TLR expression can be modulated by various 
mediators as well as bacterial products (Kubo et al., 2007). After recognizing their 
ligands, TLRs undergo conformational changes that initiate a specific signaling response. 
Different TLRs recruit a specific single protein or a set of downstream adaptor proteins, 
such as MyD88 (myeloid differentiation primary response gene 88), TIRAP (toll-
interleukin 1 receptor domain-containing adaptor protein), TRIF (TIR-domain-containing 
adaptor-inducing interferon β), or TRAM (TRIF-related adaptor molecule). MyD88 is 
utilized by all TRLs except for TLR3, and it mediates signals leading to the activation of 
the transcription factors NF-κB and IRF3, and to the induction of the expression and 
release of inflammatory cytokines, chemokines, and interferons in a degranulation-
independent manner (Kawai and Akira, 2011; Harvima and Nilsson, 2011). 

The complement system is a part of innate immunity and consists of a series of 
proteins which function in opsonization, chemotaxis, leukocyte activation, and cell lysis 
(Muller-Eberhard, 1988). Mast cells express the complement receptors (CR)3, CR4, and 
CR5 as well as receptors for complement components, such as C1q and anaphylatoxins 
C3a and C5a, which are required in the host defense against bacteria (Marshall, 2004; 
Edelson et al., 2006; Rao and Brown, 2008; Guo et al., 2011). Mast cells differentially 
express these receptors depending on mast cell location and cytokine environment 
(Fureder et al., 1995).  

Mast cells also express a variety of additional receptors, such as a selection of 
chemokine receptors (C-X-C chemokine receptor 1-4, C-X-3-C chemokine receptor 1, C-
C chemokine receptor 3-5) involved in mast cell migration and immunological functions 
(Juremalm and Nilsson, 2005). Mast cell-receptors which bind directly to bacterial 
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components include CD48, which recognizes the fimbrial protein FimH of gram-negative 
bacteria (Malaviya et al., 1999), and the intracellular PRR called nucleotide-binding 
oligimerization domain-containing 2 (NOD2), which binds the bacterial structure called 
muramyl dipeptide (Wu et al., 2007). Mast cells also express receptors for lipid mediators, 
such as for prostaglandin E2 (PGE2) and for leukotriene B4, which regulate mast cell 
function in a autocrine or paracrine manner (Boyce, 2007). Mast cells can also be 
activated by a variety of agents that do not bind to any known receptors. Examples of 
these stimuli include ionizing radiation (Muller and Meineke, 2011), basic biomolecules, 
such as the compound 48/80 (Rothschild, 1970; Jaffery et al., 1994), natural cannabinoids 
(Bueb et al., 2001), and components in mosquito saliva (Demeure et al., 2005). 

1.3 Products of mast cell activation 

Upon activation, mast cells exert their effects mainly humorally, e.g. by releasing 
mediators, although there are a few studies on mast cell phagocytosis (Malaviya et al., 
1994; Shin et al., 2006; Della Rovere et al., 2009). Some activation signals induce both 
degranulation and the production of newly synthesized mediators; yet, some signals only 
induce the latter. In other words, mast cells can shape their immune response to a specific 
stimulus. 

The arsenal of mast cell mediators is massive (Table 1) and may explain the versatile 
role of mast cells in physiology and pathophysiology. A fraction of mast cell mediators is 
stored in granules and can be released immediately at the time of activation, while some 
mediators are synthesized after an induction of signaling pathways following an encounter 
with an antigen. A brief overview of the most important mast cell mediators is presented 
here.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



Review of the literature 
 

 

20 
 

Table 1. Mast cell mediators. 

 
PAR, protease-activated receptor; TNF, tumor necrosis factor;  IL, interleukin; NGF, nerve growth factor; SCF, stem cell 
factor; VEGF, vascular endothelial growth factor; bFBF, basic fibroblast growth factor; TGF, transforming growth factor; 
PGD, prostaglandin; CCL, chemokine (C-C motif) ligand; MCP, monocyte chemotactic protein; RANTES, regulated upon 
activation, normal T-cell expressed and secreted; CXCL, chemokine (C-X-C motif) ligand; MIP, macrophage inflammatory 
protein; IFN, interferon; GM-CSF, granulocyte-macrophage colony stimulating factor. 

Granule-stored
Biogenic amines

Histamine Vasodilation, angiogenesis, mitogenesis, pain
Serotonin Vasoconstriction, pain
Dopamine Neurotransmitter

Lysosomal enzymes
β-Hexosaminidase Carbohydrate prosessing
β-Glucuronidase Carbohydrate prosessing
β-D-Galactosidase Carbohydrate prosessing
Arylsulfatase A Lipid and proteoglycan hydrolysis 
Nitric oxide synthase NO production

Proteoglycans
Heparin Angiogenesis, NGF stabilization
Hyalyronic acid Connective tissue component, NGF stabilization
Chondroitin sulfate Cartilage synthesis, anti-inflammatory

Proteases
Tryptase Tissue damage, inflammation, pain, activation of PAR
Chymase Tissue damage, pain, angiotensin II synthesis
Cathepsins Remodeling connective tissue, activation of serine proteases
Granzyme B Apoptosis
Carboxypeptidase A Peptide processing
Matrix metalloproteinases Tissue damage
Renin Angiotensin synthesis

Cytokines and growth factors
TNF-α, IL-4, IL-15 Inflammation
NGF, SCF, VEGF, bFBF, TGF-β Growth of variety of cells

Other
LL-37/cathelicidine Antimicrobial actions

Newly synthesized
Lipid mediators

PGD2 Bronchoconstriction
Leukotriene B4 Leukocyte chemotaxis
Leukotriene C4 Vasoconstriction, pain

Cytokines
TNF-α, Inflammation, leukocyte migration, pain
IL-1α, IL-1β,
IL-3, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-11, IL-12, IL-13,
IL-15, IL-16, IL-18, IL-25, IL-31

Chemokines
CCL2/MCP-1, CCL3, CCL4, Chemoattraction, tissue infiltration of leukocytes
CCL5/RANTES, CCL7, CCL11,
CCL13, CCL20, CXCL1,
CXCL2, CXCL8/IL-8, CXCL9,
CXCL10, CXCL11,
MIP-1α, MIP-1β

Interferons
IFN-α, IFN-β, IFN-γ Inflammation, leukocyte proliferation/activation

Growth factors
NGF, SCF, VEGF, bFBF, TGF-β, Growth of variety of cells
GM-CSF

Nitric oxide
Vasodilation 

Physiological / pathological effectMediator
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1.3.1 Stored mediators 

Histamine 
Histamine is the best known mast cell mediator, and it was first described at least a 
century ago (Dale and Richards, 1918). Histamine is a biogenic amine that is synthesized 
when the amino acid histidine is decarboxylated via the action of the enzyme histidine 
decarboxylase (Ohtsu, 2010). Histamine is stored in mast cell granules in large amounts, 
and it participates in a multitude of physiological activities, including the regulation of the 
function of blood vessels and bronchi (Lundequist and Pejler, 2011). Histamine is also 
involved in many pathological conditions, where the amount of released histamine is 
increased. It is the best known inflammatory molecule in allergy and asthma (Thurmond et 
al., 2008; Dunford and Holgate, 2010), and it also plays a role in other inflammatory 
diseases including atherosclerosis (Wang et al., 2011), irritable bowel syndrome (Barbara 
et al., 2004), and inflammatory bowel diseases (He, 2004). The effects of histamine are 
mediated through the histamine receptors H1-H4 (Smuda and Bryce, 2011). The 
percentage of histamine released from stimulated mast cells is used as a quantitative 
measure of mast cell degranulation. 

 
Proteases 
Proteases stored in mast cell granules account for over 25% of the total protein content of 
the whole mast cell (Schwartz et al., 1987). The best characterized mast cell-specific 
proteases are the neutral serine proteases tryptase and chymase, and the expression of 
these proteases differs between mast cell subtypes (T-positive and TC-positive subtypes 
described in chapter 1.1). Tryptase and chymase play a variety of roles, both protective, 
such as limiting bacterial infection and maintaining the intestinal barrier, and harmful, 
such as contributing to the pathogenesis of many inflammatory diseases (Caughey, 2011).  
 
Cytokines 
Following the observation that mast cells produce cytokines, it was discovered that mast 
cells are able to store TNF-α in their granules (Gordon et al., 1990; Gordon and Galli, 
1990). Mast cell-derived TNF-α functions in immunological settings, including acting as 
an attractant molecule for neutrophils (Sayed et al., 2010), a promoter of dendritic cell 
migration (Suto et al., 2006), and a protector of malaria in mice (Furuta et al., 2006). 
However, in many experimental settings, it may be difficult to distinguish whether the 
secreted TNF-α is derived from secretory granules or produced de novo. In addition to 
TNF-α, other granule-stored cytokines and growth factors have been described in mast 
cells, including IL-4 (Horsmanheimo et al., 1994), IL-15 (Orinska et al., 2007), and 
transforming growth factor (TGF)-β1 (Lindstedt et al., 2001). 
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1.3.2 Newly synthesized mediators 

Cytokines 
After an encounter with a specific antigen, mast cells are capable of synthesizing and 
secreting numerous cytokines, in addition to those stored in granules (Table 1). IgE-
dependent mast cell activation induces the release of Th2 type cytokines, such as IL-3, IL-
5, and IL-14, but also TNF-α (Plaut et al., 1989; Harvima and Nilsson, 2011). On the other 
hand, bacteria or molecules of bacterial origin, e.g. LPS, induce the production of pro-
inflammatory cytokines, including IL-1, IL-6, and IL-12, and also the anti-inflammatory 
cytokine IL-10 (Leal-Berumen et al., 1994; McCurdy et al., 2003; Song et al., 2011). Mast 
cells are also involved in host defense against viral infections and produce antiviral 
cytokines, such as IFNs (Kulka et al., 2004). 
 
Lipid mediators 
Prostaglandins, thromboxanes, and leukotrienes are derivatives of arachidonic acid. 
Arachidonic acid is released from nuclear membrane phospholipids by cytosolic 
phospholipase A and further metabolized by cyclooxygenase into prostanoids, including 
prostaglandins D2 and E2 and thromboxane A2, and by lipoxygenase into leukotrienes, 
including leukotrienes B4 and C4 (Peters et al., 1984). Mast cells can produce 
prostaglandin D2 and leukotrienes B4 and C4. These lipid mediators are synthesized and 
released after IgE-mediated activation of mast cells, and they are involved in the 
inflammatory response associated with allergy and asthma (Boyce, 2007). 

 
In conclusion, mast cells are important effector cells of the immune system that show 
heterogeneity in their granule contents, their mediator responses, and the expression of 
their receptors. This variability is related to the microenvironment and the differentiation 
and maturation state of mast cells. The mast cell reaction in response to specific stimuli 
differs and may include the secretion of several mediators of both pro- and anti-
inflammatory nature. Thus, the net effect of mast cell activation is difficult to predict and 
may vary at different stages of the response. 
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2 Mast cell-related inflammatory diseases 

In normal physiological conditions, mast cells produce their mediators in order to regulate 
several biological processes and maintain tissue homeostasis, including actions that both 
increase and suppress the immune response. However, these very same mediators have 
been connected to the pathophysiology of several diseases, including allergy (Robbie-
Ryan and Brown, 2002), metabolic diseases, such as atherosclerosis (Kovanen, 2009), 
inflammatory intestinal diseases (Barbara et al., 2004; He, 2004), rheumatoid arthritis 
(Lee et al., 2002), and cancer (Coussens et al., 1999; Diaconu et al., 2007). The catalyst 
for the discovery of the multifunctionality of mast cells was the identification of an 
experimental mutant mouse model deficient in mast cells described by Kitamura et al. in 
the 1970s (Kitamura et al., 1978). In this chapter, the mast cell-related diseases relevant to 
the present study are introduced. 

2.1 Allergy 

Allergic inflammation is a reaction of the immune system to common exogenous proteins, 
such as pollen and food components, called allergens. Allergens are rarely intrinsically 
harmful, thus, allergic disease is a consequence of an inappropriate identification of 
benign substances as threats (Hakim-Rad et al., 2009).  

The onset of allergy involves the capture and presentation of the allergen by antigen-
presenting cells. This leads to the development of a considerable population of antigen-
specific Th2 lymphocytes (Kraneveld et al., 2012). When the same allergen re-enters the 
body, these Th2 cells release Th2 cytokines that activate B lymphocytes, which then turn 
into antibody-producing plasma cells. These plasma cells start to generate allergen-
specific IgE (Umetsu and DeKruyff, 1997; Dimov and Casale, 2010; Kraneveld et al., 
2012). The binding of IgE to FcεRI results in the rapid activation of mast cells. The 
FcεRI-mediated activation of mast cells is the hallmark of allergic inflammation and leads 
to the release of both stored and newly synthesized inflammatory mediators including 
histamine, serotonin, IL-9, TNF-α, leukotrienes, prostaglandins, and Th2 cytokines 
including IL-4, IL-5, and IL-13 (Amin, 2012). These mediators induce allergy-related 
immediate phase symptoms, including mucus and electrolyte secretion, smooth muscle 
contraction and nerve-cell activation, leading to, in the most severe outcome, anaphylaxis, 
which causes a drop in blood pressure and shock (Galli et al., 2008; Lee and Vadas, 
2011). Chemotactic cytokines also attract other immune cells, e.g. eosinophils, 
neutrophils, and T cells, to the site of inflammation and contribute to the late phase 
reaction, to chronic allergic symptoms and to the manifestation of allergic diseases, 
including asthma, eczema, rhinitis, and food allergy (Bischoff, 2007). Although the role of 
mast cells in allergic inflammation has been extensively studied, the least common type of 
circulating granulocytes, the basophils, also express FcεRI on their surface and, thus, are 
also involved in IgE-mediated allergic responses (Schneider et al., 2010; Kraneveld et al., 
2012). 

It has been proposed that mast cells play a role in the sensitization to allergens, viz. 
regulating the sensitivity of the body to react to an allergen. Mast cells are involved in the 



Review of the literature 
 

 

24 
 

regulation of epithelial barrier integrity, and mast cell activation in the gastrointestinal 
tract has been linked to increased epithelial permeability and to a higher exposure to 
allergens, such as food antigens (Perrier and Corthesy, 2011). Mast cells are also 
suggested to participate in recruiting and regulating the function of antigen-presenting 
cells as well as in priming and regulating the proliferation of T cells (Maurer et al., 2006). 
Furthermore, IL-4 and IL-13, which are produced by mast cells, are involved in IgE 
production by plasma cells (Kraneveld et al., 2012). 

Surprisingly, mast cells have also been found to act as modulators and downregulators 
of allergic inflammation. Mast cell-derived IL-10 has been shown to be critical in the 
suppression of skin hypersensitivity responses in a murine model (Grimbaldeston et al., 
2007). Histamine has been proposed to suppress the production of the Th2 type 
chemokine CCL-17 and to induce the production of the Th1 type chemokine CXCL-10 in 
order to send a negative feedback signal to reduce the Th2 inflammation that is dominant 
in the late allergic response (Fujimoto et al., 2011). Another more straightforward route 
for modulating allergic inflammation involves the suppression of the FcεRI-mediated 
activation of mast cells. Tryptase has been shown to have the potency to cleave IgE in 
both the Fc and Fab regions, leading to impaired binding to FcεRI and to the allergen, 
respectively (Rauter et al., 2008). In addition, a receptor molecule called siglec-8 (sialic 
acid-binding immunoglobulin-like lectin 8) has been observed to be expressed on mast 
cells, and the engagement of the receptor inhibited the mast cell FcεRI-dependent release 
of histamine and prostaglandin D2 as well as the mobilization of calcium (Yokoi et al., 
2008). 

2.2 Metabolic disorders 

Metabolic disorders include health problems involving dysfunction of metabolic and 
inflammatory responses, leading to conditions such as obesity, insulin resistance, type 2 
diabetes, fatty liver disease, and atherosclerosis (Hotamisligil, 2006). These conditions are 
often triggered by continuous caloric and nutritional surpluses, which induce the 
production of cytokines, acute-phase proteins, and other inflammatory molecules as well 
as the activation of inflammatory signaling pathways (Wellen and Hotamisligil, 2005).  

To date, relatively few studies have explored the role of mast cells in obesity, insulin 
resistance, diabetes, and fatty liver disease (Xu and Shi, 2012; Zhang and Shi, 2012). In 
obese mice and human subjects, compared with their lean counterparts, the numbers of 
mast cells as well as tryptase concentrations have been observed to increase in white 
adipose tissue (Liu et al., 2009). In addition, mast cell-deficient mice fed a high-fat diet 
was observed to have reduced adipose tissue inflammation with reduced leptin levels and 
improved glucose tolerance compared with wild-type mice fed the same diet. Consistent 
with these results, wild-type mice that were administered a mast cell stabilizer, disodium 
cromoglycate, together with a high-fat diet, gained less body weight and had improved 
glucose tolerance compared with their littermates that did not receive a mast cell stabilizer 
(Liu et al., 2009), suggesting a role for mast cells in the pathogenesis of obesity and 
glucose intolerance. In fatty liver disease-related hepatic fibrosis and diabetes-related 
malfunction of the kidneys, elevated numbers of mast cells have been observed in the liver 
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and kidneys, respectively (Jeong et al., 2005; Jones et al., 2003; Okon and Stachura, 
2007). 

Cardiovascular disease is a leading cause of mortality in many countries worldwide, 
and it is mainly caused by atherosclerosis (Dahlof, 2010; Lloyd-Jones, 2010). The mast-
cell connection to atherosclerosis has been under substantive exploration. The following 
sections explore the role of mast cells and infective agents in the pathogenesis of 
atherosclerosis as well as animal models in atherosclerosis research.   

2.2.1 Atherosclerosis  

Atherosclerosis is a chronic, multifactorial lipid driven inflammatory disease of the 
arteries (Lopez and Mathers, 2006). The association between high circulating cholesterol 
concentrations and atherosclerosis is evident according to results obtained from animal 
experiments as well as from clinical and epidemiological studies (Deming et al., 1958; 
Kritchevsky, 1962; Libby et al., 2000; Schaefer, 2011; Saggini et al., 2011). Over time, an 
excess of circulating lipids, particularly cholesterol transported by low-density lipoprotein 
(LDL) particles, tends to accumulate in the innermost layer of the arteries (intima) and to 
induce changes that activate innate immune responses. This leads to the recruitment of 
immune cells, such as macrophages, T cells, and mast cells, to the artery wall and to the 
progression of atherosclerosis (Hansson and Hermansson, 2011). Atherosclerosis 
progresses from initial, clinically asymptomatic fatty streaks into more advanced lesions 
over time, resulting in the clinical expression of the disease, which may include 
myocardial infarction, stroke, and angina pectoris (Hansson and Hermansson, 2011). 

Inflammation is present in all stages of atherosclerosis (Libby et al., 2010). The 
hallmark of early atherosclerosis is the activated endothelium that can be triggered by the 
classical risk factors of atherosclerosis, such as hyperlipidemia, hypertension, 
hyperglycemia, smoking, an unhealthy diet, and circulating immune complexes (Cooke 
and Dzau, 1997; Libby et al., 2010). The endothelial activation leads to an increased 
expression of pro-inflammatory cytokines, chemokines, and cell adhesion molecules, such 
as VCAM-1, intercellular adhesion molecule (ICAM)-1, and E-selectin (Galkina and Ley, 
2007). Adhesion molecules induce the adhesion and migration of monocytes and T 
lymphocytes into the arterial intima. Monocytes differentiate into macrophages and ingest 
LDL that has been accumulated in the intima and exposed to oxidative modifications 
caused by enzymatic attack or by reactive oxygen species generated during inflammation 
(Hansson and Hermansson, 2011). Macrophages loaded with cholesterol, the foam cells, 
are the hallmark of early atherosclerotic lesions (Stary et al., 1994). Foam cells release 
cytokines which, in turn, further upregulate the expression of endothelial adhesion 
molecules, resulting in more monocytes and T cells being recruited to the site. Resident 
mast cells function as sentinels in the subendothelial space of the intimal layer or in the 
outermost layer of the artery, the adventitia, and more mast cells are recruited into the 
arteries by the expression of the chemokine eotaxin and SCF by endothelial cells and 
smooth muscle cells (Haley et al., 2000; Gurish and Boyce, 2006; Kovanen, 2007; 
Lindstedt et al., 2007; Kovanen, 2009). In the lesion, leukocytes are activated, and they 
secrete proatherogenic mediators, which contribute to the growth of the lesion and the 
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progression of the disease (Tedgui and Mallat, 2006; Hansson et al., 2006). Smooth 
muscle cells migrate into the intima in order to heal the inflammation, and they secrete 
collagen, elastin, and proteoglycans to form a fibrous matrix. The fibrous cap of variable 
thickness, consisting of smooth muscle cells, macrophages, and extracellular matrix and 
its shoulder regions, containing infiltrated, activated macrophages, T cells, and mast cells, 
surrounding a lipid-rich, necrotic core, are characteristic of a more advanced atheromatous 
plaque (Hansson and Hermansson, 2011). Myocardial infarction and stroke are 
consequences of an acute occlusion of the artery due to the formation of a thrombus, 
which develops as a result of the rupture or erosion of the fibrous cap (Ross, 1999) (Figure 
6).  

 
 

 
 

Figure 6. Schematic picture of the progression of atherosclerosis. 
 

2.2.1.1 Animal models in atherosclerosis research 

To explore the pathogenic steps and causalities of atherosclerosis, powerful experimental 
methods are required. Animal models have been found to be essential tools in studying 
atherosclerosis, and different rabbit, mouse, rat, and porcine models have been developed. 
Mouse models are the most widely used due to their advantages over other models, 
including the rapid development of atherosclerotic lesions, a short reproductive cycle, low 
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costs, and a well-known and easily manipulated genome (Zaragoza et al., 2011). Wild-
type mice are somewhat resistant to atherosclerosis due to high levels of atheroprotective 
high-density lipoprotein (HDL) and low levels of proatherogenic LDL (Zhang et al., 1992; 
Zadelaar et al., 2007). Therefore, the currently used mouse models are based on the 
disturbance of the lipoprotein metabolism through genetic manipulations with additional 
dietary modifications. Most widely used atherosclerotic mouse models are apolipoprotein 
E-deficient mice (ApoE-/- mice), LDL-receptor-deficient mice (LDLr-/- mice), and 
ApoE*3Leiden transgenic mice, which have been emerging in the field more recently.  

In ApoE-/- mice, a targeted homozygous deletion of the APOE gene leads to an 
impaired lipid metabolism and a severe elevation in the plasma levels of LDL and very 
low-density lipoprotein (VLDL) even on a chow diet (Zhang et al., 1992; Zadelaar et al., 
2007). The feeding of a high-fat diet further accelerates the development of atherosclerosis 
in these mice. Atherosclerotic lesions of ApoE-/- mice resemble those observed in humans 
and develop from fatty streaks to more advanced lesions (Nakashima et al., 1994). One 
major disadvantage of this mouse model is cholesterol accumulation in VLDL, instead of 
LDL, as is normally the case in hypercholesterolemic humans (Zadelaar et al., 2007). 

Mutations in the LDLr gene cause familial hypercholesterolemia in humans. LDLr-/- 
mice lack this gene, resulting in modestly elevated cholesterol levels when fed a chow 
diet, but when on a high-fat diet, these mice show strongly elevated plasma cholesterol 
levels and rapid progression of atherosclerosis (Knowles and Maeda, 2000). The 
lipoprotein profile of LDLr-/- mice is similar to that of humans, viz. the cholesterol is 
mainly in LDL (Ishibashi et al., 1993). Also the morphology of the lesions resembles their 
human counterparts (Breslow, 1996). 

ApoE*3Leiden mice are transgenic C57B1/6 mice that express a rare dominant-
negative mutated version of the human APOE3 gene. The mutation is associated with 
familial dysbetalipoproteinemia in humans. In addition, ApoE*3Leiden mice also carry 
the human APOC1 transgene and a human-promoter element that regulates the expression 
of both genes (van Vlijmen et al., 1994). Although ApoE*3Leiden mice express 
endogenous APOE, their apoE metabolism is impaired, leading to elevated plasma 
lipoprotein concentrations, albeit it is not as pronounced as in ApoE-/- mice. The presence 
of the APOC1 gene further increases plasma lipid levels. ApoE*3Leiden mice show 
elevations in plasma cholesterol levels on a chow diet, and they are also highly responsive 
to a high-fat diet and develop atherosclerotic lesions resembling those observed in humans 
(Lutgens et al., 1999).  
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2.2.1.2 Mast cells in atherosclerosis 

 
As early as in 1953, Paris Constantinides called attention to a potential role of mast cells 
in atherosclerosis (Constantinides, 1953). A few years later, increased numbers of 
adventitial mast cells were observed to correlate with the progression of atherosclerosis 
(Pomerance, 1958). More recently, elevated numbers of mast cells in the human arterial 
wall have been shown to be present already in the early stages of atherosclerosis (Atkinson 
et al., 1994) as well as in more advanced atherosclerotic lesions (Jeziorska et al., 1997; 
Lehtonen-Smeds et al., 2005), their numbers being highest at sites of rupture and/or 
erosion (Kaartinen et al., 1994; Kovanen et al., 1995).  

To date, several mast cell functions have been proposed to mediate or modulate 
atherogenesis (Figure 7). In animal studies, the connection of mast cells to atherosclerosis 
has been shown using atherosclerotic mice models. During atherogenesis, mast cell 
activation has been observed to increase lesion progression, hemorrhage in the lesion, the 
apoptosis of macrophages, and the recruitment of leukocytes to the lesion in ApoE-/- mice 
(Bot et al., 2007). Mast cell-deficient LDLr-/- mice have been shown to have less 
atherosclerotic changes compared to mast cell-competent mice (Sun et al., 2007; Heikkilä 
et al., 2010). In addition, serum cholesterol and triglyceride levels, as well as ICAM-1 
levels, were lower in mast cell-deficient mice compared with mice with normal mast cell 
numbers, suggesting that mast cells affect atherogenesis by inducing both an atherogenic 
lipid profile and vascular inflammation (Heikkilä et al., 2010).  

In arteries, mast cells can be activated by modified LDL, ox-LDL-IgG immune 
complexes, microbial components, or mediators produced by other leukocytes (Kovanen, 
2009; Bot and Biessen, 2011; Lappalainen et al., 2011). Upon activation, mast cells 
produce mediators with variable effects on the arterial intima. TNF-α (Pober et al., 1986; 
Zhang et al., 2011), tryptase (Compton et al., 2000), cathepsin G (Mäyränpää et al., 2006), 
and IL-6 (Zhang et al., 2011) can activate endothelial cells lining the artery by inducing 
the expression of adhesion molecules, such as E-selectin and VCAM-1, which are 
responsible for recruiting more inflammatory cells to the site. Increased serum tryptase 
levels are also associated with a higher incidence of atherosclerosis (Deliargyris et al., 
2005). Histamine is associated with increased vascular permeability (Bot and Biessen, 
2011). Heparin induces the uptake of LDL by macrophages and, thus, foam cell formation 
(Kokkonen and Kovanen, 1987; Wang et al., 1995). Chymase and tryptase degrade 
apolipoproproteins of HDL, leading to reduced cholesterol efflux from the foam cells and, 
thus, to increased lipid accumulation in atheroma (Lee et al., 1992; Lindstedt et al., 1996). 
Chymase and TNF-α have also been shown to induce the apoptosis of vascular smooth 
muscle cells and endothelial cells (Lätti et al., 2003; Leskinen et al., 2003; Heikkilä et al., 
2008). In addition, both intimal and adventitial mast cells secrete basic fibroblast growth 
factor (bFGF), which is associated with angiogenesis and, thus, the progression of 
atherosclerosis (Lappalainen et al., 2004). 
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Figure 7. Proatherogenic effects of mast cells. 
Several agents can activate mast cells in atherosclerotic lesion. Activated mast cells secrete 
mediators with atherosclerosis-promoting actions. LPS, lipopolysaccharide; LDL, low-density 
lipoprotein.  

2.2.1.3 Proatherogenic bacteria 

The traditional risk factors do not account for all incidences of atherosclerosis (O'Connor 
et al., 2001). Because of the inflammatory nature of the disease, it has been suggested that 
infection may play a role in promoting atherosclerosis, along with the traditional risk 
factors. In the late 1970s, Fabricant et al. were the first who linked atherosclerosis to 
microbes with an experiment where germ-free chickens were inoculated with a chicken 
herpesvirus, which was observed to induce a disease resembling human atherosclerosis 
(Fabricant et al., 1978). This finding led to an extensive exploration of the association 
between atherosclerosis and infections. Microbes associated with atherosclerosis include 
Chlamydia pneumonia (Cpn), Helicobacter pylori, several periodontal pathogens, such as 
Aggregatibacter actinomycetemcomitans (Aa), Porphyromonas gingivalis, Streptococcus 
mutans, and various viruses (Rosenfeld and Campbell, 2011).  

Chlamydia pneumoniae 

Cpn is a gram-negative, obligate intracellular organism, viz. it is able to survive only 
inside the eukaryotic host cell, similarly to viruses. Cpn is one of the most frequent causes 
of recurrent respiratory infections (Kuo et al., 1995), and it is also responsible for many 
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cases of pneumonia, bronchitis, and sinusitis (Grayston et al., 1993). For proliferation, 
Cpn has a unique developmental cycle with two distinct morphological forms, the 
elementary body and the reticulate body. The elementary body is infectious but 
metabolically inactive, whereas the reticulate body has the opposite features 
(Abdelrahman and Belland, 2005). Several chlamydial components are proposed to be 
involved in the attachment and entry into the host cell, including the major outer 
membrane protein (MOMP) (Kuo et al., 1996). In addition, different receptors on the host 
cell surface are suggested to play a role in internalizing Cpn into a cell. One of these 
receptors is the lectin-like ox-LDL receptor on vascular endothelial cells (Campbell et al., 
2012). After internalization, Cpn multiplies in a cytoplasmic vacuole called an inclusion, 
and, after finalizing the developmental cycle, the Cpn are released into the extracellular 
environment as infectious elementary bodies (Abdelrahman and Belland, 2005).  

The association between Cpn and atherosclerosis is supported by several different 
types of studies, although negative studies, where an association could not be found, also 
exist. Various studies have reported a seroepidemiological connection between 
atherosclerosis or cardiovascular events and antibodies to Cpn (Saikku et al., 1988; Saikku 
et al., 1992; Blasi et al., 1997; Mazzoli et al., 1998). Cpn has been detected in 
atherosclerotic lesions using different methods, such as electron microscopy, 
immunohistochemistry, in situ hybridization, and PCR (Shor et al., 1992; Kuo et al., 1993; 
Taylor-Robinson and Thomas, 2000; Mosorin et al., 2000; Ramirez, 1996; Ott et al., 
2006), and it has also been isolated from atherosclerotic tissue (Ramirez, 1996; Jackson et 
al., 1997). Recently, Cpn was detected in the serum samples of patients with acute 
coronary syndrome, but it was also observed at lower rates in healthy subjects (Petyaev et 
al., 2010). In atherosclerotic lesions, Cpn has been detected in macrophage-derived foam 
cells, implicating a possible route for Cpn to access the arterial intima within circulating 
monocytes. Cpn has also been found in smooth muscle cells and endothelial cells (Kuo et 
al., 1993; Ouchi et al., 2000). In addition, Cpn-reactive T cells have been isolated from 
human atherosclerotic plaques (Mosorin et al., 2000). Studies using animal models have 
provided evidence of an acceleration of lesion development following infection with Cpn 
(Moazed et al., 1999; Blessing et al., 2001; Herrera et al., 2003). Furthermore, inoculation 
of C57B1/6 or ApoE-/- mice with Cpn has been observed to lead to an increase in plasma 
or aortic cytokine levels and in acute phase proteins levels (Ezzahiri et al., 2006; Campbell 
et al., 2010). Cpn infection is also suggested to attenuate the anti-inflammatory effects of 
HDL by reducing the protective enzyme activity of HDL (Campbell et al., 2010). In in 
vitro studies, Cpn has been shown to bind to platelets and to induce the expression of P-
selectin, which lead to the extensive aggregation of platelets, suggesting a mechanism for 
Cpn to promote thrombotic vascular occlusion (Kalvegren et al., 2003). Chlamydial LPS 
and heat shock protein (HSP) 60 have been identified as potent inducers of cytokines, such 
as TNF-α, and LPS also induces foam cell formation (Kaukoranta-Tolvanen et al., 1996; 
Kalayoglu and Byrne, 1998; Kol et al., 1999; Chen et al., 2008). Chlamydial components 
also induce the expression of TLR4, which might affect and accelerate atherosclerosis 
(Naiki et al., 2008; Jha et al., 2011). However, negative results were found in the majority 
of several antibiotic intervention studies where macrolide antibiotics were used to treat 
Cpn infection in order to diminish cardiovascular effects (Grayston, 2003; Cleland et al., 
2004).  
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Aggregatibacter actinomycetemcomitans 

The tissue that surrounds and supports the teeth, the periodontium, is colonized by a high 
density of different bacteria (Meurman et al., 2004). Among these, gram-positive and 
gram-negative as well as commensal and pathogenic bacteria exist and interact with each 
other. Some of these bacteria, such as Aa and P. gingivalis, in case of overgrowth, induce 
host defense reactions, which may destroy periodontal tissue (Page et al., 1997). This 
causes periodontitis, which involves inflamed gingiva and the progressive loss of the bone 
around the teeth (Baelum and Lopez, 2003). Whereas Cpn needs to be transported from 
the lungs to other tissues inside eukaryotic host cells, e.g. monocytes, oral bacteria of 
individuals with periodontitis have direct access to the circulation, and to the arterial wall, 
via perturbations of the periodontal tissue, such as rough toothbrushing (Silver et al., 
1977). Although periodontitis is a multibacterial disease, Aa and P. gingivalis are 
considered to be the major periodontal pathogens, however, with different virulence 
patterns and characteristics. There is increasing evidence that oral infections are associated 
with inflammatory diseases. The following paragraph focuses on studies exploring the 
association between oral infections, Aa in particular, and atherosclerosis. 

Periodontitis affects lipoproteins and inflammation, the two major contributors to the 
pathogenesis of atherosclerosis. Elevated levels of total LDL cholesterol and triglycerides 
as well as decreased levels of HDL cholesterol are associated with periodontitis (Cutler et 
al., 1999; Losche et al., 2000; Katz et al., 2002; Tuomainen et al., 2008). After 
periodontal treatment, serum HDL cholesterol concentrations have been observed to 
increase (Pussinen et al., 2004). Periodontal disease has been shown to cause a systemic 
inflammatory response, as evidenced by elevated values of C-reactive protein (CRP) and 
an acute phase protein, serum amyloid A (SAA) (Haynes and Stanford, 2003; Glurich et 
al., 2002). In addition, changes in inflammatory parameters have been observed in animal 
studies. After mice were inoculated with Aa, increases were detected in the serum levels 
of CRP and LPS as well as in the aortic expression of IL-6, IL-8, TNF-α, matrix 
metalloproteinase-9, TLR2 and 4, HSP60, and several chemokines and adhesion 
molecules (Tuomainen et al., 2008; Zhang et al., 2010; Tuomainen et al., 2011). 
Furthermore, peritoneal macrophages of Aa-infected mice have been shown to increase 
cholesterol uptake and reduce cholesterol efflux (Tuomainen et al., 2011). Similarly as for 
Cpn, elevated Aa serum antibody levels also predict the incidence of cardiovascular events 
(Pussinen et al., 2005). Finally, more direct evidence has been presented, as several 
periodontal organisms have been detected in human atherosclerotic lesions, Aa among 
them (Kozarov et al., 2005; Ford et al., 2006; Gaetti-Jardim et al., 2009). However, 
contradictory results have also been reported, e.g. Cairo and et al. did not detect any 
periodontal bacteria in carotid atheroma samples from patients with periodontitis (Cairo et 
al., 2004). 

In addition, an emerging concept suggests that, instead of an individual pathogen, an 
aggregate effect of multiple organisms contributes to accelerated atherosclerosis. Thus, the 
contribution of pathogens to promoting atherosclerosis is likely to involve simultaneous 
direct and indirect mechanisms involving multiple organisms (Epstein et al., 2000; Elkind, 
2010). 
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2.3 Intestinal diseases 

Mast cells participate in the regulation of many physiological functions of the 
gastrointestinal tract. The many functions that have been linked to intestinal mast cells 
include the maintenance of intestinal barrier function, the interaction with epithelial cells 
and the enteric nervous system, the regulation of intestinal mucus secretion, the defense 
against pathogens, and the regulation of immune tolerance (Bischoff, 2009). 

Intestinal mast cells are differentially distributed among various species. Mice have 
relatively low numbers of intestinal mast cells, but, in other rodents, mast cells can be 
found in all layers of the gastrointestinal tract (De Winter et al., 2012). In humans, mast 
cells account for 2-3% of the cells of the lamina propria, a layer of connective tissue 
beneath the intestinal epithelium, of the normal gastrointestinal tract (Bischoff et al., 
1996). This percentage can increase up to tenfold in patients with gastrointestinal diseases, 
such as irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD).  

2.3.1 Irritable bowel syndrome 

IBS is one of the most common gastrointestinal disorders. Although IBS is not life-
threatening, it causes impaired quality of life with gastrointestinal symptoms, including 
disturbances in gut motility and hyperalgesia (Santos et al., 2006). IBS risk factors include 
a genetic predisposition and gastrointestinal infections, but psychosocial factors, such as 
stress, depression, and anxiety, are also connected to IBS (Drossman et al., 1999; Santos 
et al., 2006; Levy et al., 2006), implicating the involvement of the bi-directional 
interaction between the gut and central nervous system (gut-brain axis) in the disease 
(Collins and Bercik, 2009). Traditionally, IBS has been defined as a functional disorder of 
the gut with an absence of pathological abnormalities. Recently, however, markers of low 
grade inflammation have been discovered in the gastrointestinal tract of IBS patients, 
making IBS an inflammatory disease (Mayer and Collins, 2002; De Giorgio and Barbara, 
2008). The etiology of IBS has remained elusive, but mast cells appear to be an important 
player in the pathogenesis of the disease (Philpott et al., 2011). 

The histopathologic data of IBS patients demonstrate increased numbers of mast cells 
in the intestinal mucosa (Barbara et al., 2004; Guilarte et al., 2007; Lee et al., 2008). Also, 
an increased number of activated mast cells and an elevated release of tryptase and 
histamine have been observed in IBS patients compared with healthy controls (Barbara et 
al., 2004). Two mast cell stabilizers, sodium cromoglycate and ketotifen, antihistamines, 
as well as 5-ASA (5-aminosalicylic acid), an anti-inflammatory drug, have all been found 
to alleviate the symptoms of IBS (Lunardi et al., 1991; Stefanini et al., 1995; Corinaldesi 
et al., 2009; Klooker et al., 2010). Mediators from the mucosal mast cells (histamine and 
tryptase) of IBS patients have been shown to excite rat mesenteric nerves, which are 
known to be associated with nociception (Barbara et al., 2007). The interplay between 
psychosocial factors and disturbed gastrointestinal functions has been explored using a rat 
model. Stress was observed to increase mast cell infiltration and degranulation in the colon 
of the rats (Bradesi et al., 2002). Mast cells are also able to produce corticotropin-
releasing hormone (CRH) and serotonin, two molecules associated with stress responses 
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in IBS. In IBS patients, CRH is known to activate mast cells (Santos et al., 2005), and an 
increased serotonin release has been shown to correlate with mast cell numbers compared 
with healthy controls (Cremon et al., 2011). Moreover, experimental evidence supports a 
role of mast cells in enteritis induced by microbes, such as Clostridium difficile (Wershil 
et al., 1998), which might be connected to post-infectious IBS. Protease-activated 
receptors (PARs) are highly expressed mediators of neuropathic pain in the gut. 
Particularly PAR-1 and -2 exert nociceptive effects in the gut, whereas PAR-4 has the 
opposite function (Gloro et al., 2005; Annahazi et al., 2012). In a recent study, reduced 
immunoreactivity for anti-nociceptive PAR-4 in mast cells was detected in post-infectious 
IBS patients, suggesting a mast cell-mediated mechanism for nociception in post-
infectious IBS (Han et al., 2011). 

2.3.2 Inflammatory bowel disease 

IBD includes a group of inflammatory conditions of the colon and small intestine, 
including ulcerative colitis, Crohn’s disease, and indeterminate colitis (De Winter et al., 
2012). The pathogenesis of IBD has not been completely elucidated, but it is generally 
agreed that a dysregulated immune system is strongly involved (Siegmund and Zeitz, 
2011). Clinical and experimental studies have provided substantial evidence of the 
connection between mast cells and IBD.  

In addition to increased numbers of mast cells (Dvorak et al., 1980; King et al., 1992; 
Nishida et al., 2002), elevated levels of mast-cell derived mediators, including histamine, 
tryptase, TNF-α, IL-16, prostaglandin D2, and leukotriene C4, have been observed in IBD 
patients (Knutson et al., 1990; Fox et al., 1990; Raithel et al., 1995; Lilja et al., 2000; 
Raithel et al., 2001; Middel et al., 2001; Stoyanova and Gulubova, 2002). The effects of 
enhanced mediator release on IBD pathogenesis are not fully understood, but they are 
suggested to be involved with gut motility, influx of inflammatory cells, and increased 
intestinal permeability (De Winter et al., 2012). The role of mast cells in IBD is 
strengthened by a study where rats with induced colitis were treated with ketotifen and 
observed to have significantly decreased macroscopic damage in the colon and decreased 
production of mediators, including prostaglandins and leukotrienes B4 and C4 (Eliakim et 
al., 1992). In contrast, in IL-10-deficient mice, a lack of mast cells leads to the 
development of spontaneous colitis associated with increased intestinal permeability, 
suggesting a protective role for mast cells against colitis by enhancing the intestinal barrier 
(Chichlowski et al., 2010). In accordance with this observation, mast cell-derived IL-10 
has been proposed to have anti-inflammatory effects in IBD (Scheinin et al., 2003). 
Heparin has also been implicated to have beneficial effects in IBD by inhibiting the 
recruitment of neutrophils and reducing the production of pro-inflammatory cytokines in 
IBD patients (Papa et al., 2000).  
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In summary, mast cells are involved in many inflammatory conditions, including allergy, 
atherosclerosis, and inflammatory intestinal diseases, in elevated numbers and/or through 
released mediators. To date, most studies have found that mast cells exhibit pro-
inflammatory actions of mast cells in these conditions, but suppressive, modulatory, and 
anti-inflammatory mast cell reactions have also emerged. In the future, the regulation of 
mast cell activation could become increasingly important in the management of 
inflammatory diseases. 
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3 Probiotics 

3.1 Introduction to probiotics 

The development of the gut microbiota starts at birth. The human gut microbiota of an 
adult consists of trillions of microbes, most of which are bacteria classified into the phyla 
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria (Eckburg et al., 2005). An 
estimate of 400-1000 representative genera and species are included in these phyla 
(Ouwehand, 2007), however, considerable variation exists in the composition of the 
microbiota among individuals. In contrast to the interindividual variability, the gut 
microbiota of an individual, influenced by genetic background as well as environmental 
factors, is thought to remain fairly stable throughout life. However, some factors, such as 
diet and antibiotic treatments, can lead to long-term changes in the microbiota 
composition (Dethlefsen and Relman, 2011; Krajmalnik-Brown et al., 2012). 

The gut microbiota greatly influence physiological functions, including immunity, 
metabolic functions, fat deposition, gut function, and neurological effects through the gut-
brain axis (Helgeland et al., 1996; Sudo et al., 1997; Cebra et al., 1998; Butler et al., 
2000). For example, the interaction of the host and the gut microbes in early life seems to 
be essential for the development of a fully functional and balanced immune system. The 
immune system of a newborn baby is directed to the Th2 phenotype in order to prevent 
rejection in the uterus. The Th2 phenotype induces the production of IgE by plasma cells 
and, thus, the allergy-related activation of mast cells. Encountering microbes in early life 
shifts the Th2 phenotype towards the Th1 phenotype, which is suggested to reduce Th2 
type inflammation and stimulate tolerance against antigens (Ouwehand, 2007). 

The incidence and prevalence of inflammatory diseases has increased over the last 60 
years, and the trend is still continuing (Kelly and Mulder, 2011). An appreciation of the 
powerful immune regulatory effects of the gut microbiota has raised interest in the 
possible participation of the gut microbiota in inflammatory diseases. Indeed, compared 
with healthy subjects, the composition of the microbiota has been observed to be different 
in patients with allergy, obesity, diabetes, atherosclerosis, IBS, IBD, and neurological and 
psychiatric diseases (Tlaskalova-Hogenova et al., 2011). 

Diet and nutritional status are among the most important modifiable factors affecting 
health. Fermented food products have been used for thousands of years. The Bible 
(Genesis 18:8 of Persian Old Testament) already mentions that Abraham lived a long life 
due to the consumption of sour milk (Schrezenmeir and de Vrese, 2001). Elie Metchnikoff 
(1845-1916), a pioneer in the field of immunity, was among the first to suggest that the 
consumption of fermented milk products may suppress putrefactive bacteria in the 
intestine, which increases the longevity of the host (Caramia, 2008). This first introduction 
to oral bacteriotherapy has evolved into the widespread use of dairy and other food 
products supplemented with health-promoting microbes, called probiotics.  

Probiotics are defined as live microorganisms which, when administered in adequate 
amounts, confer a health benefit on the host (FAO/WHO, 2002). The word probiotic 
originates from the Greek language and means “for life”, and it is contrasted with the term 
antibiotic, meaning “against life” (Schrezenmeir and de Vrese, 2001). 
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Most commonly used probiotics belong to the genera Lactobacillus and 
Bifidobacterium (Saxelin et al., 2005), but members of several other genera are also used 
(Table 2). The effects of probiotics are strain-specific and should not be extrapolated even 
to other strains of the same species (Oelschlaeger, 2010). When selecting probiotic 
bacteria, possible candidate strains need to be well characterized, to be safe to use, to have 
a demonstrated ability to provide a beneficial effect on the host, to survive through the 
gastrointestinal tract and colonize it at least temporarily, and to be suitable for commercial 
production (Sanders, 2008).  

 
Table 2. Examples of the most commonly used probiotic species. 

 
 

In the present study, four different probiotic strains were used: Lactobacillus rhamnosus 
GG (GG), Lactobacillus rhamnosus Lc705 (Lc705), Propionibacterium freudenreichii 
ssp. shermanii JS (PJS) and Bifidobacterium animalis ssp. lactis Bb12 (Bb12).  

Members of the genus Lactobacillus belong to the phylum Firmicutes, and they are 
gram-positive facultative anaerobic rod-shaped bacteria. Most lactobacilli obtain energy 
from the metabolism of sugars, which are fermented to lactic acid, acetic acid, and 
ethanol. Lactobacilli are usually resistant to acidic conditions, being able to grow well at 
pH values as low as 4. Lactobacilli are present in the human gastrointestinal microbiota as 
a minor component, and they are also used in the preparation of fermented milk products 
as well as probiotics (Madigan et al., 2003). GG is one the most widely studied probiotic 
bacteria in the world (Yli-Knuuttila et al., 2006). Lc705 has already been used in dairy 
products, but further evidence is emerging of its health-promoting capacities (Kajander et 
al., 2005; Myllyluoma et al., 2007; Kajander et al., 2008; Hatakka et al., 2008; 
Myllyluoma et al., 2008). 

The genus Propionibacterium is part of the phylum Actinobacteria. Members of the 
genus Propionibacterium are gram-positive anaerobic or aerotolerant bacteria that ferment 
lactic acid, carbohydrates, and alcohols, producing primarily propionic acid and CO2 

(Madigan et al., 2003). Some species of the genus Propionibacterium are found on the 

Lactobacillus sp. Bifidobacterium sp. Other

L. rhamnosus B. bifidum Priopionibacterium sp.

L. lactis B. lactis Streptococcus sp.

L. casei B. longum Enterococcus sp.

L. paracasei B. animalis Escherichia coli

L. acidophilus B. breve Bacillus sp.

L. johnsonii B. infantis Saccharomyces sp.

L. reuteri

L. helveticus

L. salivarius

L. fermentum

L. delbrueckii

L. gasseri

L. plantarum

L. brevis
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skin of humans and other animals, and some species, including P. freudenreichii ssp. 
shermanii, are used in the dairy industry, such as in cheese manufacture. The production 
of propionic acid and CO2 are responsible for the unique flavor and holes of Swiss cheese, 
respectively (Mogensen et al., 2002). PJS has been observed to have probiotic qualities 
(Ouwehand et al., 2002; Suomalainen et al., 2008).  

The genus Bifidobacterium is also a member of the phylum Actinobacteria. 
Bifidobacteria are gram-positive anaerobic bacteria that are able to ferment carbohydrates, 
specifically milk and plant oligosaccharides (Madigan et al., 2003). Bifidobacteria are 
widely found in the mucosal surfaces of the gastrointestinal tract of mammals, and they 
constitute the major component of the gut microbiota of breast-fed infants (Matsuki et al., 
2003). Bifidobacteria have been found to have many health-promoting effects, thus, the 
members of the genus are widely used as probiotics (Russell et al., 2011). 

3.2 Mechanisms of actions  

There are a few different proposed mechanisms of how probiotics exert their health 
effects: the restoration of the intestinal barrier, immunomodulation, and metabolic effects 
(Figure 8). Probiotics may act as a physical barrier against pathogens by colonizing the 
epithelium of the intestine together with commensal bacteria as well as by inducing 
intestinal mucin production, thus, preventing the colonization of pathogens and their 
translocation of the pathogens into the circulation (Mack et al., 1999; Collado et al., 
2007). Probiotics may also fortify the intestinal barrier by participating in the regeneration 
of gut epithelial cells and the strengthening of tight junctions as well as by possibly 
reducing the leakage of antigens and allergens through the intestinal mucosa (Isolauri et 
al., 1993; Zyrek et al., 2007). Probiotics are recognized by receptors, such as TLRs on gut 
epithelial cells and immune cells, which is followed by a cascade of immunological events 
(Miettinen et al., 2008). The interaction with immune cells may alleviate inflammation, 
maintain tolerance, and regulate the homeostasis of immunological functions (Parvez et 
al., 2006). Some probiotics produce lactic acid or acetic acid as their metabolic end 
product, which lowers the pH of intestinal contents. An acidic environment is unfavorable 
to most pathogenic microbes and can, thus, inhibit their growth. In addition, probiotics 
may secrete antibacterial agents, including bacteriocins and short chain fatty acids, against 
pathogens (Servin, 2004). Some probiotic strains are also able to produce components that 
facilitate the digestion of nutrients, such as bile salts, as well as vitamins (Parvez et al., 
2006). 
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Figure 8. Mechanisms of the actions of probiotics. 
Probiotics are proposed to exert their beneficial effects by immunoregulatory actions, by the 
restoration of gut barrier function, and by the production of favorable metabolic products through 
the modulation of the gut microbiota. These actions might inhibit the onset and alleviate the 
symptoms of inflammatory diseases, such as intestinal and metabolic diseases and allergy.  

3.3 Adverse effects and safety 

As probiotics are usually ingested orally, it is important to ensure the systemic safety of 
these microbes. Generally, probiotics are regarded as safe and well-tolerated (Kligler and 
Cohrssen, 2008). When screening new potential probiotic strains, several safety aspects 
should be addressed. Potential probiotics should be identified to the species level, they 
should be phenotypically characterized for the production of both harmful and beneficial 
compounds, and they should not possess any transmissible antibiotic resistance or 
virulence factors within their genome. The efficacy and safety of probiotics should be 
tested in in vitro and in vivo experiments as well as in clinical trials before 
commercialization (FAO/WHO, 2002). The European Food Safety Authority (EFSA) has 
granted so-called QPS status (Qualified Presumption of Safety) to defined taxonomic 
groups with a history of safe use, such as members of the genera Bifidobacterium, 
Lactobacillus, and Propionibacterium. The groups with QPS status are exempt from the 



Review of the literature 
 

 

39 
 

further safety assessment to which most microbes used in food and feed production are 
subjected (EFSA, 2007).  

The safety of the consumption of probiotic products containing Lactobacillus strains 
has been assessed in post-market surveillance studies. Lactobacilli isolated from 
bacteraemic patients were compared with common commercial strains, and bacteraemia 
caused by lactobacilli was observed to be rare and not associated with the strains used in 
the dairy industry (Saxelin et al., 1996). However, although probiotic-related bacteraemia 
is rare, some cases have been reported (Snydman, 2008). Severe adverse effects have been 
associated with immunosuppression or severe comorbidities, such as severe acute 
pancreatitis (Salminen et al., 2004; Besselink et al., 2008). In conclusion, the safety of 
probiotic strains should be genotypically, phenotypically, and clinically studied before 
approving the use of a new strain. Probiotics are generally safe, but their use should be 
carefully evaluated in immunocompromised patients or patients with severe illnesses 
affecting the gut barrier, such as acute pancreatitis.  

3.4 Effects of probiotics on inflammation 

The essential role of the intestinal microbiota in resisting diseases was first discovered by 
Alfred Nissle in 1916, when he noticed that the oral administration of viable E. coli 
resulted in the elimination of Salmonella from patients suffering from typhoid 
(Schrezenmeir and de Vrese, 2001). The observation was confirmed by Rolf Freter in the 
1950’s when antibiotics were observed to render animals more susceptible to infections, 
such as Shigella flexneri and Vibrio cholera (Freter, 1956).  

To study the effects of probiotics on human health and diseases, well-designed 
controlled, randomized, and double-blind clinical studies are required (Guarner and 
Malagelada, 2003). However, different clinical interventions tend to be somewhat 
heterogeneous due to different genera, species, strains, and doses of probiotics used in 
different studies, and, thus, the results of these studies might be difficult to compare. Of 
note, since probiotics are microbes that have often been isolated from the normal human 
gut and that are comparable with commensal microbes in this respect, the clinical effects 
of probiotics might be mild, and, in spite of their potential biological and therapeutic 
significance, in clinical studies, their effects may not reach statistical significance. In light 
of the above considerations, in exploring the effects and mechanisms of the actions of 
probiotics in inflammation and inflammatory diseases, experimental studies using animal 
and in vitro models are also valuable.  

Here, the mast cell-related inflammatory diseases introduced in chapter 2 are reviewed 
in the context of the gut microbiota and probiotics with a few examples of studies in this 
field, and a brief overview of the effects of probiotics in in vitro experiments is also 
presented.  
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3.4.1 Effects of probiotics on inflammatory diseases 

3.4.1.1 Allergy 

As with other inflammatory diseases, the incidence of allergy has increased dramatically 
in the Western world during the past century (Guarner et al., 2006). At the same time, the 
living conditions and diet have changed in these countries; the environment is more 
hygienic, and the diet often contains virtually sterile processed foods with high amounts of 
fat and low amounts of fiber (Devereux, 2006; Maslowski and Mackay, 2011). This might 
result in a reduction in the microbial stimuli relevant to the development of the immune 
system, and the regulation of Th1/Th2 polarization might remain immature, favoring the 
Th2 phenotype associated with IgE-mediated allergies (Borchers et al., 2009). Indications 
of differences in the composition of intestinal microbiota have been found between 
children from countries with a high and low incidence of atopic disease (Kalliomäki et al., 
2001; Ouwehand et al., 2001; Adlerberth et al., 2007; De Filippo et al., 2010). The 
impaired development of the immune system and alterations in the composition of the gut 
microbiota might be associated with a disruption of the gut epithelial barrier, leading to 
the development of  inflammatory diseases (Tlaskalova-Hogenova et al., 2011).  

Some evidence has been presented of the effectiveness of probiotics in the prevention 
or treatment of allergic diseases, including atopy and cow milk allergy. In clinical studies, 
L. rhamnosus 19070-2, L. reuteri DSM 122460, and L. acidophilus L-92 have been 
observed to alleviate the symptoms of allergic disease (Rosenfeldt et al., 2003; Ishida et 
al., 2005; Torii et al., 2011). GG was shown to prevent the onset of atopic disease in two-
year old children when administered both prenatally and postnatally (Kalliomäki et al., 
2001), and the effect persisted four years after the probiotic supplementation (Kalliomäki 
et al., 2003). Consistent with these results, in a recent study conducted with unviable B. 
breve C50 and Streptococcus thermophilus 065, a decrease in the incidence of atopy was 
observed in high-risk children (Morisset et al., 2011). However, in another recent study 
with GG, pre- or postnatal GG supplementation did not have an effect on the onset of 
atopic dermatitis in children (Kopp et al., 2008). In addition, in two different studies, GG 
alone or a probiotic mixture containing GG, Lc705 B. breve Bb99, and PJS elicited low-
grade inflammation characterized by elevated CRP levels together with increased IL-10 
levels associated with a decreased risk of allergic disease in children (Viljanen et al., 
2005; Marschan et al., 2008). Contradictory results have been reported in studies 
exploring the effects of probiotics on allergic rhinitis. GG showed no effectiveness in 
alleviating the symptoms of birch-pollen allergy (Helin et al., 2002), whereas L. paracasei 
ST11 was observed to reduce the symptoms of grass-pollen allergy and the secretion of 
IL-5, IL-8, and IL-10 secretion by the peripheral blood-derived mononuclear cells 
(PBMCs) of the subjects compared with a placebo group (Wassenberg et al., 2011).  

Experimental studies have provided additional knowledge of the anti-allergenic 
mechanisms mediated by probiotics. A L. reuteri strain has been shown to reduce the 
levels of the Th2 type cytokines IL-5 and IL-13 as well as the levels of pro-inflammatory 
mediators TNF-α and CCL-2, which are associated with alleviated allergen-induced 
airway hyperresponsiveness in an ovalbumin-sensitized asthma mouse model (Forsythe et 
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al., 2007). The levels of IL-13 as well as CCL-11 and CCL-17 have also been observed to 
decrease after treatment with Lactococcus lactis NCC 2287 in ovalbumin and cholera 
toxin-sensitized mice (Zuercher et al., 2012). In ovalbumin-sensitized rats, GG and B. 
animalis MB5 were found to reduce hypersensitivity and proliferative response in 
mesenteric lymph nodes, and, in addition, the GG treatment was associated with elevated 
levels of IL-10 and TGF-β (Finamore et al., 2012).  

3.4.1.2 Metabolic disorders 

The changes in life-style, specifically in dietary habits, have been suggested to have led to 
the emergence of not only allergy but also metabolic disorders (Diamant et al., 2011). 
Current data indicate that the composition of the intestinal microbiota is involved in the 
regulation of energy homeostasis (Delzenne et al., 2011; Krajmalnik-Brown et al., 2012). 
The colonization of the intestine of germ-free mice by microbes obtained from 
conventionally reared mice was found to result in a 40 % increase in body fat in two 
weeks (Bäckhed et al., 2007). Analyses of human and mouse microbiota have revealed 
differences between obese and lean subjects in the abundance of the members of the major 
bacterial phyla Firmicutes, Bacteroidetes, and Actinobacteria, and reduced bacterial 
diversity in obese subjects have also been discovered (Ley et al., 2005; Samuel et al., 
2008; Turnbaugh et al., 2009). The changes in the microbial composition affect the 
expression of genes involved in energy metabolism (Bry et al., 1996; Falk et al., 1998), 
and the enrichment of genes that encode nutrient transporters and enzymes that digest 
dietary polysaccharides, generating acetate and butyrate, has been linked to obesity 
(Robert and Bernalier-Donadille, 2003; Turnbaugh et al., 2006). In addition, independent 
of obesity, a high-fat diet alone was observed to lead to similar changes in the composition 
of gut microbiota as were observed in obese mice (Turnbaugh et al., 2009). These changes 
in the gut microbiota have been suggested to induce alterations in intestinal permeability, 
which could lead to an increased systemic burden of microbial components, such as LPS, 
causing a state called metabolic endotoxemia. Metabolic endotoxemia results in low-grade 
inflammation, which is related to obesity-associated metabolic disorders (Erridge et al., 
2007; Ding et al., 2010).  

Some evidence has been obtained of the effects of probiotics in the treatment of 
metabolic disorders. Endotoxin levels have been shown to decrease after the 
administration of B. infantis and B. bifidum to mice (Griffiths et al., 2004). In clinical 
studies, L. acidophilus NCFM and L. gasseri SBT2055 have been shown to reduce insulin 
resistance and fat mass, respectively (Andreasen et al., 2010; Kadooka et al., 2010). L. 
plantarum No. 14 has been shown to reduce adipocyte size and total cholesterol levels in 
mice fed a high-fat diet (Takemura et al., 2010). Lowered cholesterol levels have also 
been observed in hypercholesterolemic mice, rats, and human subjects after treatment with 
L. plantarum PH04 or L. acidophilus (Nguyen et al., 2007; Fukushima et al., 1999; 
Anderson and Gilliland, 1999), suggesting that these probiotic strains have a beneficial 
effect in the prevention or treatment of metabolic disorders associated with dyslipidemia, 
such as atherosclerosis. L. plantarum has also been found to reduce plasma fibrinogen and 
LDL cholesterol levels in subjects with moderately elevated cholesterol levels (Bukowska 
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et al., 1998). However, in studies with L. fermentum or a combination of Lc705 and PJS, 
the treatment with the probiotics resulted in only a minor statistically insignificant 
decrease or did not affect serum cholesterol levels in hypercholesterolemic subjects, 
respectively (Simons et al., 2006; Hatakka et al., 2008).  

In fatty liver disease patients, the probiotic mixture VSL#3 (containing L. paracasei, L. 
plantarum, L. acidophilus, L. delbrueckii ssp. bulgaricus, B. infantis, B. longum, B. breve 
and S. thermophilus) was found to reduce the plasma levels of TNF-α and IL-6 and 
increase the levels of IL-10 (Loguercio et al., 2005). In addition, L. paracasei has been 
observed to downregulate TLR4 signaling and delay the development of fatty liver disease 
in rats (Iacono et al., 2011). Further evidence is still needed of the inflammation-reducing 
effects of probiotic treatment in metabolic disorders. 

3.4.1.3 Periodontal disease 

The oral cavity is connected to the gastrointestinal tract and contains a microbiota as 
complex as that of the gut. Since the etiology of periodontal disease involves an increase 
in pathogenic and a decrease in beneficial microbes, probiotic treatment has been 
proposed to prevent this microbial shift (Meurman, 2005; Teughels et al., 2008). Indeed, 
in clinical studies, S. uberis, S. intermedius, S. sanguis, L. gasseri, and L. reuteri have 
been observed to inhibit the growth of periodontal pathogens (Hillman et al., 1985; Koll-
Klais et al., 2005; Vivekananda et al., 2010). Consistent with these results, in a rat model, 
S. sanguis was observed to reduce the amount of Aa by producing hydrogen peroxidase 
(Hillman and Shivers, 1988). In contrast, L. salivarius WB21 failed to reduce the amount 
of periodontopathic bacteria although it was observed to have beneficial effects on the 
clinical symptoms of periodontitis (Shimauchi et al., 2008; Mayanagi et al., 2009). 

Probiotics are proposed to exert their effects also by immunomodulation, but only few 
studies have been conducted in order to explore whether this mechanism applies to the 
oral cavity. For example, the use of L. brevis CD2 has been associated with decreased 
levels of prostaglandin E2 and IFN-γ in saliva (Della Riccia, 2007). In addition, after two 
weeks of using L. reuteri, a significant reduction was observed in the levels of TNF-α and 
IL-8 in gingival fluid (Twetman et al., 2009).  

Of note, when screening probiotic strains for the purpose of improving oral health 
from among bacterial strains that have been isolated from the intestine and used for other 
purposes, it is important to carefully assess the survival, colonization, and metabolic 
activity of the probiotics in the oral cavity (Teughels et al., 2011; Bosch et al., 2011). 

3.4.1.4 Intestinal diseases 

In addition to low-grade intestinal inflammation, IBS patients have an altered microbial 
composition compared with healthy controls (Malinen et al., 2005; Ponnusamy et al., 
2011). Only a limited number of therapies are available for the treatment of IBS, and, thus, 
probiotics have been widely used as dietary supplements for IBS patients (Quigley, 2011). 
Mixtures of probiotics, such as VSL#3 or a combination of GG, Lc705, B. breve Bb99 or 
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Bb12, and PJS, have been observed to be effective in alleviation the symptoms of IBS 
patients (Kim et al., 2005; Kajander et al., 2005; Kajander et al., 2008). The latter 
probiotic mixture was also observed to stabilize the intestinal microbiota of IBS patients 
(Kajander et al., 2008). B. infantis 35624, L. acidophilus NCFM, and L. paracasei 
NCC2461 have been found to be effective in alleviating the symptoms of IBS in humans, 
rats, and mice (O'Mahony et al., 2005; Verdú et al., 2006; Rousseaux et al., 2007; 
McKernan et al., 2010; Johnson et al., 2011). B. infantis was also observed to normalize 
the unbalanced IL-10/IL-12 ratio in IBS patients (O'Mahony et al., 2005). Thus, the 
proposed mechanisms of the actions of probiotics in reducing the symptoms of IBS 
include increased levels of IL-10 and TGF-β and reduced levels of IL-12 and IFN-γ 
(Collado et al., 2009).  

It has been suggested that commensal gut microbes initiate the intestinal inflammation 
present in IBD due to loss of tolerance and/or mucosal barrier defects (Bengmark, 2007). 
The impact of the immune system and the gut microbiota on the pathogenesis of IBD has 
been confirmed using IL-10 deficient mice that develop spontaneous intestinal 
inflammation, which, however, can be prevented if the mice are reared in germ-free 
conditions (Sellon et al., 1998). A probiotic product containing B. breve Yakult, B. 
bifidum Yakult, and L. acidophilus showed promising results in alleviating the symptoms 
of IBD (Kato et al., 2004). The probiotic mixture VSL#3 has been observed to be effective 
in maintaining IBD in remission (Gionchetti et al., 2000; Mimura et al., 2004). VSL#3 has 
also been observed to inhibit the onset of experimental ileitis by preventing the 
disturbance of the intestinal barrier and stimulating TNF-α expression in the intestinal 
epithelium in mice (Pagnini et al., 2010). In mice, L. paracasei ST11 was observed to 
reduce the intestinal inflammation of experimental colitis characterized by decreased 
mucosal expression of IL-1β, IL-6, and IL-12 (Oliveira et al., 2011). Thus, both the anti-
inflammatory and the immune system stimulating actions of probiotics have been 
suggested to play a role in preventing symptoms of IBD. 

3.4.2 In vitro inflammatory effects of probiotics  

One strain of probiotics may be effective in the prevention or treatment of different types 
of diseases, exerting anti-inflammatory effects in one condition and pro-inflammatory in 
another, suggesting that the same bacterium expresses different genes in different 
environments. In vitro studies are a powerful tool for exploring these multifunctional 
activities of probiotics. The ability of probiotics to induce immunomodulatory functions, 
e.g. cytokine production, has been studied in human PBMCs, monocytes/macrophages, 
dendritic cells, and epithelial cells, among others. 

Several strains of Lactobacillus, Bifidobacterium, Lactococcus, and Streptococcus, as 
well as an E. faecium strain and PJS, have been shown to induce pro-inflammatory 
cytokine production to different extents in PBMCs, including the production of TNF-α, 
IL-6, IL-12, or IFN-γ (Miettinen et al., 1996; Miettinen et al., 1998; Timmerman et al., 
2007; Kekkonen et al., 2008; Dong et al., 2011). Some of these strains, including GG, 
Bb12 and PJS, were also potent IL-10 producers (Miettinen et al., 1998; Kekkonen et al., 
2008; Dong et al., 2011), whereas L. helveticus Lb161 and B. breve failed to induce an 
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anti-inflammatory response (Kekkonen et al., 2008; Timmerman et al., 2007). Probiotic 
strains were not observed to induce the secretion of Th2 type cytokines, such as IL-4 or 
IL-5, in PBMCs (Miettinen et al., 1998; Dong et al., 2011). 

Similar results of the cytokine production of probiotics have been obtained in studies 
with monocytes/macrophages as with PBMCs; different probiotic strains produce pro- and 
anti-inflammatory cytokines (Miettinen et al., 2000; Kaji et al., 2010; Shida et al., 2011) 
and chemokines (Veckman et al., 2003) in different intensities.  

In dendritic cells, only a weak cytokine response was observed after stimulation with 
GG or different strains of Bifidobacteria, whereas several other Lactobacillus strains and 
the probiotic mixture VSL#3 elicited strong production of pro-inflammatory cytokines and 
variable intensitites of IL-10 production (Veckman et al., 2004; Weiss et al., 2011; Gad et 
al., 2011; Evrard et al., 2011). In addition, immature dendritic cells that were maturated 
with B. bifidum W23 were observed to induce increased IL-10 production in T cells 
compared with dendritic cells maturated with other maturation factors (Niers et al., 2007). 

L. johnsonii N6.2 has been observed to induce the expression of several chemokines in 
the epithelial cell line Caco-2 (Kingma et al., 2011). In addition, GG, Lc705, PJS, and B. 
breve Bb99 were shown to inhibit the adhesion of pathogenic Helicobacter pylori, 
improve epithelial barrier function, and induce anti-inflammatory effects in Caco-2 cells 
(Myllyluoma et al., 2008). Different strains of probiotic Lactobacillus, Bifidobacterium, 
and Streptococcus have been found to reduce IL-8 production in the epithelial cell line 
HT29 infected with pathogenic E. coli (Stober et al., 2010). Similarly, several strains of 
probiotic Streptococcus have been shown to diminish the IL-8 response induced by oral 
bacteria, such as Aa, in epithelial cells (Cosseau et al., 2008; Zhang et al., 2008; Sliepen et 
al., 2009).  

3.5 Probiotics and mast cells  

The idea of mast cells mediating some of the beneficial effects of probiotics among other 
immunological cells is emerging. Only recently, several studies exploring the effects of 
probiotics in allergic inflammation and a few studies of probiotics in gastrointestinal 
inflammation with a mast cell connection have been conducted. However, studies of 
probiotics affecting mast cells in the context of other inflammatory diseases, such as 
atherosclerosis or other metabolic disorders, are lacking.  

In the first study concerning probiotics and mast cells in allergic settings, B. bifidum 
BGN4, L. casei 911, and E. coli MC4100 were shown to have a decreasing effect on 
degranulated mast cell levels in ovalbumin and cholera toxin-sensitized mice (Kim et al., 
2005). A few years later, the same research group showed similar results with B. lactis 
AD011 and L. acidophilus AD011 (Kim et al., 2008). In addition, GG and L. plantarum 
strains CJLP55, CJLP133, and CJLP136 have been observed to be effective in reducung 
the numbers of mast cells in a mouse model of atopic dermatitis (Sawada et al., 2007; 
Won et al., 2011). Similar decreases in mast cell infiltration have been seen after the 
administration of L. paracasei to picryl chloride-sensitized mice (Wakabayashi et al., 
2008) as well as after L. crispatus KT-11 ingestion in an ovalbumin-sensitized rhinitis 
mouse model (Tobita et al., 2010). A mixture containing GG and B. longum BB536 was 
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effective in both preventing and treating food allergic response as well as in improving 
intestinal integrity and reducing mast cell infiltration in ovalbumin-sensitized rats (Huang 
et al., 2010). In addition, L. casei DN-114 001/CNCMI-1518 was observed to provide 
protection from anaphylaxis and arthritis by inhibiting mast cell and basophil 
degranulation in murine models of acute allergic and autoimmune inflammation (Schiffer 
et al., 2011). A decrease in the degranulation level of mast cells has also been observed in 
an ex vivo human skin explant model after treatment of the explants with B. longum 
extract (Gueniche et al., 2010). 

In a mouse model of trinitrobenzene sulfonic acid-induced colitis, the administration of 
L. plantarum NCIMB8826 or the probiotic mixture VSL#3 reduced intestinal 
inflammation and downregulated gene clusters related to mast cells (Mariman et al., 
2011). 

On the contrary, fermentation products of L. helveticus, which have been observed to 
be effective in preventing Salmonella typhimurium infection, increased the number of 
mast cells in non-infected mice (Vinderola et al., 2007). An increase in mast cell numbers 
has also been observed in a rat model of aspirin-induced gastric mucosal injury after 
administering a probiotic mixture containing four strains of L. fermentum, three strains of 
L. plantarum, and six strains of E. faecium (Senol et al., 2011). In a study by Duncker et 
al., intestinal mast cell numbers were not affected after the administration of E. coli Nissle 
1917 to healthy pigs (Duncker et al., 2006). 

In the first in vitro study exploring the interactions between mast cells and probiotics, 
commensal E. coli K12 was shown to downregulate the gene expression of several 
chemokines, including CCL-1, CCL-19, and CCL-24, as well as to reduce FcεRI-mediated 
degranulation in Laboratory of Allergic Diseases Cell 3 (LAD3) cells and human 
peripheral-derived mast cells (Kulka et al., 2006). Subsequently, also E. coli DSM 17252 
and L. reuteri NBRC 15892 were observed to inhibit IgE-induced degranulation of murine 
mast cells (Magerl et al., 2008; Kawahara, 2010), and the administration of L. reuteri 
NBRC 15892 was also accompanied by downregulation in the expression of genes 
encoding IL-4, IL-13, TNF-α, cyclooxygenase-2, and FcεRIα (Kawahara, 2010). B. 
pseudocatenulatum JCM 7041 has been found to suppress the degranulation of IgE-
sensitized histamine-releasing cells belonging to the rat basophilic leukemia cell line 
RBL-2H3, a model for the mast cell (Kasakura et al., 2009).  
 
In summary, the gut microbiota has a major influence on the physiological functions of the 
body, including the regulation of immunity. Alterations in the composition of the 
microbiota are associated with inflammatory diseases. Probiotics have been suggested for 
the treatment of these conditions, and many strains have shown to be effective in 
preventing or alleviating the symptoms of allergy, metabolic disease, periodontitis, and 
intestinal diseases. However, the molecular mechanisms behind these actions of probiotics 
have not been fully elucidated. In light of the important functions of mast cells in the 
regulation of the immune system and gut functions, mast cells need to be considered as 
possible mediators of the mechanisms of the actions of probiotics, also in the context of 
other inflammatory diseases in addition to allergy.  
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AIMS OF THE STUDY 

The connection of mast cells to atherosclerosis has been recognized for decades. 
Considering the inflammatory nature of atherosclerosis, exploring the role of infection in 
the pathogenesis of the disease has recently gained attention. Components of microbial 
origin have been detected in atherosclerotic lesions and are suggested to promote the 
inflammatory status in the arteries. However, the effects of these microbes on the mast 
cells in atherosclerotic lesions have not been explored.  

The knowledge of the involvement of the gut microbiota in metabolic disorders and 
other inflammatory diseases is emerging. Probiotics have been under extensive study 
regarding their ability to modulate immunological functions and to balance the gut 
microbiota. Indeed, probiotics have been reported to have beneficial effects in the 
prevention and alleviation of inflammatory diseases, such as allergy. However, the 
molecular mechanisms behind these beneficial effects have yet to be elucidated, and mast 
cells might be potential mediators of these actions. 

Therefore, the aim of this thesis was to explore the effects of proatherogenic and 
probiotic bacteria on mast cells and inflammation in the context of inflammatory diseases, 
such as allergy and metabolic disorders.  

 
The specific aims were: 
 

 
1. To study the inflammatory effects of proatherogenic bacteria on mast cells in vitro 

and on inflammation in vivo  (I) 
 
2. To characterize the effects of four selected strains of probiotic bacteria and their 

combination on the global gene expression of human mast cells (II) 
 

3. To explore the anti-inflammatory potential of probiotics on mast cells and on high-
fat diet-induced inflammation in vivo (III) 
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MATERIALS 

1 Bacterial strains 

The Chlamydia pneumoniae isolates Kajaani 6 and Kajaani 7 were obtained from the 
National Institute for Health and Welfare (Helsinki, Finland). The Aggregatibacter 
actinomycetemcomitans strains AT445b and JP2 were provided by the Institute of 
Dentistry, University of Helsinki (Helsinki, Finland). The strains Lactobacillus rhamnosus 
GG (ATCC 53103), Lactobacillus rhamnosus Lc705 (DSM 7061), Propionibacterium 
freudenreichii ssp. shermanii JS (DSM 7067), and Bifidobacterium animalis ssp. lactis 
Bb12 (DSM 15954) were provided by the Valio Research Centre (Helsinki, Finland). The 
bacterial counts of the Aggregatibacter strains were estimated spectrophotometrically at 
A492nm. The infectivity titer of C. pneumonia strains was determined with 10-fold dilutions 
in cycloheximide-treated human cell line (HL) cells. The bacterial counts of the 
Lactobacillus strains, Propionibacterium and Bifidobacterium were determined by 
counting in a Petroff-Hauser chamber. The strains of Aggregatibacterium and 
Lactobacillus, Propionibacterium, and Bifidobacterium were stored in skim milk and the 
Chlamydia strains in sucrose-phosphatase-glutamate acid buffer at -70°C.  

The growth conditions of the bacteria are presented in Table 3. Non-viable bacteria 
were obtained by inactivating the bacteria twice with a dosage of 0.120 joules/cm2 of UV 
light. 

2 Animals 

Male ApoE-/- mice obtained from Charles River Laboratories (Wilmington, MA) were 
used in study I. The mice were housed in a germ-free environment and fed a regular 
mouse chow diet. The experiments with ApoE-/- mice were conducted in accordance with 
the Finnish regulations and protocols approved by the Animal Care and Use Committee of 
the National Public Health Institute (Helsinki, Finland). 

 
Male heterozygous ApoE*3Leiden mice from TNO-Pharma (Gaubius Laboratory, Leiden, 
The Netherlands) were used in study III. The mice were housed in clean-conventional 
animal rooms and fed a high-fat diet for 4 weeks. The experiments with ApoE*3Leiden 
mice were approved by the TNO committee on Animal Experiments and conducted with 
the rules and regulations of the Dutch Law on Animal Experiments. 
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3 Experimental set-ups 

In study II and the in vitro parts of study I, preliminary experiments were conducted in 
order to ensure that sufficient amounts of cells and bacteria are used and to optimize 
incubation times required for the experiments. The methods used for analyzing the results 
were tested and optimized prior to sample analysis. 

Animal studies were conducted in accordance with the local rules and regulations. The 
diets and bacteria administered to the mice in studies I and III are summarized in Table 4. 
Greater details of the experimental set-up of study I are provided in the original 
publication.  

Briefly, in study I, the ApoE-/- mice were kept in germ-free conditions in order to avoid 
potential environmental factors that might have affected the outcome of the study, 
including unwanted infective agents. Cpn was nasally inoculated three times in 2-week 
intervals, and the mice were sacrificed either 1 week or 10 weeks after the last Cpn 
administration (groups 2-3 and 5, see Table 4). Aa was inoculated 10 times weekly, and 
the last inoculation was administered 1 week before sacrifice (groups 3 and 4, see Table 
4). These settings were designed to mimic either the acute or persistent effects of Cpn-
infection and, on the other hand, the effects of the continuous release of Aa into the 
circulation from the inflamed periodontium.  

In study III, after one week on a chow maintenance diet in macrolon cages, the animals 
started to receive a high-fat diet. The mice were divided into four groups (n=8/group). 
Group 1 received saline as a vehicle control, group 2 received GG in vehicle, and group 3 
received PJS in vehicle. Group 4 served as a positive control group and received 
fenofibrate mixed into the high-fat diet. Fenofibrate is an activator of the peroxisome 
proliferator-activated receptor alpha (PPARα) with an established anti-inflammatory 
capacity. The animals received either bacteria or vehicle by gavage. The bacteria were 
administered at a dosage of 109 cfu in 150 µl by gavage at a fixed time of day, five 
consecutive days a week. 

In study I, the dose of Cpn and Aa administered to the mice was similar to those used 
in previous studies by us and others (Campbell et al., 2000; Tuomainen et al., 2008; 
Campbell et al., 2010) as well as to the dose of GG and PJS in study III (Myllyluoma et 
al., 2007; Zuercher et al., 2012; Finamore et al., 2012). 
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Table 4. Summary of the experimental set-ups of studies I and III. 

 
AT445b, Aggregatibacter actinomycetemcomitans strain AT445b; Cpn7, Chlamydia pneumoniae 
isolate Kajaani 7; GG, Lactobacillus rhamnosus GG; PJS, Propionibacterium freudenreichii ssp. 
shermanii JS 
 
(Hakala et al., 2003; Caldwell et al., 1981; Irizarry et al., 2003; Gentleman et al., 2004; 
Wilson and Miller, 2005; Smyth, 2004; Sartor et al., 2006; Storey et al., 2004; Eden et al., 
2009; Dudoit et al., 2003; Eisen et al., 1998; Rocha-de-Souza et al., 2008; Moloney et al., 
1960; Yam et al., 1971) 

Group Mouse Housing Diet Bacterium or Treatment
strain control period

Study I

1 ApoE-/- germ free chow AT445b 10 weeks
2 ApoE-/- germ free chow Cpn7  5 weeks
3 ApoE-/- germ free chow AT445b + Cpn7 15 weeks
4 ApoE-/- germ free chow vehicle 15 weeks
5 ApoE-/- germ free chow Cpn7  5 weeks
6 ApoE-/- germ free chow vehicle  5 weeks

Study III
1 ApoE*3Leiden standard high-fat vehicle  4 weeks
2 ApoE*3Leiden standard high-fat GG  4 weeks
3 ApoE*3Leiden standard high-fat PJS  4 weeks

4 ApoE*3Leiden standard high-fat fenofibrate  4 weeks
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METHODS 

The methods used in this thesis and their use in the original publications are summarized 
in Table 5. The methods are described in detail with appropriate references in the 
materials and methods section of the original publications, and they are only briefly 
described here.  
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1 Isolation and culture of mast cells and macrophages 

Mononuclear cells were isolated from freshly collected human buffy coats, which were 
obtained from healthy adults, by density gradient centrifugation. To obtain mast cells, 
CD34-positive progenitor cells were separated using immunomagnetic selection. After 
separation, the mast cell progenitors were cultured in serum-free medium supplemented 
with penicillin, streptomycin, SCF, and a specified cytokine cocktail for 9-11 weeks. To 
prepare the macrophage culture, mononuclear cells isolated by density gradient 
centrifugation were cultured in the presence of penicillin, streptomycin, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) for 7 days. 

2 Stimulation experiments 

For stimulation experiments, the bacteria were grown according to the conditions 
explained in Table 3. Differentiated mast cells or macrophages, which were cultured 
according to the above methods, were incubated with different bacteria in a cell-to-
bacteria ratio of 1:1, 1:5, or 1:10, or with phosphate buffered saline (PBS) as a control, at 
37°C in an atmosphere of 5% CO2 in air for times specified in the original publications. In 
co-culture experiments, macrophages were stimulated with bacteria or PBS for 6 hrs. After 
incubation, the media were collected and the macrophages were washed to remove 
extracellular bacteria. The washed macrophages were incubated with mast cells at 37°C in 
5% CO2 for 16 hrs. In a separate experiment, mast cells were incubated for 6 hrs with the 
media collected from the bacteria- or PBS-stimulated macrophages from the co-culture 
experiments. In all experiments, after stimulations, the media containing mast cells were 
collected and the cells were separated by centrifugation, washed, lysed, and subjected to 
RNA analysis. The media was stored in -20°C for enzyme assays. 

3 Inhibition of TLR2 and MyD88 

The role of TLR2 and MyD88 in mast cell signaling during probiotic stimulations was 
assessed by blocking the molecules using the human TLR2 neutralizing antibody (clone 
TL2.1, eBioscience, San Diego, CA) or the MyD88 inhibitor peptide (IMG-2005, BioSite, 
Täby, Sweden), respectively. Mast cells were treated with 5 µg/ml of the anti-TLR2 
antibody for 30 min or with 100 µM of the MyD88 blocking peptide for 24 hours followed 
by 6-hour stimulations with GG. In the MyD88 blocking experiment, the control peptide 
provided with the inhibitory peptide was used as a negative control at a concentration of 
100 µM. 

 



Methods 
 

 

54 
 

4 RNA isolation and quantitative RT-PCR 

Total RNA was extracted from cell lysates with the commercial RNeasy Mini Kit, and the 
amount of RNA was quantified with the Nanodrop ND-1000 spectrophotometer (Thermo 
Scientific, Wilmington, DE). The RNA was reverse-transcribed to cDNA with random 
hexamers and the Moloney murine leukemia virus (MMLV) reverse transcriptase. To 
quantify the expression levels of IL8, IL10, CCL2, HRH4 (histamine receptor 4), FCER1A 
(Fc fragment of high affinity I receptor for α polypeptide), and FCER1G (Fc fragment of 
high affinity I receptor for γ polypeptide), the TaqMan® Gene expression assays were 
applied. To detect TNF-α, the sense primer 5’-GCTGCACTTTGGAGTGATCG-3’, 
antisense primer 5’-GTTTGCTACAACATGGGCTACAG-3’, and probe 5’-FAM-
CCCAGGCAGTCAGATCATCTTCTCGA-BHQ1-3’ were utilized. The samples were 
analyzed with the ABI 7500 Real-time PCR System in a reaction volume of 25 µl using a 
two-step program consisting of 15 sec at 95°C and 60 sec at 60°C for 40 cycles.  β-actin 
was used as an endogenous normalization control. The relative quantification of the target 
gene was determined using standard 2–ΔΔCT calculations. 

5 Microarray and microarray analysis 

The total RNA of the bacteria-stimulated mast cell samples from study II was reverse-
transcribed and hybridized according to a two-cycle protocol of the commercial 
GeneChip® Expression Analysis Kit. The genome of the stimulated mast cells was 
analyzed with the Affymetrix GeneChip® Human Genome U133 Plus 2.0 Array and 
scanned using the GeneChip Scanner 3000. 

The microarray data was pre-analyzed using a robust multi-array averaging algorithm 
(RMA). For higher precision and accuracy, an updated probe set definition was applied, 
and the significance of differential expression was determined by using empirical Bayes 
statistics followed by an intensity-based hierarchical Bayes analysis. In the analysis, a 
moderated paired t-test was computed, and genes with P values ≤ 0.05 were considered as 
significantly differentially expressed. 

6 Enzyme assays 

The concentrations of inflammatory markers in the culture media and in the mouse serum 
or plasma after the bacterial stimulations were estimated using commercially available 
enzyme immunoassays for human or mouse TNF-α, IL-8, IL-10, CCL-2, TGF-β,  SAA, 
fibrinogen, VCAM-1, and E-selectin, following the manufacturer’s instructions.  
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7 Lipopolysaccharide measurement 

The LPS concentrations of the serum of ApoE-/- mice were measured using a 
commercially available limulus amebocyte lysate (LAL) chromogenic end-point assay 
according to the manufacturer’s instructions. 

8 Cell viability assay 

The cytotoxicity of the bacterial stimulations to mast cells was estimated by measuring the 
levels of lactate dehydrogenase (LDH) released from the cells using a commercial 
Cytotoxicity Detection Kit. 

9 Histochemical and immunohistochemical stainings 

To detect mast cells from frozen sections of the aortic sinus of the ApoE-/- mice and the 
proximal colon of the ApoE*3Leiden mice, the sections were fixed in methanol, washed 
in PBS, and stained with naphthol AS-D choloroaceteate esterase (CAE). Finally, the 
sections were counterstained with haematoxylin and mounted with aqueous mounting 
media. 

To detect TNF-α and IL-10 in the intestines of the ApoE*3Leiden mice, the frozen 
sections of the proximal colon were first fixed in cold acetone followed by the blocking of 
the endogenous peroxidase activity with 2% H2O2 in methanol. The slides were then 
incubated with 3% goat serum in PBS in order to block the non-specific binding of 
antibodies. To confirm the blockade of all the endogenous binding sites of avidin and 
biotin in the intestinal tissue, the sections were treated with a commercial Avidin/Biotin 
Blocking Kit according to the manufacturer’s instructions. The slides were then incubated 
with a primary antibody for TNF-α or IL-10, and, to enable the detection of the primary 
antibodies, the avidin-biotin complex system was used with 3,3’-diaminobenzidine (DAB) 
as a chromogen. Finally, the sections were counterstained with haematoxylin and mounted 
with aqueous mounting media. The stainings were examined by light microscopy.  

10 Statistics 

The data were reported as means ± standard deviation (SD). Statistically significant 
differences between mean values were tested with Student’s t-test or the Mann-Whitney 
U-test. The statistical methods used in the microarray experiment are explained above. 
The P values below or equal to 0.05 were identified as statistically significant. 
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RESULTS 

1 In vitro effects of proatherogenic bacteria on mast cells  

1.1 Cytokine and chemokine expression and secretion (I, II) 

The ability of proatherogenic pathogens Cpn and Aa to induce an inflammatory response 
in mast cells was studied in cultured human peripheral blood-derived mast cells. Cpn6 and 
the Aa strains AT445b and JP2 upregulated the expression of the genes encoding TNF-α, 
IL-8, and CCL-2 (MCP-1) in mast cells in both a time- and dose-dependent manner (see 
study I Figures 2 and 3, and summary in Table 6). Concordantly, the secretion of TNF-α, 
IL-8, and CCL-2 proteins increased in mast cells after stimulations with Cpn6, AT445b, 
and JP2 compared with cells treated with PBS (study I Figure 2). UV inactivation 
diminished the mast cell expression and secretion of IL-8 and TNF-α induced by Cpn but 
did not affect the ability of Aa to induce these mediators (study I Figure 4). The 
expression of the anti-inflammatory molecule IL-10 was also upregulated in mast cells 
after 24 hours Cpn6-stimulation, but no measurable levels of secreted IL-10 or another 
anti-inflammatory molecule, TGF-β1, were detected in mast cell media after the 
administration of Cpn6, AT445b, or JP2.  

1.2 Effects via co-cultured macrophages (I) 

Since monocytes provide a possible route for Cpn to access an atherosclerotic lesion, and 
monocyte-derived macrophages are abundant cells in the lesion, the ability of Cpn-
infected macrophages to affect the reactivity of mast cells was explored. Cpn-infected 
human monocyte-derived macrophages induced the upregulation of the genes encoding of 
TNF-α and IL-8 in co-culture with human mast cells (see study I Figure 5A and 5B). In 
addition, the supernatant obtained from Cpn-infected macrophages also induced the 
upregulation of the same genes (study I Figure 5C and 5D).  

2 In vitro effects of probiotic bacteria on mast cells 

2.1 Cytokine and chemokine expression (II and unpublished data) 

To study the effects of probiotic bacteria on mast cells, the method of choice was 
microarray, which provided a broad insight into the effects of probiotic bacteria on mast 
cell gene expression profiles. In the microarray analysis, after a 3-hour stimulation of mast 
cells with GG, Lc705, PJS, Bb12, and their combination, no statistically significant 
changes in mast cell gene expression were detected. After 24 hours of stimulation with 
probiotics, however, significant changes were observed in 698 mast cell genes. The 
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probiotic GG and Lc705 induced changes in mast cell gene expression profiles more than 
other studied probiotic strains, i.e. PJS, Bb12, or the combination of the 4 strains (see 
study 2 Figure 1). According to the functional analysis of the microarray data set, GG, 
Lc705, Bb12, and the combination induced statistically significant upregulation of the 
genes in the category of immune system process including the pro-inflammatory cytokines 
TNF-α and IL-1β and chemokines IL-8 and CCL-2 as well as the anti-inflammatory 
molecule, IL-10 (study II Table 1). The analysis of the microarray data showed no 
differences in the expression of the genes encoding Th2 type cytokines, e.g. IL-3, IL-4, 
IL-5 and IL-15, between the control mast cells and the cells stimulated with probiotics 
(Table 6).  

The results obtained from the microarray analysis were confirmed by analyzing 
selected genes with quantitative PCR (qPCR). Four genes encoding cytokines and 
chemokines were selected for verification: IL-8, TNF-α, CCL-2, and IL-10. In the samples 
analyzed after 24-hour probiotic stimulations, the expression levels of the selected genes 
obtained from qPCR analysis were similar to those observed in the microarray analysis 
(study II Figure 3A). However, according to our unpublished data, in the qPCR analysis of 
the mast cell samples after 3-hour probiotic stimulations, IL-8 was significantly 
upregulated by mast cells stimulated with GG, Lc705, Bb12, and the combination, and 
TNF-α was upregulated by cells stimulated with GG and the combination. The qPCR 
results of the expression levels of CCL-2 and IL-10 after 3-hour stimulations were 
consistent with the results obtained from the microarray analysis; no changes were 
observed in the gene expression levels in mast cells stimulated with probiotic bacteria. 

2.2 Expression of receptors and activation-related genes (II and unpublished data) 

In the microarray analysis, after 24-hour stimulations, the probiotic GG and Lc705 were 
observed to downregulate the mast cell genes encoding the high affinity IgE receptor 
subunit α (FCER1A), and Lc705 was also found to downregulate the subunit γ of the same 
receptor (FCER1G) (see study II Figure 2). In addition, other genes involved in the mast 
cell IgE receptor signaling pathway were downregulated. Specifically, PLC was 
downregulated by cells stimulated with GG and Lc705, and MAPK12 was downregulated 
by cells stimulated with GG, Lc705, and the combination of the four probiotic strains. The 
gene encoding the histamine receptor H4 (HRH4), one of the 4 receptors mediating the 
effects of histamine, was downregulated by mast cells stimulated with GG and Lc705. 
Differences were also observed in the expression of several genes encoding receptors that 
play roles in immune-mediated processes. The genes encoding toll-like receptors 1 and 6 
as well as NOD2 receptor were upregulated in cells after stimulation with GG, Lc705, 
Bb12, and the combination of the four probiotics (Table 6). 
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According to our unpublished preliminary data, the blocking of the known receptor for the 
peptidoglycan of gram-positive bacteria, TLR2, with the anti-TLR2 neutralizing antibody 
resulted in the decreased expression of TNF-α by mast cells after stimulations with GG 
(Figure 9). A similar decrease was observed in mast cell TNF-α expression levels after 
GG-stimulation when MyD88, a downstream adaptor protein of TLRs, was blocked (data 
not shown). 
 

 

 
 

Figure 9.  Effect of the inhibition of the toll-like receptor 2 (TLR2) on the probiotic-
induced TNF-α expression by mast cells. Mast cells were preincubated with the anti-TLR2 
neutralizing antibody for 30 minutes before a 6-hour stimulation with GG. The effect of the TLR2 
inhibition on GG-stimulated TNF-α expression was determined by quantitative PCR. GG, 
Lactobacillus rhamnosus GG. 

3 In vivo effects of proatherogenic bacteria on atherosclerosis-prone mice 
(I) 

3.1 Mast cells 

The ability of the proatherogenic bacterial strains Cpn7 and AT445b, alone or in 
combination, to affect the numbers or the state of activation of mast cells in vivo was 
studied in atherosclerosis-prone ApoE-/- mice. The histochemical CAE staining of the 
cryosectioned aortic sinuses of the mice showed elevated numbers of degranulated mast 
cells in all groups treated with bacteria compared with vehicle-treated groups. However, 
there were no difference in the total mast cell counts between groups (see study I Figure 
6). 
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3.2 Markers of inflammation 

The inflammatory status of the ApoE-/- mice after the administration of the proatherogenic 
Cpn7 and AT445b strains, alone or in combination, was estimated by measuring the serum 
levels of LPS and TNF-α, which are markers of systemic inflammation (study I Figure 7). 
The serum levels of LPS increased significantly in the AT445b-infected 24-week-old mice 
(group 1) compared with the vehicle controls. In addition, there was a slight, yet not 
statistically significant, increase in the LPS levels in Cpn7-infected 14-week-old mice 
(group 5). In other study groups no differences were observed in the serum levels of LPS 
levels compared with the vehicle controls.  

Elevated levels of serum TNF-α were observed in the 24-week-old AT445b-infected 
mice (group 1), and, notably, decreased levels of TNF-α were observed in the 14-week-old 
Cpn7-infected mice (group 5) compared with the corresponding vehicle controls. In other 
study groups, statistically significant differences were not observed.  

4 In vivo effects of probiotic bacteria on atherosclerosis-prone mice (III) 

The anti-inflammatory capacity of the probiotic GG and PJS in vivo was studied using a 
mouse model of atherosclerosis, ApoE*3Leiden mice, fed high-fat food known to 
aggravate not only atherogenesis but also inflammation.  

4.1 Mast cells 

The effects of the probiotic GG and PJS on the number of intestinal mast cells was studied 
using CAE-stained cryosections of the proximal colon of the ApoE*3Leiden mice. The 
number of mast cells was observed to be significantly decreased in the intestines of the 
mice treated with GG and PJS and also in the positive control fenofibrate group when 
compared with the vehicle control group (Figure 10).  
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Figure 10. Number of intestinal mast cells of ApoE*3Leiden mice after 28 days of high-fat 
feeding accompanied by the administration of GG, PJS, or fenofibrate. Mast cells were 
counted after naphthol AS-D chloroacetate esterase (CAE) staining. The bars represent the mean ± 
SD number of mast cells/group (n=8/group). GG, Lactobacillus rhamnosus GG; PJS,  
Propionibacterium freudenreichii ssp. shermanii JS. *, significantly different compared with 
control. 

4.2 Markers of inflammation 

The ability of GG and PJS to affect high-fat food-induced inflammation in ApoE*3Leiden 
mice was explored by measuring markers reflecting systemic inflammation (SAA, 
fibrinogen), endothelial activation (VCAM-1, E-selectin), and intestinal inflammation 
(immunodetection of TNF-α and IL-10). The high-fat food induced an acute peak in SAA 
values of the control group. Fenofibrate was observed to quench the SAA peak, and a 
similar trend was observed also in PJS and GG groups, since the observed peaks in these 
groups were not statistically significant and thus, not as pronounced as in the control 
group. On the other hand, GG and PJS induced a statistically significant elevation in 
fibrinogen values, whereas in the fenofibrate and control groups the observed increase was 
not significant. Also, an increase was observed in the concentrations of the adhesion 
molecules VCAM-1 and E-selectin over time in all groups. In the PJS group, the elevation 
of VCAM-1 level was significantly lower compared with the control group. PJS and 
fenofibrate were also observed to suppress the significant increase in the E-selectin level 
observed in the control group (Figure 11). 
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Figure 11. Plasma concentrations of SAA, fibrinogen, VCAM-1, and E-selectin of 
ApoE*3Leiden mice during 28 days of high-fat feeding supplemented with GG, PJS, or 
fenofibrate detected with ELISA. Data are presented as the mean value of the group at each 
timepoint (n = 8/group). SAA, serum amyloid A; VCAM-1; vascular cell adhesion molecule 1; 
GG, Lactobacillus rhamnosus GG; PJS, Propionibacterium freudenreichii ssp. shermanii JS. *, 
significantly different compared with the initial value (day 0) within the group; †, significantly 
different compared with the control group. 

 
 
Immunodetectable TNF-α was found in the intestinal cryosections of the control group, as 
well as in the GG group and the fenofibrate group, but it was not detectable in the PJS 
group. The intestines of the animals in the GG and fenofibrate groups showed strong 
staining for IL-10, whereas immunodetectable IL-10 was weak in the control group, and 
not detectable in the PJS group (Figure 12). 
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Figure 12. Immunostaining of TNF-α and IL-10 in the intestinal cryosections of 
ApoE*3Leiden mice after 28 days of high-fat feeding accompanied by the administration of 
GG, PJS, or fenofibrate. Photos of TNF-α stainings in panel A: A.1, control; A.2, GG; A.3, PJS; 
and A.4, fenofibrate. Photos of IL-10 stainings in panel B: B.1, control; B.2, GG; B.3, PJS; and 
B.4, fenofibrate. Photos were taken with 4x magnification. GG, Lactobacillus rhamnosus GG; 
PJS, Propionibacterium freudenreichii ssp. shermanii JS. 
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DISCUSSION 

1 Methodological aspects 

1.1 Selection of the bacterial strains 

Cpn and Aa have been discovered in atherosclerotic lesions and suggested to promote 
atherogenesis by different mechanisms. Cpn6 and Cpn7 were originally isolated from 
patients during a Cpn epidemic in Finland (Ekman et al., 1993). Although isolated from 
humans, both these strains have been shown to induce lung infection in mouse models 
similar to that in humans (Kaukoranta-Tolvanen et al., 1993; Erkkilä et al., 2002). The 
clinical isolates of Aa used in this study, AT445b and JP2, both represent Aa serotype b, 
which is associated with severe periodontitis (Cortelli et al., 2011; Jentsch et al., 2012). 
AT445b is able to adhere to the tooth surface and to other bacteria with fimbriae, whereas 
JP2 is non-adherent (smooth) due to a lack of fimbriae (Kachlany et al., 2000). Instead, 
JP2 produces high levels of a virulence factor called leukotoxin, which induces cytolytic 
effects by causing pores in the cell membrane and, ultimately, the death of the target cell 
(Narayanan et al., 2002). When this work was started, there was a lack of knowledge of 
the effects of proatherogenic bacteria, e.g. Cpn and Aa, on mast cells, although several 
studies had explored the effects of different pathogenic bacteria on mast cells. 

GG is one of the most extensively studied probiotic strains, and strong evidence has 
been gathered of its benefits in immunomodulation and in the prevention and treatment of 
different conditions. Lc705, on the other hand, is a relatively new candidate for a probiotic 
strain, and its possible health benefits need further exploration. PJS and Bb12 have been 
strong inducers of anti-inflammatory cytokine production in PBMCs (Kekkonen et al., 
2008), and, thus, their possible ability to exert anti-inflammatory actions also in 
inflammatory diseases, including metabolic diseases, is of interest. In clinical studies, the 
combination of GG, Lc705, PJS, and Bb12 has been found effective in exerting a 
beneficial effect on the gastric mucosa during H. pylori infection and in alleviating the 
symptoms of IBS patients (Myllyluoma et al., 2007; Kajander et al., 2008). Animal 
experiments and in vitro studies using different cell models have been conducted in order 
to explore the mechanisms behind the beneficial effects of these probiotic strains. 
However, the effects of these strains on mast cells have not been studied. 

Preliminary dose-response experiments were used to determine the adequate number 
of different probiotic bacteria to elicit measurable effects on mast cell cytokine expression. 
A cell-to-bacteria ratio of 1:5 was observed to be suitable for all four strains of probiotics. 
With lower dosages, some strains failed to induce any changes in the gene expression 
levels of mast cells, and, with higher dosages and long incubation times some strains 
induced mast cell lysis (unpublished observations). For a better comparison of the results, 
the dosage of Cpn6 in the microarray experiment was also set at a cell-to-bacteria ratio of 
1:5. This dosage was observed to be adequate for the induction of mast cell gene 
expression in study I, although a cell-to-bacteria ratio of 1:10 was found to be even more 
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effective in inducing gene expression and protein secretion without signs of cytotoxicity, 
and, thus, used in all experiments in study I. 

1.2 Animals 

The ApoE-/- mouse is a well characterized and the most widely used animal model in the 
atherosclerosis research. The well-known characteristics of ApoE-/- mice have been used 
to deciphere the effects of many factors, e.g. the molecular mechanisms and different cell 
types involved in atherogenesis (Zaragoza et al., 2011). ApoE-/- mice have been used to 
explore the effects of both Cpn and Aa on atherogenesis (Liuba et al., 2007; Tuomainen et 
al., 2008; Zhang et al., 2010). Among other mechanisms involved, these studies have 
revealed that the intranasal inoculation of Cpn to ApoE-/- mice leads to the infection of 
lung monocytes that can disseminate the infection to atherosclerotic lesions (Moazed et 
al., 1998). 

ApoE*3Leiden mice develop atherosclerosis resembling the human disease and are 
also susceptible to inflammatory changes induced by a high-fat diet. ApoE*3Leiden mice 
have mostly been used as a model of atherosclerosis, but the effects of different nutritional 
factors on lipid metabolism have also been explored with these particular animals (van 
Vlijmen et al., 1998; Volger et al., 2001; Espirito Santo et al., 2004; Ricketts et al., 2007). 
The effects of probiotic therapy on ApoE*3Leiden mice have not been studied before. 

Despite the fact that the mouse models in studies I and III are widely used by others in 
studies exploring atherosclerosis, the purpose of neither study was to explore 
atherosclerosis, but rather to study the role of different bacteria in systemic inflammation, 
which, again, is known to be associated with atherosclerosis and metabolic diseases. 
However, the effects of probiotic bacteria on atherosclerosis have not been studied before, 
making this lack of knowledge an intriguing subject for future studies.   

 

1.3 Cell culture 

Mast cell progenitors were isolated from buffy coats obtained from the peripheral blood of 
healthy adults. The mast cells obtained from the culturing method described in the present 
study express FcεRI and CD117 and contain tryptase, chymase, heparin, and histamine in 
their granules, and, thus, the cells are considered mature mast cells after 8 weeks of culture 
(Lappalainen et al., 2007). Mast cells are long-lived cells and can usually stay alive in 
culture for weeks or even months after maturation. However, according to unpublished 
observations from our laboratory, mature mast cells from the same donor cultured for 
different periods of time may exhibit differences in the intensities of activation. In the 
present study, such variation was attempted to be minimized by using mast cells at weeks 
9-11 of culture in all in vitro experiments. 

Substantial differences were observed in the intensities of mast cell activation and in 
the expression levels of cytokines among cells obtained from different donors. This may 
be considered as individual variation of cell phenotype due to differences in the age, sex, 



Discussion 
 

 

66 
 

genetic background, and health status of the donors. Although the progenitors were 
obtained from healthy individuals, it is possible that, for example, recent or emerging and 
still asymptomatic infections might have affected the reactivity of the mast cells. In 
addition, blood donors should have been free of any allergies since a person suffering 
from, for example, seasonal allergic rhinitis might have mast cells of a different phenotype 
compared with a non-allergic person, even out of allergy season, and this might have 
affected the activation threshold of the cultured mast cells.  

2 Main findings 

2.1 Effects of Cpn and Aa on mast cells 

In mast cells, Cpn and Aa were found to induce the expression and secretion of the pro-
inflammatory cytokines and chemokines TNF-α, IL-8, and CCL-2, i.e. compounds known 
to be involved in the pathogenesis of atherosclerosis. Cpn and Aa did not induce the 
secretion of the anti-inflammatory IL-10 and TGF-β1 in mast cells, although Cpn was 
observed to induce the gene expression of IL-10. Cpn and chlamydial components have 
been observed to induce the production of pro-inflammatory cytokines and chemokines 
also in other cell types involved in atherosclerosis, including endothelial cells, vascular 
smooth muscle cells, T cells, macrophages, and platelets (Netea et al., 2002; Blessing et 
al., 2002; Yang et al., 2005; Ausiello et al., 2005; Högdahl et al., 2008; Al-Bannawi et al., 
2011), and they have been suggested to promote the destabilizing effects of atherosclerotic 
lesions. TNF-α is known to participate in lesion destabilization pathways through the 
activation of lesion cells and the promotion of inflammation as well as thrombus 
formation, matrix degradation, and apoptosis (McKellar et al., 2009; Aukrust et al., 2011).  
Human atherosclerotic lesions have been found to contain high levels of IL-8 (Rus et al., 
1996), which is produced by vascular cells, such as macrophages, endothelial cells, and 
smooth muscle cells (Liu et al., 1997; Geisel et al., 2003; Hakala et al., 2006). 
Importantly, IL-8 is produced early in the inflammatory response and can remain active 
even for days or weeks, in contrast to other cytokines that are usually cleared within hours 
(Apostolakis et al., 2009). IL-8 and CCL-2 induce monocytes to adhere onto the vascular 
endothelium and facilitate the access to atherosclerotic lesion (Gerszten et al., 1999). IL-8 
has been shown to also attract other cells, including neutrophils and smooth muscle cells 
(Gerszten et al., 1999; Yue et al., 1994). Thus, the activation of mast cells by Cpn and Aa 
in atherosclerotic lesions might promote atherogenesis via the release of mast cell 
mediators, such as TNF-α, IL-8, and CCL-2.  

The ability of UV-inactivated Cpn to induce gene expression in mast cells was 
significantly lower than that of living Cpn. Chlamydial components, such as HSP60, have 
previously been observed to activate macrophages (Kol et al., 1999). In line with our 
results, this effect on macrophages was observed to be abolished by using heat-treated 
Cpn. UV- and heat-treatments are likely to change the tertiary structure of the proteins 
involved in the attachment and internalization of Cpn, which might be essential for the full 
activation of mast cells. On the contrary, the UV-inactivation of Aa did not affect its 
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ability to induce gene expression in mast cells, suggesting that the outer structures or pre-
secreted components of Aa are involved in mast cell activation. Since the Aa strain 
without fimbriae, JP2, caused a similar induction of cytokines as the fimbriated strain 
AT445b, the main activator of mast cells in the case of Aa is likely to be another structure 
or virulence factor than fimbriae. Despite the production of the virulence factor leukotoxin 
by JP2, the mast cells stimulated with this strain did not suffer more cell death compared 
with the cells stimulated with AT445b. This might be due to the narrow host range of 
leukotoxin, viz. there is a specific cell surface receptor for the toxin, the β-integrin part of 
the leukocyte function-associated antigen 1 (LFA-1) receptor, on T cells, B cells, 
macrophages, and neutrophils (Lally et al., 1997; Evans et al., 2009). There are no reports 
of LFA-1 expression on the mast cell surface, and, thus, mast cells are likely not a target 
of leukotoxin. Accordingly, the mechanisms behind these observations need to be further 
explored.  

Cpn is an intracellular bacterium that uses mammalian cells for reproduction. Inside 
circulating cells, e.g. monocytes, Cpn might escape the lungs, its original infection site, 
and reach atherosclerotic lesions. Cpn has been reported to induce cytokine production in 
macrophages and modifications in macrophage gene expression, including transcripts 
involved in inflammatory and immune responses, cell proliferation, and apoptosis 
(Kaukoranta-Tolvanen et al., 1996; Kol et al., 1999; Lim and Chow, 2006). Such 
modifications might be detected by other cells in the lesion, such as mast cells. Indeed, in 
the present study, monocyte-derived macrophages infected with Cpn were able to induce 
the expression of the genes encoding IL-8 and TNF-α in co-cultured mast cells. In 
addition, the preconditioned medium obtained from Cpn-infected macrophages induced 
similar changes in mast cell gene expression. These results suggest that both direct cell-to-
cell contact with Cpn-infected macrophages and macrophage-derived soluble mediators 
are recognized by mast cells and induce mast cell activation, possibly further inducing the 
inflammation in the atherosclerotic lesion.  

 
To summarize, Cpn and Aa induced the expression and secretion of pro-inflammatory 
cytokines and chemokines by human mast cells. Cpn-infected macrophages, directly or 
through secreted mediators, were also observed to activate mast cells to produce pro-
inflammatory cytokines. These results suggest that mast cells could promote inflammation 
and atherosclerosis in the arterial intima when they come in contact with these bacteria. 

2.2 In vivo effects of Cpn and Aa on mast cells and inflammation 

The administration of Cpn and Aa was observed to affect mast cells also in ApoE-/- mice 
in vivo. The total numbers of mast cell in the aortas of the mice were not affected by Cpn 
and/or Aa, but the numbers of activated mast cells increased in all Cpn and/or Aa infected 
groups compared with the control group. The intact and functional endothelium of a 
normal artery is likely to prevent microbes from accessing the arterial layers. This is 
supported by the findings that microbes or microbial components have not been found in 
normal arteries, but they have been detected in atherosclerotic arteries associated with a 
dysfunctional endothelium (Maass et al., 1998; Ott et al., 2006). The access of bacteria 
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into the arterial intima through a dysfunctional endothelium may induce a persistent 
activation of inflammatory cells, such as mast cells, in the intima and sustain 
inflammation, leading to the progression of atherosclerosis.  

The low grade systemic inflammation characterized by increased plasma inflammatory 
markers and endotoxemia (LPS in the circulation) is a distinctive feature of metabolic 
diseases, including atherosclerosis (Corrado et al., 2010). Cpn-derived endotoxemia has 
been connected to acute coronary syndrome (Tiirola et al., 2007). In the present study, Aa 
inoculation resulted in an elevation of plasma LPS levels in ApoE-/- mice. A similar trend 
was also seen in Cpn and double-infected mice but the differences were not significant 
compared with control groups. Lipoproteins, and particularly HDL, are involved in the 
clearance of LPS from the circulation. In our previous studies, however, Aa-derived LPS 
was found to be associated with LDL in ApoE-/- mice (Tuomainen et al., 2008). This 
suggests that, in atherogenesis, LPS could have access into the arterial intima as a part of 
LDL. Both modified LDL and LPS are known to activate human mast cells (Kovanen, 
2009; Theoharides et al., 2012), which might contribute to the promotion of inflammation 
and atherogenesis.  

The endotoxemia observed in Aa-infected ApoE-/- mice was also accompanied by 
increased levels of serum TNF-α. In contrast, Cpn-infected mice had either similar 
(persistent infection model) or lower (acute infection model) levels of TNF-α compared 
with the controls. Both of these observations are in line with previously reported findings 
(Campbell et al., 2010; Tuomainen et al., 2011).  

 
In conclusion, both Cpn and Aa induced increased degranulation of mast cells in ApoE-/- 
mice. Aa seemed to be a stronger inducer of systemic inflammation compared with Cpn, 
indicated by increased serum levels of LPS and TNF-α. Cpn was also observed to 
upregulate the expression of the anti-inflammatory IL-10 in vitro, although the secretion 
of this cytokine could not be observed in the present experimental settings. It has been 
found reasonable that it is beneficial for Cpn to escape the immune system and to refrain 
from inducing too strong inflammatory responses since the successful internalization and 
subsequent intracellular reproduction in the host cell should take place before immune 
cells recognize these events. 

2.3 Effects of probiotics on mast cells 

The effects of the probiotic strains GG, Lc705, PJS, and Bb12 as well as of the 
combination of the four strains on mast cells were explored by microarray analysis. After 
3-hour stimulations with the probiotics, no statistically significant changes were observed 
in mast cell gene expression. When the same samples were analyzed with qPCR, however, 
most of the probiotic strains induced significant changes in the expression of the mast cell 
genes encoding IL-8 and/or TNF-α a after 3-hour incubation with mast cells. This might 
be due to differences in the sensitivity between microarray and qPCR, especially in the 
case of genes expressed in low levels (Allanach et al., 2008). Overall, the transcriptional 
changes induced by probiotics, which were observed in both qPCR and microarray 
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analyses at all timepoints, were relatively low. Similar observations have been made by 
other groups studying probiotics (Shima et al., 2008; Higgins et al., 2011).  

After 24-hour stimulations, the probiotics induced changes in the expression of 698 
mast cell genes, most of which were induced by Lc705, GG, and the combination. Among 
these, the expression of several FcεRI-related genes, including FCER1A, FCER1G, PLC, 
and MAPK12, was downregulated. These changes suggest that probiotics and specifically 
Lc705, GG, and the combination of the four probiotics, might suppress the FcεRI-
mediated activation of human mast cells, leading to diminished production of mediators 
eliciting allergic inflammation. The downregulation of the gene encoding FcεRI subunit α 
was also observed in mouse mast cells stimulated by L. reuteri NBRC 15892, leading to 
decreased degranulation of the mast cells (Kawahara, 2010). The downregulation of FcεRI 
subunits could explain the diminished IgE-mediated degranulation also observed in human 
and mouse mast cells induced by E. coli strains K12 and DSM 17252, respectively (Kulka 
et al., 2006; Magerl et al., 2008).  

After the stimulation of mast cells with probiotics, there were no observed differences 
in the expression levels of the end products of FcεRI-mediated activation, such as Th2 
type cytokines, histamine, heparin, or eicosanoids. Concordantly, in the study conducted 
with L. reuteri NBRC 15892, the Th2 type cytokines IL-4 and IL-13 and the pro-
inflammatory mediators TNF-α and cyclooxygenase-2 were downregulated in mouse mast 
cells (Kawahara, 2010). These results further support the observation that the studied 
probiotic strains suppress the FcεRI-mediated activation of both human and mouse mast 
cells, which might be essential in alleviating the symptoms of allergy. 

On their surface, mast cells express histamine receptors H1-H4, which mediate the 
effects of histamine (Thurmond et al., 2008). The expression of the histamine receptor 4 
(HRH4) is controlled by inflammatory stimuli, and the activation of the receptor leads to 
an accumulation of inflammatory cells at the sites of allergic inflammation (Bhatt et al., 
2010). The interaction of histamine with HRH4 is associated with anaphylaxis (Marson, 
2011). Since mast cells are the main cell type producing histamine, the functions of this 
mediator are partly self-regulated by histamine receptors. In the present study, the 
expression of the gene encoding HRH4 was downregulated by GG and Lc705, suggesting 
another inhibitory function for these probiotics in mast cell activation in the context of 
allergy.   

TNF-α expression in mast cells was induced in variable intensities by all studied 
probiotic strains, except for PJS. Although FcεRI-mediated activation is the most studied 
prototype of the release and subsequent production of TNF-α by mast cells, TNF-α can 
also be produced by the activation of other receptors found on mast cells, such as the 
TRLs (Bischoff and Kramer, 2007; Dietrich et al., 2010). Since the studied probiotics did 
not induce the upregulation of the genes encoding other mediators related to FcεRI 
activation, it is likely that the probiotics were recognized by mast cell TLRs, leading to 
upregulated TNF-α expression. Previous studies with macrophages have shown that TLR2 
recognizes GG (Miettinen et al., 2008). According to our preliminary unpublished results, 
the blocking of TLR2 or its downstream signaling molecule MyD88 diminishes the GG-
stimulated expression of TNF-α in mast cells, suggesting that at least part of the effects on 
inflammatory response induced by this probiotic are mediated through TLR2 also in mast 
cells. Interestingly, the stimulation of TLR2 by a synthetic ligand has been observed to 
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suppress the intracellular signaling of FcεRI (Kasakura et al., 2009). These data indicate 
that the probiotic-mediated mast cell-suppressing actions via FcεRI activation and the 
mast cell immune response-inducing effects could be regulated by TLR2. In addition, in 
the present study, the expression of TLR1 and TLR6 in mast cells was induced by all other 
probiotic strains and the combination except for PJS. Both of these TLRs are known to 
form heteromers with TLR2, depending on the bacterial ligand (Takeuchi et al., 2002), 
which even further strengthen the proposed role of TLR2 in mediating the effects of the 
studied probiotics also in mast cells.  

In addition to TNF-α, the activities of several other mast cell genes involved in 
inflammatory response also changed after probiotic stimulation, including those of the 
genes encoding IL-1β, IL-8, and CCL-2. Bacterial challenge has been proposed to bias the 
Th2 type reaction towards Th1 type inflammation and, thus, to be protective against 
allergy. This hypothesis is supported by clinical and animal experimental studies with GG 
alone or with the combination of Lc705, PJS and B. breve Bb99 (Viljanen et al., 2005; 
Marschan et al., 2008; Thang et al., 2011). The results of the present study, i.e. the 
upregulation of the expression of IL-1β, IL-8, and CCL-2 in mast cells, also support this 
hypothesis. However, further studies are required to confirm the probiotic-induced effect 
of mast cells in eliciting the low-grade inflammation and other possible mast cell-mediated 
mechanisms involved in reducing allergy in vivo.  

All studied probiotic bacteria, except for PJS, induced the upregulation of the 
expression of the mast cell gene encoding IL-10. In vivo, mast cell-derived IL-10 has been 
shown to be essential in anti-inflammatory and immunosuppressive actions, such as in the 
alleviation of allergic inflammation (Grimbaldeston et al., 2007; Kalesnikoff and Galli, 
2011). Based on these observations, the IL-10 expression induced by the studied 
probiotics could provide an additional anti-allergenic effect mediated by mast cells. GG, 
PJS, and Bb12, among several other probiotic strains, have been reported to induce IL-10 
production also in other immune cells (Miettinen et al., 1998; Kekkonen et al., 2008; 
Weiss et al., 2011). However, not all probiotic bacteria induce the upregulation of anti-
inflammatory molecules (Kekkonen et al., 2008), and, in a recent study, IL-10-suppressive 
effects by pathogenic bacteria or their components, e.g. by LPS derived from 
enteropathogenic E. coli, have been observed in mast cells (Song et al., 2011), suggesting 
that the ability of bacteria to induce IL-10 expression is strain-specific. The effects of IL-
10 induced by a Lactobacillus-derived peptidoglycan component have been proposed to 
be mediated by the NOD2 receptor (Macho Fernandez et al., 2011). The expression of 
NOD2 was upregulated in mast cells stimulated with all studied probiotic bacteria, except 
for PJS.  

 
In conclusion, probiotic bacteria, especially GG and Lc705, downregulated several 
activation-related genes in mast cells. In addition, probiotics induced the upregulation of 
pro-inflammatory as well as anti-inflammatory genes. These results indicate that GG and 
Lc705 could mediate the mast cell-inhibiting and the Th1 type inflammation-promoting 
effects that have been suggested to be beneficial in alleviating allergic inflammation. 
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2.4 In vivo effects of probiotics on mast cells and inflammation 

Although low-grade inflammation is suggested to be beneficial in allergic settings, it may 
be detrimental in other inflammatory diseases, including metabolic disorders. The low-
grade inflammation associated with metabolic disorders is typically linked to the 
consumption of a high-fat diet (Hotamisligil, 2006). A high-fat diet has also been reported 
to elicit inflammatory changes in ApoE*3Leiden mice (Zadelaar et al., 2007). In this 
study, the administration of GG and PJS to ApoE*3Leiden mice was associated with a 
decrease in several inflammatory markers. 

The administration of GG and PJS was observed to significantly reduce mast cell 
numbers in the intestines of high fat-fed ApoE*3Leiden mice, and the same effect was 
observed in the positive control group, i.e. the group in which mice received fenofibrate. A 
high-fat diet causes modifications in the composition of the gut microbiota, which 
promote functional and inflammatory changes in the intestine (Turnbaugh et al., 2009; 
Ding et al., 2010). Activated mast cells in the intestine may also cause disruption of gut 
function and local inflammation (De Winter et al., 2012). The decreasing effect of GG and 
PJS on mast cell numbers might alleviate the intensity of the high-fat diet-induced 
inflammation in the gut. Importantly, GG and several other probiotic strains have been 
shown to have a decreasing effect on mast cell numbers in several allergy-related studies 
in rodents (Sawada et al., 2007; Tobita et al., 2010; Huang et al., 2010; Won et al., 2011). 
Increased intestinal mast cell numbers have been observed after probiotic administration 
in a rat model of aspirin-induced gastric mucosal injury, where mast cells were shown to 
have a protective role (Senol et al., 2011). In most studies, however, elevated mast cell 
numbers have been associated with pathological conditions, such as metabolic disorders 
including atherosclerosis, as well as other inflammatory diseases, including IBS and IBD 
(Atkinson et al., 1994; Barbara et al., 2004; Nishida et al., 2002). The mechanisms by 
which probiotics influence the number of intestinal mast cells need to be elucidated in 
future studies.  

TNF-α was detected in the intestines of the mice in the control group, suggesting that 
the consumption of a high-fat diet had induced intestinal inflammation. TNF-α was 
detectable also in the GG and fenofibrate groups, but not in the PJS group, revealing the 
anti-inflammatory actions of PJS against high fat-induced intestinal inflammation. PJS has 
been observed to have anti-inflammatory potential also in a clinical study on healthy 
individuals, as indicated by decreased serum CRP levels (Kekkonen et al., 2008). 
However, in the same study, no decrease was observed in serum TNF-α levels. On the 
other hand, in the present study, the intestines of the mice in the PJS and GG groups 
showed weak and strong staining for IL-10, respectively. The present results suggest that 
both PJS and GG elicit anti-inflammatory actions in the intestine during the consumption 
of a high-fat diet, by either suppressing TNF-α or inducing IL-10 production. In 
ovalbumin-sensitized allergic rats, GG has been observed to induce elevated levels of 
intestinal IL-10 and to reduce hypersensitivity (Finamore et al., 2012). In the present 
study, the number of intestinal mast cells did not correlate with the observed staining 
intensities of TNF-α and IL-10, suggesting an additional cellular source for the production 
of these mediators in the intestine. Macrophages are possible candidates since they have 
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been shown to produce TNF-α in the intestines of mice after the administration of butter 
(Fujiyama et al., 2007). 

A high-fat diet is also associated with systemic inflammation characterized by 
increased concentrations of circulating inflammation markers (Calder et al., 2011). In high 
fat-fed ApoE*3Leiden mice, the plasma concentrations of SAA, VCAM-1, and E-selectin 
were found to increase. PJS showed the strongest anti-inflammatory potential by 
significantly reducing the plasma concentrations of VCAM-1 compared with the control 
group and suppressing the significant acute elevation of E-selectin and SAA observed in 
the control group. A similar trend in suppressing SAA was also observed in the fenofibrate 
group. In murine models of experimental colitis that used other probiotic strains, E. coli 
Nissle 1917 was observed to reduce the serum concentrations of SAA, and L. casei was 
found to suppress the increased colonic expression of ICAM-1 (Kamada et al., 2005; 
Angulo et al., 2006), two observations supporting our present findings. In addition, the 
serum concentrations of ICAM-1 have been observed to be lower in high fat-fed mast cell-
deficient mice compared with mast cell-competent mice with the same diet (Heikkilä et 
al., 2010), suggesting that mast cells are involved in promoting the high-fat diet-induced 
systemic inflammation in various murine models. The results of the present study also 
support this hypothesis; the reductions in mast cell numbers induced by GG, PJS, and 
fenofibrate might be associated with the decreased concentrations of plasma inflammatory 
markers. To discover the temporal order and mechanisms of these suggested events, 
further experiments need to be conducted in the future. 

Fenofibrate is an activator of the peroxisome proliferator-activated receptor alpha 
(PPARα) that is mainly used as a cholesterol-lowering drug, but it is also known to 
possess anti-inflammatory capacity (Kooistra et al., 2006). Fenofibrate has been shown to 
inhibit leukotriene production in the RBL-2H3 mast cell line (Yamashita, 2008), 
suggesting that at least part of the anti-inflammatory effects of fenofibrate could be mast 
cell-mediated. 
 
In summary, PJS had a decreasing effect on intestinal mast cell numbers and showed local 
intestinal and systemic anti-inflammatory potential in vivo, although it did not induce any 
significant changes in mast cell gene expression analyzed by microarray. It could be that 
PJS exerts suppressing rather than stimulatory effects on the genes involved in the 
inflammatory response of mast cells, which are perhaps not so easily detectable in in vitro 
models. On the other hand, in addition to reducing intestinal mast cell numbers, GG 
administration was able to induce strong IL-10 production in the intestines of 
ApoE*3Leiden mice, but GG showed weaker systemic anti-inflammatory actions 
compared with PJS. GG and Lc705 were also the most powerful modifiers of mast cell 
gene expression in the in vitro model, suggesting a stronger stimulatory role for GG than 
for PJS in immune functions. PJS and GG have strain-specific differences, but both 
diminished the high-fat diet-induced inflammation in ApoE*3Leiden mice, indicating that 
these probiotics may posess therapeutic potential in the area of the prevention and 
treatment of inflammation-related metabolic disorders. 
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2.5 Future aspects 

The effects of proatherogenic and probiotic bacteria on mast cells and inflammation were 
explored in both in vitro and in vivo settings. The results revealed and confirmed the pro-
inflammatory potential of proatherogenic bacteria on mast cells. In contrast, the effects of 
probiotic bacteria on mast cells were manifold. Specifically, probiotic bacteria were 
observed to influence both the anti- and pro-inflammatory actions of mast cells. It can be 
assumed that the effects of probiotic bacteria on mast cells vary in different physiological 
and pathological situations. Exploring the effects of both proatherogenic and probiotic 
bacteria on mast cell-related diseases, such as atherosclerosis, in a mast cell-deficient 
mouse model would be intriguing and important when aiming to understand the molecular 
mechanisms underlying the mast cell-mediated effects of these bacteria.  

According to current knowledge, mast cells, and particularly mast cell-derived TNF-α, 
have a crucial role in clearing bacterial infections (Männel et al., 1996). Although 
atherosclerosis is not an infectious disease per se, it is suggested to be an inflammatory 
disease in which bacteria contribute to its progression. It is important to realize that the 
contribution of the bacterial burden to disease progression may derive both from the 
bacteria or their components present in the atherosclerotic lesions themselves, as well as 
from the bacteria colonizing the various body surfaces. Based on the results of the present 
study, the presence of proatherogenic Cpn and Aa in atherosclerotic lesions might activate 
mast cells to produce pro-inflammatory mediators, such as TNF-α, in order to clear these 
pathogens. However, these bacteria-induced mediators might also act as potential 
enhancers of inflammation in the atherosclerotic lesion. Although mast cells were 
observed to secrete TNF-α after encountering proatherogenic bacteria, there is no evidence 
of the mast cell-derived TNF-α being effective in clearing the pathogens from the 
atherosclerotic lesions. Since the trials with antibiotic treatments for atherosclerosis have 
not been successful in reducing the endpoints of atherosclerosis, such as myocardial 
infarctions (Grayston, 2003; Cleland et al., 2004), it could be speculated, according to the 
results of the present study, that the inhibition of mast cells could be a potential treatment 
to diminish the detrimental effects of proatherogenic bacteria, e.g. the progressive 
inflammation, in atherosclerotic lesions, ultimately helping to prevent the endpoints of 
atherosclerosis.  

Both the gut microbiota and mast cells seem to be involved in the pathogenesis of the 
same inflammatory diseases. It would be interesting to explore the possible correlations 
between the numbers of mast cells or certain mast cell-derived mediators and the changes 
in the composition of the microbiota in these diseases. As observed in the present study 
using high fat-fed animals in the context of metabolic disorders, as well as in previous 
studies by other groups in the context of allergic diseases (Ji, 2009), the feeding of 
probiotics may affect the number of mast cells in experimental animal models. Since mast 
cells act as regulators of gut function, it would be interesting to study whether the 
manipulation of the gut microbiota with, for example, probiotics would affect the numbers 
or the activation of mast cells also in other inflammatory diseases, such as IBS and IBD. 
Or vice versa, it would be appealing to study whether the manipulation of mast cells with, 
for example, mast cell stabilizers would affect the composition of the gut microbiota and, 
ultimately, the outcome of the disease progression. 
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More basic research on mast cell biology is also needed in order to unravel the 
mechanisms behind the differential roles of mast cells in different physiological and 
pathological settings. For example, it would be interesting to study the effects of 
proatherogenic and probiotic bacteria on the metabolic products of mast cells, lipid 
compounds, and proteins by using high-throughput methods. Such studies could provide 
entirely new mechanistical insights of the regulation of the interaction between mast cells 
bacteria, and also reveal new molecules to be targeted in future therapies of mast cell-
related diseases. 
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SUMMARY AND CONCLUSIONS 

The present study investigated the effects of proatherogenic and probiotic bacteria on mast 
cells in cell culture environments as well as in experimental animal models in the context 
of inflammation. Based on our findings and the above discussion, the following summary 
and conclusions are drawn: 
 
1. Cpn-infected monocytes may escape the lungs and access the circulation. Aa, on the 
other hand, may gain direct access to the circulation through inflamed gingiva. 
Atherosclerotic risk factors (hyperlipidemia, hypertension, smoking, unhealthy diet, 
microbial infections) disrupt the function of the endothelium and induce it to express 
adhesion molecules. This leads to the accumulation of leukocytes, e.g. monocytes, and 
mast cells in the arterial intima. In addition, the access of Aa into the intima is facilitated 
through the activated endothelium. In the atherosclerotic lesion, monocytes, including 
Cpn-infected ones, differentiate into macrophages. Cpn completes its developmental cycle 
and is released from the macrophage. The following actions in the atherosclerotic lesion, 
illustrated in Figure 13, can be proposed based on the results of the present study: 1. Mast 
cells encounter Cpn and Aa, become activated, and express and release the pro-
inflammatory cytokines and chemokines TNF-α, IL-8, and CCL-2, which are known to 
promote inflammation and atherogenesis. 2. Mast cells encounter Cpn-infected 
macrophages or mediators from the infected macrophage, become activated, and express 
the pro-inflammatory cytokines and chemokines TNF-α and IL-8. 3. Aa induces increased 
plasma levels of LPS and TNF-α in the circulation of ApoE-/- mice. The effects listed 
above could promote atherogenesis. 
 

 
 
Figure 13. Schematic illustration of the possible effects of Cpn and Aa on mast cells in the 
atherosclerotic lesion based on the results of the present study. Cpn, Chlamydia pneumoniae; 
Aa, Aggregatibacter actinomycetemcomitans; TNF, tumor necrosis factor; IL, interleukin; CCL-2, 
chemokine (C-C motif) ligand 2; ApoE-/- , apolipoprotein E deficient; LPS, lipopolysaccharide. 
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2.  Resting mast cells strongly express FcεRI, which binds IgE antibodies with high 
affinity. An encounter with an allergen leads to the cross-linking of the FcεRI-IgE-
complex and mast cell activation (Figure 14, left side of the cell). The following 
intracellular signaling induces the secretion of both stored and newly synthesized 
mediators, such as histamine, Th2 cytokines, leukotrienes, and prostaglandins, that are 
responsible for allergic inflammation and symptoms. According to the results of the 
present study, the following events, depicted on the right side of Figure 14, are suggested 
to occur: 1. When resting mast cells encounter the probiotic GG or Lc705, the expression 
of numerous mast cell genes is modified. 2. The expression of the genes encoding FcεRI 
receptor subunits as well as components of the FcεRI signaling cascade is downregulated. 
3. On the other hand, the expression of chemokines and Th1 cytokines is upregulated. 
Also, the expression of the anti-inflammatory cytokine IL-10 is induced. The above-
mentioned changes might prevent and alleviate allergic inflammation and symptoms. 
 
 

 

 
 

Figure 14. Summary of the effects of probiotic bacteria (lactobacilli) on mast cells based 
on the results of the present study. FcεRI, Fcε receptor 1; Th, T helper; GG, Lactobacillus 
rhamnosus GG; Lc705, Lactobacillus rhamnosus Lc705; IL, interleukin. 
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3. The prevalence of life style-promoted (e.g. the consumption of a high-fat §diet) and 
inflammation-related metabolic disorders is increasing. Changes in the composition of the 
gut microbiota have been observed to correlate with the occurrence of these diseases. In 
the present study, the probiotic GG and PJS were observed to have anti-inflammatory 
effects on high-fat diet-induced inflammation in ApoE*3Leiden mice. GG and PJS 
reduced the number of intestinal mast cells and, respectively, induced increased IL-10 and 
decreased TNF-α intensities in the intestines of the mice. In addition, GG and PJS reduced 
the levels of markers of systemic inflammation including SAA, VCAM-1 and E-selectin, 
in the mice. These anti-inflammatory effects suggest that these probiotics can alleviate 
inflammatory changes induced by a high-fat diet connected to metabolic disorders. 
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