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Introduction 

Cardiovascular diseases on an atherosclerotic basis are the leading cause of 
death in Sweden and other western countries and traditional risk factors 
(such as hypertension, hyperlipidemia and stress) only account for about 
50% of the cases. The respiratory bacterium Chlamydophila pneumoniae (C. 
pneumoniae) has been associated with cardiovascular diseases in many stud-
ies. If the bacterium has a role in the pathogenesis of cardiovascular diseases 
this might lead to the development of new treatment strategies and risk pre-
ventions.   

Chlamydiaceae 

The family Chlamydiaceae 
Members of the bacterial family Chlamydiaceae belong to the bacterial order 
Chlamydiales and are obligate intracellular bacteria. Being similar to virus in 
the sense of living inside a host cell, chlamydiae were first considered as 
viruses and it was not until 1966 that they were classified as bacteria [1]. 
These intracellular bacteria have a unique biphasic lifecycle (Figure 1), al-
ternating between metabolically inert infectious elementary bodies (EBs) 
and metabolically active reticulate bodies (RBs). The infectious EBs are 
endocytosed into the host cell and then internalized into membrane bound 
vacuoles termed inclusions, helping them to escape the host cell defence [2]. 
Inside this vesicle, EBs reorganize into metabolically active RBs and then 
divide by binary fission, which forms the Chlamydia inclusion body that is 
visible with a light microscope. The RBs then differentiates into the infec-
tious EBs that are released upon cell lysis or with exocytosis.  

In the infected cell, the bacterium depends on its host cell for energy pro-
duction and for supply of nucleotides and amino acids [2]. When chlamydiae 
are exposed to different factors in cell cultures, such as antibiotics and cyto-
kines or deprived of essential nutrients, the bacterium may enter a persistent 
state [2]. This persistent state of infection is characterized by the bacterium 
still being viable but remaining in a non-cultivable state. When persistent 
bacteria are supplied with a previously deprived nutrient they become culti- 
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Figure 1. Cell cycle of Chlamydiae. Infectious EB (elementary body) enter the host 
cell and differentiate into RB (reticulate body) inside an inclusion body. RB then 
multiply by binary fission and then differentiate into EB that are released from the 
host cell upon cell lysis.  

vable again [3]. Moreover, treatment with cortisone reactivates previously 
asymptomatic infections in mice indicating that immune factors may also 
have a role in persistence [3]. 

The family Chlamydiaceae is divided into two genera: Chlamydia and 
Chlamydophila. Species in the family Chlamydiaceae that may cause human 
infections include Chlamydia trachomatis, Chlamydophila psittaci and 
Chlamydophila pneumoniae.  

Chlamydophila pneumoniae 
C. pneumoniae was first identified in 1983 and was at that time considered 
to be a strain of Chlamydophila psittaci [4, 5]. The strain was named TWAR 
after the first two laboratory isolates: TW-183, isolated from the conjunctiva 
of a Taiwanese child [6] and AR-39, a respiratory isolate [5]. In 1989 the 
Chlamydophila psittaci strain TWAR was classified as the third species of 
Chlamydia and named Chlamydia pneumoniae [7]. Later, in 1999, the order 
Chlamydiales was reclassified based on 16S and 23S rRNA sequencing and 
the former Chlamydia pneumoniae was classified as Chlamydophila pneu-
moniae [8] in the genus Chlamydophila together with Chlamydophila psit-
taci.   

C. pneumoniae is a common respiratory pathogen with 50% of the popu-
lation having antibodies against the bacterium by the age of 20 years [9]. 
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Infection and re-infection is common and the prevalence of C. pneumoniae 
antibodies rises to 70-80% in the elderly [9]. The bacterium is estimated to 
cause 10% of all community-acquired pneumonia and 5% of all bronchitis 
but has also been detected in patients with pharyngitis, otitis media and si-
nusitis [6]. In addition, both asymptomatic [10] and chronic infections [11] 
are known to occur. The transmission of C. pneumoniae from person to per-
son occurs through respiratory droplets, with an incubation time between 1- 
3 weeks. C. pneumoniae infection is most often diagnosed by serological 
testing or polymerase chain reaction (PCR) because culturing from patient 
samples is time-consuming and less sensitive. The infection seems to be 
spread world-wide as the prevalence of bacterial titres around 60% in people 
aged over 60 years has been detected in Africa [12], Japan [13], China [14], 
Turkey [15], the USA [6] and South America (Chile) [16].  

The immune response to the intracellular bacterium C. pneumoniae is 
mediated by the cell-mediated immune system and CD8+ T-lymphocytes are 
important in eliminating bacteria from the lungs [17]. CD8+ lymphocytes are 
immune cells that recognise antigencontaining infected cells and kill them. 
The cytokine response, both in humans infections [18] and in mouse infec-
tions [19], is of the Th1 type and interferon-� (IFN-�) is important for clear-
ance of the bacteria [20]. IFN-� is a cytokine that activates cells in the im-
mune system, including macrophages, thereby promoting inflammation and 
it also promotes a Th1 response. Tumour necrosis factor-� (TNF-�), another 
cytokine that activates T-cells and promotes inflammation, is also produced 
during C. pneumoniae infection, both in vitro [21] and in vivo [22]. Because 
C. pneumoniae replication can only occur inside host cells (Figure 2), it is an 
advantage if the host cell survives for as long as the bacterium needs. Ac-
cordingly, C. pneumoniae is able to inhibit apoptosis in different cell types, 
including peripheral blood mononuclear cells (PBMC) [23]. C. pneumoniae 
down-regulates expression of the major histocompatibility complex, which is 
necessary for antigen recognition; this may contribute to the bacterium es-
caping the immune system, which could cause a persistent infection [24]. 
Repeated infections with C. pneumoniae result in an increased inflammatory 
response, whereas less bacteria can be recovered by isolation from infected 
tissue [19]. However, bacterial DNA can still be demonstrated with PCR a 
long time after the last infection [25]. 

Atherosclerosis 

Pathogenesis 
Atherosclerosis is generally considered an inflammatory disease [26] but 
what causes the disease is still unknown. Well-known risk factors for cardio- 
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Nucleus
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Figure 2. Transmission electron microscopy of Hep-2 cells 72 hours after infection 
with C. pneumoniae. The picture shows a Hep-2 cell containing a large inclusion 
body with both C. pneumoniae EB and RB. In higher magnification RB (arrow-
head), EB (thick arrow) and RB dividing by binary fission (thin arrow).  

vascular diseases include hypertension, elevated serum cholesterol and ciga-
rette smoking: however, these factors account for only about 50% of the 
cases [27]. Because inflammation may be part of atherosclerosis, interest has 
been turned to potential factors that could cause the inflammation. Viruses 
(such as  cytomegalovirus, herpes simplex virus and enterovirus) and bacte-
ria (such as C. pneumoniae and Helicobacter pylori) have been suggested to 
be part of the pathogenesis of atherosclerosis [28]. However, the strongest 
associations have been to cytomegalovirus and C. pneumoniae [29]. These 
microbes could either be involved in the initiation of the inflammation or in 
further stimulating the ongoing inflammation.  

One major site of atherosclerotic disease in the body is the coronary arter-
ies [30]. Atherosclerotic lesions, or atherosclerotic plaques, may form inside 
the arteries and increase to such an extent that they affect blood flow. The 
earliest lesions are the “fatty streaks”, consisting of aggregations of lipid-rich 
macrophages (foam cells) and T-lymphocytes in the arterial wall [26], which 
are formed as follows. Lipids accumulate in the vessel wall where they may 
be exposed to oxidation, subsequently resulting in an inflammatory reaction 
[31]. As a response to the inflammatory reaction, adhesion molecules in the 
endothelium are upregulated (e.g., vascular cell adhesion molecule-1, 
VCAM-1) [32] and  more inflammatory cells, including monocytes and lym-
phocytes, are attracted to the vessel wall and then migrate into the vessel 
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wall [33]. During the inflammation, produced cytokines induce differentia-
tion of monocytes into macrophages that import lipids present in the vessel 
wall [33]. In the macrophages, lipid export is inhibited because of the in-
flammatory reaction, resulting in an increasing number of foam cells [33]. T-
lymphocytes are also attracted to the vessel wall by cytokines and most T-
cells are of the CD4+ subtype [34], which are cytokine-secreting cells. In the 
plaque, the predominant cytokine response is of the Th1 pattern [33].  

More advanced stages of atherosclerotic plaques also contain smooth 
muscle cells and fibrous tissue [26]. The smooth muscle cells migrate from 
the tunica media into the intima where they proliferate and secrete extra cel-
lular matrix proteins causing the lesion to evolve into a fibrotic plaque [34]. 
Inflammation seems to be important for plaque rupture as stimulated macro-
phages produce matrix metalloproteinases causing the plaque to be more 
unstable by degrading the fibrous cap [34]. The macrophages are activated 
by different stimuli including oxidised lipids, bacterial toxins and stress pro-
teins, resulting in the release of these molecules [33].  

Rupture of the plaque causes blood to come in contact with thrombogenic 
material inside the plaque resulting in the formation of a thrombus [34]. The 
thrombus may then cause obstruction of the blood flow resulting in e.g. car-
diac ischemia as in the acute coronary syndrome. Moreover, patients with 
acute coronary syndrome have elevated levels of cytokines and acute phase 
reactants, further supporting the role of inflammation in atherosclerosis [33].  

Angina pectoris 
Angina pectoris is the most common initial symptom of coronary heart dis-
ease [35]. Usually, it presents as a transient episode of chest pain related to 
some kind of exertion and is the result of passing myocardial ischemia [30]. 
The ischemia is caused by a narrowing of the coronary artery resulting in the 
blood flow not being able to increase enough in response to the need. Most 
often, this narrowing is caused by one or several atherosclerotic plaques. 
Initial treatment of angina pectoris is pharmacological but if symptom relief 
cannot be attained, revascularisation is needed. Depending on which vessel, 
the number of stenotic vessels, the size of the stenosis and clinical parame-
ters patients are treated with percutaneous coronary intervention (PCI) or 
coronary artery by-pass grafting (CABG) [30].  

Acute coronary syndrome (ACS) 
ACS is composed of three patient groups: patients with unstable angina pec-
toris, patients with acute myocardial infarction with ST-segment elevation 
and patients with non-ST-segment elevation myocardial infarction [36]. Un-
stable angina pectoris is considered a more severe condition than stable an-
gina pectoris in that it occurs at rest or more frequently; non-ST-segment 
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elevation myocardial infarction is present when myocardial damage markers 
are elevated despite no ST-segment elevation [36]. ACS occurs either when 
a thrombus is formed [37], as a result of rupture of an atherosclerotic plaque, 
or if the atherosclerotic plaque is increasing rapidly [36]. Patients with ACS 
are treated with anti-ischemic and anti-thrombotic drugs or undergo revascu-
larisation procedures depending on coronary angiography results and clinical 
parameters [36].  

Chlamydophila pneumoniae and atherosclerosis 
The first study suggestive of an association between C. pneumoniae and 
atherosclerosis was carried out by Saikku et al [38] in Finland in 1988. They 
found that patients suffering from acute myocardial infarction or chronic 
coronary heart disease had significantly elevated antibody titres as well as a 
higher prevalence of antibodies against C. pneumoniae. Subsequent to this 
finding, a number of studies investigating the relationship between C. pneu-
moniae and atherosclerosis have been performed.  

Successful isolation of replicating C. pneumoniae from atherosclerotic tis-
sue has only been performed in a few studies with detection rates ranging 
from 6-40% [39-43]. In these studies, viable bacteria have been found in 
atherosclerotic plaques from the coronary arteries [42], the carotid arteries 
[41, 43], the femoral artery [43] and in the abdominal aorta [39, 43]. With 
bacterial detection by PCR or immunohistochemistry, detection rates are 
generally higher but range from 0% to 100% [44]. The large difference in 
detection rates is probably because of the patchy distribution of the bacteria 
[45] and because of the use of different methodologies [44]. In normal tis-
sue, C. pneumoniae is rarely detected [46-49]. Isolation of C. pneumoniae 
from tissue is time-consuming and less sensitive than detection with PCR. 
An alternative to isolation for proving viable and replicating bacteria is to 
demonstrate the presence of bacterial mRNA transcripts because only viable 
and replicating bacteria can make mRNA. In atherosclerotic plaques from 
carotid arteries, C. pneumoniae mRNA from the ompA gene [50] and 16S 
rRNA gene [51] has been demonstrated. C. pneumoniae mRNA has not been 
demonstrated in other studies in other parts of the arterial tree. 

Initial seroepidemiological studies demonstrated an association between 
C. pneumoniae infection and cardiovascular diseases that later meta-analyses 
and prospective studies failed to confirm [44, 52, 53]. The recommended 
serological test for C. pneumoniae serology is the microimmunofluorescence 
test but many different techniques have been used in various studies making 
meta-analysis difficult [44, 54]. Elevated IgA titres have been suggested as 
markers of persistent chronic infection as the biological half-life of IgA in 
serum is between five to seven days [54]. However, later prospective studies 
and meta-analyses of an association between IgA titres against C. pneumo-
niae and atherosclerosis have also failed to demonstrate an association [52, 
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55]. Moreover, some patients lack antibodies against C. pneumoniae, even 
though the bacterium can be found with PCR in the atherosclerotic tissue 
[51, 56, 57]. This makes it difficult to interpret the results from serological 
studies of C. pneumoniae. 

 Dissemination of C. pneumoniae from the respiratory tract throughout 
the body is probably mediated by alveolar macrophages [58] and some stud-
ies have demonstrated a higher prevalence of C. pneumoniae in PBMC in 
patients with atherosclerotic disease than in healthy blood donors [59, 60]. If 
patients with cardiovascular disease have had a higher prevalence of C. 
pneumoniae in PBMC, this could have been used as a diagnostic tool to pre-
dict endovascular C. pneumoniae infection. However, in hitherto published 
studies there are large differences in the prevalence of C. pneumoniae in 
PBMC in patients with cardiovascular disease, probably because of differ-
ences in methodologies, both regarding sampling, extraction and PCR tech-
niques [60-62] and possibly also the time of PBMC sampling in relation to 
the stage of the atherosclerotic process. Most studies have investigated the 
presence of C. pneumoniae in the complete fraction of PBMC. However, C. 
pneumoniae appears to be able to be transported in the blood stream by most 
white blood cells [63, 64]. Furthermore, because the infection rate of PBMC 
in vitro (isolated form healthy individuals) varied greatly, the genetic back-
ground is probably also involved in the susceptibility to C. pneumoniae in-
fection [65].  

Macrophages and smooth muscle cells are part of the atherosclerotic 
plaques [26]. C. pneumoniae is able to infect and proliferate in these cell 
types, as well as in endothelial cells in vitro [66]. High levels of low-density 
lipoprotein (LDL) are considered a risk factor for atherosclerosis and oxi-
dized LDL is highly atherogenic [67]. Monocytes infected with C. pneumo-
niae promotes oxidization of LDL and formation of foam cells, which are 
early atherosclerotic signs [68, 69]. The infection also causes a shift of the 
oxidised LDL cytotoxicity from apoptosis to necrosis, which is more proin-
flammatory [70]. In vascular smooth muscle cells isolated from human tho-
racic aortas, C. pneumoniae induces cell proliferation and production of 
proatherogenic cytokines [71]. In endothelial cells, C. pneumoniae infection 
induce expression of adhesion molecules [72] and stimulates trans-
endothelial migration of monocytes and neutrophils [73]. The foam cell for-
mation of macrophages inhibits growth and infectivity of C. pneumoniae but 
the production of proinflammatory cytokines by the macrophages is not re-
duced [74]. This may explain how few C. pneumoniae demonstrated in the 
plaque still can contribute to the inflammation.  

Immune cells in the atherosclerotic plaque have different toll-like recep-
tors (TLR) that respond to microbes with cytokine production [29]. In viral 
infection it has been demonstrated that expression of these receptors are 
increased and that the increase sustains even when the pathogen can no 
longer be detected [75]. Production of cytokines as a response to C. pneu-
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moniae infection is also mediated by TLR [76, 77]. Moreover, infectious 
burden, as measured by seropositivity against a number of different infec-
tious agents, including C. pneumoniae, is associated with atherosclerosis and 
the mortality rate in atherosclerosis patients increases with the number of 
infections [78].  

Heat shock proteins (HSP) have been suggested to have a role as anti-
genic stimulators in atherosclerosis. HSP are highly conserved between spe-
cies and are produced in response to stress, both in prokaryotic and eu-
karyotic cells [79]. During persistent chlamydial infection, the production of 
bacterial HSP60 increases [80]. In atherosclerotic plaques, human HSP60 
(hHSP60) and C. pneumoniae HSP60 (cHSP60) co-localise within macro-
phages and are both able to induce production of TNF-� and metallopro-
teinases in macrophages in vitro [81]. Moreover, cHSP60 and hHSP60 have 
been demonstrated in stenotic aortic heart valves [82]. The strong sequence 
homology between bacterial and human HSP are also shown by the fact that 
human serum antibodies against cHSP60 are able to recognise hHSP60 [83], 
which may result in an autoimmune effect. The cellular response to cHSP60 
is mediated by TLR [84] and a Th1 pattern is induced in vitro [85]. In mice, 
C. pneumoniae infection and a cholesterol-rich diet induce the production of 
auto-antibodies against HSP60 [86]. These results suggest that C. pneumo-
niae, by molecular mimicry, may induce an autoimmune response after in-
fection that subsequently may trigger the inflammation in atherosclerosis.  

There are many animal models of C. pneumoniae infection and the ani-
mals most often used are mice [87]. When mice are infected with C. pneu-
moniae intranasally, bacteria disseminate from the lungs throughout the 
body to most organs, including the heart and aorta [88, 89]. In atherosclero-
sis models, infection with C. pneumoniae results in larger atherosclerotic 
lesions in infected mice fed an atherogenic diet as compared with uninfected 
controls [25, 90]. Furthermore, infection with C. pneumoniae in mice that 
spontaneously develop atherosclerosis results in more unstable forms of 
atherosclerotic plaques in that the fibrous cap is reduced and matrix metallo-
proteinases are produced [91]. It has also been demonstrated that metaboli-
cally active, replicating bacteria are needed for the development of athero-
sclerosis [92] because heat-inactivated bacteria are rapidly degraded after 
injection [58]. For atherosclerotic plaque to develop in the infection model, 
hyperlipidemia is required, either through diet or genetically modified mice 
[87]. When fed a normal diet, mice infected with C. pneumoniae develop 
inflammatory lesions that do not progress to atherosclerotic lesions [93]. 
Moreover, TNF-� appears to have an important role in the acceleration of 
atherosclerosis in mice by C. pneumoniae infection [94].  

Statin treatment has proved beneficial in atherosclerotic diseases, primar-
ily by lowering the low density lipoprotein (LDL) levels in serum [95]. 
However, statins also have anti-inflammatory actions, such as inhibiting the 
production of pro-inflammatory cytokines (e.g., IFN-� and TNF-�) [96]. In 
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cell-cultures, statin treatment reduces the infectivity of C. pneumoniae and 
may thus have a role in C. pneumoniae treatment if the bacterium is involved 
in atherosclerosis [97]. 

Antibiotic studies 
Being an intracellular bacterium, C. pneumoniae is not affected by all kinds 
of antibiotics. Recommended antibiotics for treatment of C. pneumoniae 
infections are macrolides (such as clarithromycin and erythromycin), 
azalides (such as azithromycin) and tetracyclines (such as doxycycline), 
which are all lipid-soluble [6]. However, some infections are difficult to treat 
and require long-term antibiotic treatment [9].  

The hypothesis of C. pneumoniae as a trigger of the chronic inflammation 
in the atherosclerotic plaques led to the start of several antibiotic trials. The 
first two pilot studies, which showed promising results, were performed in 
the late 1990s. Gupta et al treated patients with previous myocardial infarc-
tion and persistently elevated antibodies against C. pneumoniae with a 3-day 
course of azithromycin [98] and Gurfinkel et al treated patients with unstable 
angina pectoris or non-Q-wave myocardial infarction, regardless of antibody 
titres with roxithromycin for 30 days [99]. Both of these studies demon-
strated a decrease in coronary events in patients treated with antibiotics as 
compared with patients receiving placebo. However, additional pilot studies 
using azithromycin [100, 101], roxithromycin [102], clarithromycin [103] 
and doxycycline [104] showed conflicting results regarding the benefit of 
antibiotics on coronary events.  

To reach more conclusive results, larger prospective studies were de-
signed. The first one was the WIZARD (Weekly Intervention with Zithro-
max for Atherosclerosis and its Related Disorders) [105] which included 
patients with previous myocardial infarction that were seropositive for C. 
pneumoniae. These patients received azithromycin for 3 months. No risk 
reduction of cardiovascular events could be demonstrated after a 14-months 
follow-up. The second large trial was the ACES (The Azithromycin in 
Coronary Event Study), which included patients with stable coronary heart 
disease, regardless of C. pneumoniae titres, who received azithromycin for 
one year [106]. After a 4-year follow-up, there was no difference between 
patients receiving antibiotics or placebo regarding coronary events [107]. 
Further, a third large trial failed to demonstrate significant reductions of 
cardiovascular events [47].   

Antibiotic studies have also been performed in rabbits and mice. In mice, 
treatment with azithromycin does not affect the development of atheroscle-
rotic plaques [108]. Moreover, C. pneumoniae can be isolated from lung 
tissue despite treatment with telithromycin (an erythromycin derivative) and 
also detected by PCR several weeks after the infection [109]. The presence 
of C. pneumoniae DNA in the lungs of culture negative mice has also been 
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demonstrated by others [110]. Furthermore, antibiotic treatment seems to 
have a better effect if administered after each single infection than if admin-
istered first after repeated infections [111]. The implication of positive PCR 
but negative culture is difficult to interpret regarding bacterial viability. 
However, when previous culture-negative mice are treated with cortisone, 
which suppressess the immune system, isolation of C. pneumoniae is again 
possible [112, 113]. This indicates that DNA demonstrated with PCR may 
come from viable bacteria that have entered a persistent and non-cultivable 
state.   

In rabbits, antibiotic treatment early after infection results in greater effect 
on atherosclerotic development than treatment after the development of le-
sions [114, 115]. Furthermore, a seven-week course of azithromycin pre-
vents the formation of intimal thickening in rabbits infected with C. pneu-
moniae [116].  

All human antibiotic trials have been conducted on patients with already 
advanced atherosclerotic disease; however, animal models have demon-
strated that antibiotic treatment only has an effect if administered early in the 
disease progression. Moreover, it has also been demonstrated that C. pneu-
moniae, when cultured in human monocytes, are resistant to antibiotic treat-
ment [117]. Therefore, based on animal and in-vitro studies, antibiotic treat-
ment of patients with already advanced atherosclerotic disease does not seem 
to be an appropriate therapeutic approach.   

Thoracic aortic aneurysm and aortic dissection 

Thoracic aortic aneurysm 
An aneurysm is a pathologic widening of the vessel wall that is due to a 
weakening of the wall. The true aortic aneurysm involves all three layers of 
the vessel wall and has more than a 50% increased diameter than the normal 
expected diameter [118]. In the thoracic aorta, aneurysms may involve dif-
ferent segments of the aorta and most of them involve the aortic root and/or 
the ascending aorta [119]. Thoracic aortic aneurysm is the most common 
cause of thoracic aortic surgery [120], and if not operated upon, the aneu-
rysm may proceed to rupture, which may be fatal. Weakening of the aortic 
wall is often a result of cystic medial necrosis, a disorder characterised by a 
loss of smooth muscle cells, degeneration of elastic fibres, and increased 
accumulation of proteoglycans in the tunica media of the aorta [121]. In the 
past, syphilis was a common cause of aneurysm in the thoracic aorta but 
with antibiotic treatment this is a rare cause of aneurysm today. Other infec-
tious causes to aortic aneurysm may also occur, then termed mycotic aneu-
rysm, and may be caused by Staphylococcus aureus, S. epidermidis, Salmo-
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nella and Streptococcus species [122]. There are known heritable diseases, 
such as Marfan syndrome and Ehler Danlos syndrome, where there is a dis-
turbance in the connective tissue leading to an increased risk of aortic aneu-
rysm formation. However, in most cases of thoracic aortic aneurysm the 
etiology is unknown. Risk factors associated with thoracic aortic aneurysms 
are bicuspid aortic valve, Turner’s syndrome and aortic arteritis, such as 
Takayasus arteritis and giant-cell arteritis [119]. Previously, cystic medial 
necrosis has been described as a noninflammatory disease; however, recent 
studies have demonstrated the presence of inflammatory cells in thoracic 
aortic aneurysms indicating that inflammation may have a part in the patho-
genesis [121].  

Aortic dissection 
Aortic dissection may occur after a tear in the intima layer of the aortic wall, 
a tear that in 65% of the cases originates in the ascending aorta [123]. Blood 
will then flow through the tear into the media layer of the wall, creating a 
channel between the intima and the adventitia that may continue along the 
aorta down to its abdominal part. Dissection may lead to obliteration of ma-
jor arteria originating in the aorta, as well as aortic rupture, which may be 
fatal. If this condition is left untreated, less than 10% of the patients survive 
after 1 year and most will die during the first 3 months [123]. The most 
common associated risk factors for the development of aortic dissection are 
hypertension and advanced age; other risk factors are smoking, dyslipidemia, 
diabetes, Turner’s syndrome and pregnancy [124, 125]. The pathogenesis of 
aortic dissection is not known but an upregulation of genes involved in the 
inflammatory process has been demonstrated in aortic dissection tissue 
[126].  

Thoracic aortic aneurysm, aortic dissection and C. pneumoniae 
In abdominal aortic aneurysm, atherosclerosis is often considered part of the 
pathogenesis in contrast to thoracic aortic aneurysm where atherosclerosis is 
found less often [119]. Accordingly, many studies have demonstrated the 
presence of C. pneumoniae in abdominal aortic aneurysms [39, 127-130] and 
the bacterium has also been isolated from abdominal aneurysmatic tissue 
[39]. Furthermore, in vitro studies have shown that C. pneumoniae is able to 
degrade elastin, a load-bearing protein in the aortic wall [131]. This mecha-
nism may contribute to the pathogenesis of the rupture of the aortic wall. 

When atherosclerosis is present in thoracic aortic aneurysm, it is most of-
ten a co-existing process with atherosclerosis also present elsewhere in the 
body [122, 123]. However, there are a limited number of studies concerning 
the association between thoracic aortic aneurysms and C. pneumoniae or 
aortic dissection and C. pneumoniae. Our research group has previously 
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demonstrated the presence of C. pneumoniae in 12% of aortic biopsies from 
patients undergoing surgery because of thoracic aortic aneurysm and in none 
of biopsies from patients undergoing surgery because of aortic dissection 
[132]. Moreover, in a study by Sodeck et al [133], C. pneumoniae was not 
found in any of these tissues, nor in aortic biopsies from abdominal aortic 
aneurysms. 

Aortic valve stenosis 
Aortic valve stenosis is present in 2-3% of the population over 65 years of 
age [134, 135] and valve replacement of the stenotic aortic valve is the sec-
ond most common cause of cardiac surgery today after CABG [136]. Aortic 
valve sclerosis is a thickening and calcification of the aortic valve [137] that 
is present in about 25% of adults above 65 years [134, 135]. In aortic steno-
sis, the thickening and calcification of the valve cause an obstruction of the 
left ventricular outflow [137] resulting in symptoms such as angina pectoris, 
effort syncope and congestive heart failure [138]. Even when asymptomatic, 
aortic stenosis has an almost 80% 5-year risk of progression to heart failure, 
valve replacement or death [139]. Aortic valve stenosis generally develops at 
an earlier age in patients with bicuspid valves, probably because of a haemo-
dynamic disadvantage of the bicuspid valve [138]. Previously, rheumatic 
fever was a more common cause of aortic valve stenosis but that disease has 
become rare after the advent of penicillin [140].  

Early lesions in the valve are formed on the aortic side of the leaflets and 
have been demonstrated to consist of lipids, proteins and inflammatory cells 
[141]. This histological picture is seen in both bicuspid and tricuspid valves 
[142] and the number of inflammatory cells increases with more advanced 
disease [141]. Moreover, compared with regurgitant heart valves, in stenotic 
valves the inflammatory picture is more prominent and prevalent [143]. The 
inflammatory cells in the valve consist mainly of macrophages (including 
foam cells) and T-lymphocytes and tend to be located near the surface of the 
lesion with the calcification deeper in the lesion, suggestive of an active 
disease process [141]. This observation is further supported by the demon-
stration, in a previous study of ours, of a disturbed trace element balance 
(both in serum and in the stenotic valve) in patients with aortic valve stenosis 
suggestive of an active inflammatory/infectious process [144].   

Risk factors such as smoking, hypertension, high levels of LDL choles-
terol and lipoprotein(a) are associated with both atherosclerosis and aortic 
valve stenosis [135]. However, only about 50% of patients with aortic valve 
stenosis have significant coronary artery disease and most patients with 
coronary artery disease do not have aortic stenosis [145].  

The pathogenesis of aortic valve stenosis is believed to involve inflamma-
tion as inflammatory cells are found in the lesions [141]. What causes the 
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inflammation is not known but could involve an initiating factor such as an 
infectious agent [142].  

C. pneumoniae and aortic valve stenosis 
C. pneumoniae was first demonstrated in stenotic aortic heart valves in 1997 
by two independent studies: our group in Sweden [56] and one group in 
Finland [146]. With PCR, the bacterium has been demonstrated in the steno-
tic aortic heart valves, both in patients undergoing valve replacement surgery 
[56, 82, 144, 146] and in autopsy material [146, 147]. The prevalence of 
positive PCR results in these studies is in the range of 18-61%. Some studies 
have failed to confirm the presence of C. pneumoniae in stenotic valves by 
PCR [148, 149]: in one case maybe because of the use of paraffin embedded 
tissues instead of fresh biopsies [150]. The use of immunohistochemistry has 
in most studies resulted in higher detection rates than PCR [146, 151, 152], 
possibly because of some false positive staining as the secondary antibody 
may have non-specific binding to the calcific deposits mimicking Chlamy-
dial infection [150]. The presence of C. pneumoniae in PBMC in aortic 
stenosis patients has only been addressed in one study though this failed to 
demonstrate its presence in both PBMC and in the aortic valve [149].   

Trace elements 

Trace elements and infection 
Trace elements such as iron (Fe), copper (Cu) and zinc (Zn) are essential for 
metabolic processes in both prokaryotic and eukaryotic cells [153]. For ex-
ample, Fe is involved in the production of nucleotides, oxygen transport by 
haemoglobin and in the production of ATP [154]. During infection, concen-
trations of trace elements in both serum and tissues are known to be altered 
as a response to the infection [153]. The most consistent response known to 
take place in both bacterial and viral infections is a decrease in plasma Fe 
and Zn and an increase in plasma Cu [155, 156] resulting in an elevated 
Cu/Zn ratio [157]. This increase in the Cu/Zn ratio has also been demon-
strated to indicate infection before development of clinical signs [158]. The 
decrease in serum Fe is due to an uptake of Fe in the liver together with a 
decrease in intestinal Fe absorption [153]. On the contrary, intestinal Zn 
absorption is increased during infection [153] but it is rapidly taken up by 
the liver, resulting in decreased plasma levels of Zn [155]. The increase in 
plasma Cu is probably due to the increased synthesis and release of ceru-
loplasmin [153], which is a copper-binding plasma protein as well as an 
acute phase reactant protein [155]. This redistribution of trace elements in 
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host tissues during an infection may take place in order to deprive pathogens 
of these elements [153].   

For pathogens, including C. pneumoniae, trace element supply is crucial 
for growth and multiplication [153, 159]. Increased Fe supply in specific 
tissues has been shown to promote bacterial growth [160] and Fe restriction 
in bacterial cell culture has been shown to inhibit bacterial growth [159, 
161]. Thus, during infection there is a delicate balance between the infected 
host and the microorganism, including their nutritional requirements, as well 
as competition between nutrients in both the host and the microorganism.  

Iron metabolism 
Human body Fe content is primarily regulated by Fe uptake from the intesti-
nal lumen and not at the level of excretion [162]. Most of the Fe needed in 
the body comes from recycled Fe from hemoglobin and enzymes and the rest 
that is needed comes from the diet [163]. Fe regulation needs to be con-
trolled on a strict basis, as Fe is an essential nutrient but toxic in excessive 
amounts because it catalyzes free radical generation [164]. Most of dietary 
Fe is absorbed in the proximal duodenum [162], either as Fe in the ferrous 
form or as heme [163]. The ferrous form is taken up by the divalent metal 
transporter 1 (DMT1) but mechanisms of heme uptake are less known [163]. 
In the cell, Fe is stored bound to ferritin and if it is not transported out of the 
enterocytes, it is removed from the body together with discarded enterocytes 
[163]. Export of Fe from the enterocytes, as well as from all cells containing 
Fe, into the blood stream is performed by ferroportin (Figure 3) [162]. In the 
blood stream, Fe is bound to transferrin and transported to places where it is 
used, primarily in the bone marrow, or stored, primarily in hepatocytes 
[162].  

Hepcidin is a circulating peptide hormone primarily synthesized in the 
liver [165] but lower levels have been found in the kidney, the heart, the 
skeletal muscles and the brain [164]. It has been found to have antimicrobial 
properties in vitro [166] and is believed to have a central role in body Fe 
homeostasis [165]. Exactly how Fe content regulates hepcidin expression is 
not known; however, hepcidin levels are known to increase in response to Fe 
overload, as well as in response to infection and inflammation [163]. During 
inflammation, the induction of hepcidin is mediated by the cytokine inter-
leukin 6 (IL-6) [167]. The circulating hepcidin binds to the iron exporter 
ferroportin causing it to degrade and thereby Fe is trapped in the cell [164]. 
Thus, increased hepcidin levels result in reduced Fe efflux from enterocytes, 
hepatocytes and macrophages resulting in reduced Fe concentration in the 
blood and less Fe available for invading microorganisms [164].  

Dietary Fe is transported into enterocytes from the intestinal lumen by 
DMT1 [168]. Decreased Fe levels in the body up-regulates DMT1 expres-
sion in the duodenum [168]. Furthermore, decreased Fe levels decrease hep-
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cidin expression, which is correlated to increased DMT1 expression [169]. 
Hepcidin alone also seems to be able to affect DMT1 expression as DMT1 
expression decreases when hepcidin is added to cell cultures [170].  
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Figure 3. Fe is transported from the intestinal lumen into enterocytes by DMT1. 
Inside the enterocytes, Fe is bound to ferritin. Efflux of Fe from enterocytes is medi-
ated by Ferroportin 1. In the blood stream, Fe is bound to transferrin. Hepcidin binds 
to Ferroportin, causing it to degrade and thereby exert a negative effect on Fe efflux. 

Trace elements and atherosclerosis 
Elevated body Fe stores have been considered as a risk factor for cardiovas-
cular diseases [171-173]. This hypothesis was first proposed in 1981 [174] 
and stated that women’s regular loss of iron through the menstrual cycle 
protected them against coronary heart disease. After that, numerous studies 
have been performed with most of them reporting conflicting results regard-
ing the association between iron and atherosclerosis [173]. 

Epidemiological studies suggest that elevated serum Cu and decreased se-
rum Zn levels are associated with an increased risk of cardiovascular mortal-
ity [175-177]. In patients suffering from acute myocardial infarction, ele-
vated serum levels of Fe and Cu were observed and the highest levels were 
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found in patients having the highest levels of myocardial damage markers 
such as troponins and creatine kinase-MB (CK-MB) [178]. Analyses of 
atherosclerotic plaques from patients undergoing carotid endarterectomy 
have shown elevated levels of Fe [179], and our group has demonstrated 
elevated levels of Fe in sclerotic aortic heart valves [180]. Furthermore, a 
high body Fe store is associated with an increased risk of suffering from 
acute myocardial infarction [181]. Moreover, enhanced vascular function, as 
measured by flow-mediated dilatation in artery, and decreased oxidative 
stress were demonstrated in high-frequency blood donors as compared with 
low-frequency blood donors [182].  

The mechanism by which Fe would be a risk factor in atherosclerosis has 
not been clarified. However, it has been suggested that when body Fe stores 
are decreased, less Fe is available for oxidative injury [183] with subsequent 
inflammation. In rabbits developing atherosclerosis, Fe accumulation occurs 
at the onset of lesion formation and early lesions contain more Fe than 
healthy arteries [184]. In mice fed a low-Fe diet, atherosclerotic lesions were 
decreased compared with mice fed a normal diet [185]. Moreover, Fe load-
ing of macrophages promotes oxidation of LDL and uptake of lipids result-
ing in foam cells [186].  

Atherosclerosis has been associated with increased plasma levels of IL-6 
[187], a cytokine that also induces expression of hepcidin [167]. Increased 
hepcidin levels result in trapped Fe inside macrophages [164] with possible 
induction of lipid uptake and foam cell formation  [186]. This has been sug-
gested to make macrophages more prone to apoptosis with release of its con-
tent resulting in increased inflammation and increased hepcidin levels [184]. 
Lowering of Fe inside macrophages has therefore been suggested to decrease 
the inflammation [184].  
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Aims of the study 

The general aims of this study were to investigate the possible association of 
C. pneumoniae with cardiovascular diseases and to study pathogenic features 
of experimental C. pneumoniae infection in mice. The specific aims were: 

 
� To study the presence of C. pneumoniae DNA and mRNA in aortic 

biopsies from patients undergoing CABG because of stable angina 
pectoris or ACS. (Paper I) 

 
� To study the presence of C. pneumoniae DNA and mRNA in aortic 

biopsies and C. pneumoniae DNA in PBMC, as well as trace ele-
ment markers of inflammation and infection in serum, from pa-
tients undergoing thoracic surgery because of thoracic aortic aneu-
rysm and aortic dissection. (Paper II) 

 
� To study the presence of C. pneumoniae DNA and mRNA in 

stenotic aortic heart valves and C. pneumoniae DNA in PBMC 
from patients undergoing surgery because of aortic valve stenosis. 
(Paper III) 

 
� To study changes in trace elements in serum and in infected organs 

during experimental acute C. pneumoniae infection in mice. (Paper 
IV) 

 
� To study changes in Fe, hepcidin and DMT1 in experimental acute 

C. pneumoniae infection in mice. (Paper V) 
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Materials and methods 

Patients and patient samples (I, II, III) 

Paper I 
In this study, 44 patients undergoing CABG (25 patients with diagnosed 
stable angina pectoris (SAP) and 19 patients with acute coronary syndrome 
(ACS)) were included. ACS patients included patients with unstable angina 
pectoris and patients with recent non-transmural (Q wave negative) myocar-
dial infarction. SAP patients had a mean age of 68 years (range 51-81 years; 
19 men and 6 women) and ACS patients had a mean age of 70 years (range 
57-82 years; 13 men and 6 women).  

Aortic biopsies were obtained at the site of the proximal anastomosis for 
the vein grafts in the anterior wall of the ascending aorta. The biopsies were 
aseptically divided and placed in sterile plastic tubes that were stored at -
70°C until further processing. Blood samples were collected and sera were 
subsequently frozen at -20°C. Throat samples were collected using CTA 
swabs that were transported in Tris-buffer (pH 7.0) and then frozen at -70°C 
until further analysis. 

Paper II 
In this study, 25 patients undergoing thoracic surgery because of thoracic 
aortic aneurysm and 22 patients undergoing surgery because of aortic dissec-
tion were included. The aneurysm patient group consisted of 17 men and 8 
women with a mean age of 61 years (range 30-81 years). The aortic dissec-
tion patient group, consisting of 16 men and 6 women, had a mean age of 61 
years (range 45-78 years).  

Thoracic aortic wall biopsies were obtained during surgery and asepti-
cally divided. One part of the biopsy was placed in RNAlater (Qiagen) over-
night and then stored at -70°C. The remaining parts of the biopsy were im-
mediately frozen at -70°C until further processing. Blood samples were col-
lected for antibody and trace element analysis and for preparation of PBMC. 
Sera were frozen at -20°C until further analysis. Throat and nasopharyngeal 
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swabs for C. pneumoniae detection were collected using CTA swabs trans-
ported in Tris-buffer (pH 7.0) and then frozen at -70°C until further analysis. 
For technical reasons, biopsy specimens for DNA analyses were not ob-
tained from two aneurysm and three dissection patients for DNA analyses 
and from one aneurysm and two dissection patients for mRNA analyses. 

Control specimens of thoracic aorta were collected from 10 forensic au-
topsy controls consisting of 6 women and 4 men (mean age 61 years, range 
41-80 years) without known cardiovascular disease. Biopsies were asepti-
cally divided and frozen at -70°C until further analysis. Control serum sam-
ples for trace element analysis were obtained from 23 healthy blood donors 
(14 men and 9 women; mean age 49 years, range 40-62 years). Serum sam-
ples were frozen at -20°C until further analysis. 

Paper III 
In this study, 76 patients undergoing surgery because of aortic valve stenosis 
were included. The group was made up of 48 men and 28 women with a 
mean age of 67 years (range 19-83 years).  

Biopsies from aortic heart valves were obtained during surgery and asep-
tically divided into pieces. One piece was placed in RNAlater (Qiagen) 
overnight and then frozen at -70°C. The rest of the pieces were immediately 
frozen at -70°C until further processing. Blood samples were collected for 
serological analysis and for preparation of PBMC. Sera were frozen at -20°C 
until further analysis. Throat and nasopharyngeal swabs for C. pneumoniae 
detection were collected using CTA swabs transported in Tris-buffer (pH 
7.0) and subsequently frozen at -70°C until further analysis.   

Ethics 
All patient studies were approved by the Research Ethics Committee of the 
Faculty of Medicine, Uppsala University. 

Mice (IV, V) 
The mouse strain used in the experiment was C57BL/6. This strain is known 
to be susceptible to C. pneumoniae infection [88, 93] and also to develop 
atherosclerosis spontaneously when on a high cholesterol diet [188]. Adult 
female mice were purchased from Charles River (Copenhagen, Denmark) 
and maintained at the Animal Department, Biomedical Centre, Uppsala, 
Sweden. Water and regular chow diet were supplied ad libitum.  

The animal experiments described here took into account all ethical as-
pects of the welfare of animals following the recommendations in “Guide for 
the Care and Use of Laboratory Animals” of the Swedish National Board for 
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Laboratory Animals (CFN). The study was approved by the local Ethical 
Committee for Experimental Use at the Faculty of Medicine, Uppsala Uni-
versity. 

Experimental design of acute C. pneumoniae infection 
in mice (IV, V) 
Female mice with a mean weight of 24.5 g on day 0 were used in the ex-
periment. The clinical isolate G-954 of C. pneumoniae, which was from a 
patient with sinusitis, was propagated in Hep-2 cells and stored in sucrose-
phosphate-glutamate (SPG) solution at -70°C. Twenty-four mice were di-
vided into four groups, with each group containing six mice. On day 0, mice 
were sedated using Fluothane (Astra Läkemedel, Södertälje, Sweden) and 
infected intranasally. Three groups of mice received bacteria consisting of 
5*108 ifu in 30 μl phophate buffered saline (PBS) and the remaining group 
of mice was sham-inoculated with 30 μl PBS to serve as a control group.  

Control mice and infected mice were kept in separate cages. Six infected 
mice were sacrificed on each of days 2, 5 and 8. On each day, sham-
inoculated mice (n=2) were concomitantly sacrificed to serve as a healthy 
control group (total n=6). Body weight and body temperature changes were 
recorded during the course of the infection as were clinical signs of disease. 

When sacrificed, blood was collected in heparinised tubes using heart 
puncture with a sterile syringe. The thoracic cavity was opened and lungs, 
liver, aorta, heart and intestines were excised. A sample from the blood and 
tissue samples of the lungs, liver, aorta, heart and intestine were frozen at –
70�C. All organs were rinsed in sterile saline solution before freezing and the 
intestines were also perfused with saline solution before freezing. Serum was 
separated from the remaining whole blood by centrifugation. Serum and the 
remaining tissue samples of the liver, heart and intestines were stored at -
20°C.  

Preparation of PBMC (II, III) 
PBMC was extracted from 4 ml whole blood collected in heparinised tubes. 
Blood samples were diluted with an equal volume of PBS and layered onto 
Ficoll-Paque PLUS (Amersham Biosciences, Uppsala, Sweden). Tubes were 
centrifuged for 30 minutes at 400g and the buffy coat layer was collected 
and washed with equal volumes of PBS twice for 10 minutes at 100g. The 
remaining cells were suspended in approximately 0.5 ml of saline solution 
and frozen at -70°C.  
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DNA and RNA extractions (I-V) 

Paper I 
DNA was first extracted from an approximately 3x3 mm piece of aortic bi-
opsy using the phenol-chloroform extraction method as previously described 
[56]. Briefly, the tissue was digested using proteinase K and subsequently 
mixed with phenol. The water phase was mixed with chloroform and the 
supernatant was then further concentrated using ultracentrifugation. DNA 
from throat samples was also extracted with this method. Later, DNA and 
RNA were extracted from approximately 20 mg of aortic biopsy using the 
RNA/DNA mini kit (Qiagen) according to instructions from the manufac-
turer. In every round of extraction, a negative no template control was proc-
essed in the same way as the samples. 

Paper II, III 
DNA was extracted from approximately 10 mg tissue, throat and naso-
pharyngeal swabs and 300 μl suspended PBMC using the QiaAmp DNA 
mini kit (Qiagen) according to instructions from the manufacturer. RNA was 
extracted from an approximately 25 mg tissue sample treated with RNAlater 
using the RNeasy fibrous tissue mini kit (Qiagen) according to the manufac-
turer’s instructions. In every round of extraction, a negative no template 
control was processed in the same way as the samples.   

Paper IV, V 
DNA was extracted from lungs, liver, aorta, heart and 200 �l whole blood 
with the QiaAmp DNA mini kit (Qiagen) according to the manufacturer’s 
protocol. In each step of extraction, a negative (no template) control was 
processed in the same way as the samples. RNA was extracted from the liver 
using the Trizol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. RNA integrity was confirmed by electrophoresis of total RNA on a 
formaldehyde/agarose gel followed by visualisation of the 28S and 18S ribo-
somal RNA bands.  

Reverse transcriptase PCR (I-III, V) 
cDNA was synthesised from RNA using the SuperScript First-Strand Syn-
thesis System for RT-PCR (Invitrogen) with random hexamers according to 
instructions from the manufacturer. 
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Nested PCR (I) 
Nested PCR, directed against the C. pneumoniae 16S rRNA gene, was run 
on all the DNA samples that were extracted using the phenol-chloroform 
method as described previously [56]. 

Real-time PCR detection of C. pneumoniae (I-V) 
DNA and cDNA samples were subjected to real-time PCR, amplifying a 
fragment of the C. pneumoniae ompA gene [189]. All DNA and cDNA sam-
ples were run in both full and diluted (1:10) concentrations in double-
distilled sterile water. Control samples of a known concentration were in-
cluded in each run to verify PCR reproducibility by checking for differences 
in Ct values. To verify that DNA extraction of human samples had been 
accomplished PCR against the human beta-actin gene was run on all human 
DNA samples [190]. Further, to verify that mRNA from human samples had 
not been degraded during handling all cDNA samples were tested for the 
presence of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
transcripts using TaqMan GAPDH control reagents (Applied Biosystems) 
according to the manufacturer’s instructions. Several negative DNA samples 
were spiked with C. pneumoniae DNA and real-time PCR was run to check 
for possible PCR inhibition.  

Hepcidin gene expression (V) 
Mouse-specific amplification primers to hepc1 coding for the protein hep-
cidin were designed and hepcidin gene expression was measured by real-
time RT-PCR with the use of the QuantiTect One-Tube RT-PCR kit with 
SYBR-Green (Qiagen) according to instructions from the manufacturer. 
Melt curve analysis was applied for detection of primer specificity. 

DMT1 protein expression in the mouse liver and 
intestine (V) 
Tissue samples were homogenized in 10 volumes of Ripa-lysis buffer as 
previously described [191]. Protein aliquots of 80 μg per lane were separated 
on 10% Tris-Glycine polyacrylamide gels under reducing conditions as de-
scribed previously [192]. The separated proteins were electro-blotted onto 
nitrocellulose membranes that were then hybridised with rabbit polyclonal 
antiserum against DMT1 (generous gift from Dr. Bo Lönnerdal, Dept of 
Nutrition, UCD, USA) and after that with secondary HRP-conjugated don-
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key anti-rabbit antibodies (Amersham Pharmacia Biotech). DMT1 expres-
sion was determined by employing ECL-Advance (GE Healthcare). A 
ChemiDoc XRS instrument (BioRad) and Quantity-One software (BioRad) 
were applied to detect and quantify the intensities of the bands. DMT1 ex-
pression was normalised to the expression of tubulin. Hybridisations of anti-
tubulin were performed in the same manner as described for DMT1 by ap-
plying primary tubulin antibodies (ab6161, Abcam). Before anti-tubulin 
hybridisations, the primary DMT1 antibodies were stripped from the mem-
branes.  

Immunohistochemistry of DMT1 in the mouse liver (V) 
Frozen livers of controls and C. pneumoniae-infected mice (day 8 of infec-
tion) were embedded in Tissue-Tek O.C.T. compound (Miles), sectioned (4 
μm) and mounted on positively charged slides. Sections were air-dried at RT 
overnight and then fixated in refrigerated acetone. Endogenous peroxidases 
were blocked by incubating the slides in 3% H2O2 in MeOH for 30 minutes. 
DMT1 localisation was then determined according to the following protocol: 
(i) blocking with 10% goat serum (NGS) for 30 minutes at RT, (ii) incuba-
tion with DMT1 antiserum diluted 1:1000 in 10% NGS for 1 hour at RT, (iii) 
incubation with secondary goat anti-rabbit IgG (Dako) diluted 1:200 in 4% 
BSA, (iv) incubation with AB-complex (Dako) and (v) detection with 3,3-
diaminobenzidin (DAB) (Sigma) according to instructions from the manu-
facturers. Counterstaining was performed with haematoxylin. Sections 
treated as above, but without primary DMT1 antiserum, served as negative 
controls. 

Assessment of trace elements (II, IV, V) 
To determine trace elements in serum and tissue samples were treated as 
described earlier [157, 158] and element content was measured by induc-
tively coupled plasma mass-spectrometry (ICP-MS; Perkin-Elmer SCIEX 
ELAN 6000, Perkin Elmer Corp., Norwalk, CT, USA). For quality control, 
every fifth sample was checked against reference materials: Human whole 
Blood (Batch OK0336) and serum (Batch MIO181) both from Seronorm 
Trace Elements (Sero AS, Bilingstad, Norway). Furthermore, a Certified 
Reference Material of Bovine muscle (Community Bureau of Reference, 
Brussels, Belgium) was used.  
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Serology (I-III) 
Patient sera were tested for C. pneumoniae-specific IgM, IgG and IgA anti-
bodies by the microimmunofluorescence method using microscopic slides 
from ANI Labsystems OY (Helsinki, Finland) [56].  

Light microscopy (II) 
Aortic biopsies were fixed in 10% formalin solution. They were embedded 
in paraffin, sectioned and stained with May Grünwald Giemsa (MGG), Al-
cian Blue, van Gieson, Elastin (AVE) and Grocott stain. 

Statistical analysis (I-V) 
The Chi-square test and Student’s t-test were used for comparing clinical 
data and PCR-positivity in patients. The Mann-Whitney U test was used for 
comparing serological titres in patient groups. Non-parametric analysis of 
variance (ANOVA) was used to compare serum levels of Fe, Cu and Zn in 
thoracic aortic aneurysm patients, aortic dissection patients and controls. For 
the mouse experiments with one control group and three infected groups, 
non-parametric ANOVA was also applied.  
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Results  

Clinical data of patients (I, II, III) 
Clinical data of SAP and ACS patients are presented in Table 1, of thoracic 
aortic aneurysm and aortic dissection patients in Table 2 and of aortic steno-
sis patients in Table 3. No statistically significant differences between SAP 
and ACS patients on clinical characteristics could be demonstrated. There 
were no significant differences on positivity for C. pneumoniae and clinical 
characteristics for thoracic aortic aneurysm patients and aortic dissection 
patients, nor were there any significant differences between the two patient 
groups on clinical data, except for undergoing aortic valve replacement that 
was significantly more common in thoracic aortic aneurysm patients 
(p=0.0003). Clinical characteristics differed significantly between aortic 
stenosis patients that were positive or negative in the aortic valve for C. 
pneumoniae (see Table 3). 

 

Table 1. Clinical data on 44 patients undergoing coronary artery by-pass surgery: 
24 patients with stable angina pectoris (SAP) and 20 patients with acute coronary 
syndrome (ACS). 

 SAP ACS 

Family history of coro-
nary artery disease 14/25 (56%) 9/19 (47%) 

Diabetes mellitus 3/25 (12%) 5/19 (25%) 

Arterial hypertension 15/25 (60%) 13/19 (68%) 

Hyperlipidemia 10/25 (40%) 9/19 (47%) 

Smoker/former smoker 13/25 (52%) 13/19 (68%) 

Myocardial infarction 7/25 (28%) 9/19 (47%) 
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Table 2. Clinical data on patients undergoing thoracic surgery: 25 patients for tho-
racic aortic aneurysm and 22 patients for  aortic dissection. 

 Thoracic aortic aneurysm Aortic dissection 

Arterial hypertension 44% (11/25) 68% (15/22) 

Hyperlipidemia 28% (7/25) 14% (3/22) 

Diabetes mellitus 4% (1/25)† 0% (0/22) 

Smoker/former smoker 52% (13/25) 41% (9/22) 

Angina pectoris 20% (5/25) 14% (3/22) 
Undergoing CABG in 
same operation 16% (4/25) 14% (3/22) 

Undergoing aortic valve 
replacement in same op-
eration 

60% (15/25) 9% (2/22) 

Normal coronary arteries 
verified by coronary   an-
giography  

74% (17/23)* nd 

Bicuspid aortic valve 32% (8/25) nd 

Family history of cardio-
vascular disease 20% (5/25) 5% (1/22) 
†The one patient with diabetes mellitus had Type 1 diabetes mellitus. 
* Angiography was not performed on two patients. 
nd – not determined 
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Table 3. Clinical data on patients undergoing surgery because of aortic valve steno-
sis. 

 

All pa-
tients 

Patients 
positive for 
C. pneumo-
niae in the 

valve (n=17) 

Patients 
negative for 
C. pneumo-
niae in the 

valve (n=59) 

Compari-
son between 
C. pneumo-
niae positive 
and negative 

Mean age 
(n=76) 67 years 70 years 66 years p=0.23 

Undergoing 
coronary artery 
by-pass in same 
operation 

24% (18/76) 47% (8/17) 17% (10/59) p=0.01 

Bicuspid valve 28% (21/76) 24% (4/17) 29% (17/59) p=0.67 

Mean age of 
patients with 
bicuspid valve 
(n=21) 

60 years 62 years 59 years p=0.63 

Mean age of 
patients with 
tricuspid valve 
(n=55) 

70 years 73 years 69 years p=0.24 

History sugges-
tive of rheu-
matic fever 

1% (1/76) 0% (0/17) 2% (1/59) p=0.59 

Coronary steno-
sis verified by 
angiography 

50% (37/74) 65% (11/17) 46% (26/57) p=0.17 

Hyperlipidemia 53% (40/76) 65% (11/17) 49% (29/59) p=0.26 

Angina pectoris 36% (27/76) 59% (10/17) 29% (17/59) p=0.02 

Smoker (former 
or current) 61% (46/76) 71% (12/17) 58% (34/59) p=0.34 

Diabetes melli-
tus 17% (13/77) 18% (3/17) 17% (10/59) p=0.95 

Arterial hyper-
tension 54% (41/76) 76% (13/17) 47% (28/59) p=0.03 
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C. pneumoniae in patient samples (I-III) 

Paper I 
Nested PCR on patients undergoing CABG surgery demonstrated C. pneu-
moniae DNA in aortic biopsies in 22/44 patients: 12/25 with SAP and 10/19 
with ACS.  All throat swabs were negative for C. pneumoniae DNA. Real-
time PCR demonstrated C. pneumoniae DNA in aortic biopsies in 13/44 
patients: 6/25 with SAP and 7/19 with ACS. C. pneumoniae mRNA was 
demonstrated in aortic biopsies in 8/44 patients: 5/25 with SAP and 3/19 
with ACS. In total, 24/44 patients undergoing CABG surgery were positive 
for C. pneumoniae nucleic acid in aortic biopsies. No spiked samples 
showed signs of inhibition and all biopsies but one were positive for human 
GAPDH mRNA, indicating successful RNA extraction and handling. 

Paper II 
C. pneumoniae DNA was demonstrated with real-time PCR in aortic biop-
sies in 6/23 (26 %) thoracic aortic aneurysm and 2/19 (11%) aortic dissec-
tion patient samples and none of the forensic control specimens. PBMC 
samples were all negative for C. pneumoniae DNA. Throat swabs were posi-
tive in 2/25 aneurysm patients but in none of the dissection patients. Naso-
pharyngeal swabs were positive in 1/22 dissection patients but in none of the 
aneurysm patients. Those three positive patients were only positive in the 
nasopharynx or throat and not in the aorta. All aortic samples tested negative 
for C. pneumoniae mRNA. Human GAPDH mRNA was found in all cDNA 
samples, indicating that mRNA had not been degraded. All DNA samples 
tested positive for the presence of human beta-actin. Spiked samples showed 
no signs of inhibition.  

Paper III 
C. pneumoniae DNA was found using real-time PCR in 22% (17/76) of the 
stenotic aortic heart valves, in 5% (4/76) of the PBMC samples, in 5% (4/76) 
of the nasopharyngeal swabs, and in 4% (3/76) of the throat swabs. One 
patient was positive in valve and nasopharynx, two patients were positive in 
valve and throat and one patient was positive in valve and PBMC. None of 
the aortic valves was positive for C. pneumoniae mRNA. All DNA samples 
tested positive for the presence of human beta-actin and all mRNA samples 
tested positive for human GAPDH, indicating successful handling and nu-
cleic acid extraction from samples. 
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C. pneumoniae serology in patients (I-III) 
IgG � 1:64 was demonstrated in 27% (12/44) of the patients undergoing 
CABG (36% (9/25) SAP and 16% (3/19) ACS), in 56% (14/25) of the tho-
racic aortic aneurysm patients, in 41% (9/22) of the aortic dissection pa-
tients, and in 62% (47/76) of the aortic stenosis patients. IgA � 1:16 was 
demonstrated in 36% (16/44) of the patients undergoing CABG (40% 
(10/25) SAP and 32% (6/19) ACS), in 28% (7/25) of the thoracic aortic an-
eurysm patients, in none of the aortic dissection patients and in 22% (17/76) 
of the aortic stenosis patients. IgM was not demonstrated in any patient. No 
statistically significant differences were noted between patients positive or 
negative for C. pneumoniae in tissue regarding antibody prevalences in any 
patient group.   

Histopathology (II) 
Samples for histopathological analyses were obtained from 23 thoracic aortic 
aneurysm patients and 18 aortic dissection patients. Among the eight patients 
positive for C. pneumoniae in the aorta, samples for histopathological analy-
ses were obtained from 5/6 of the aneurysm patients and from both dissec-
tion patients. Cystic media necrosis, atherosclerotic changes and inflamma-
tory cells in the biopsies are shown in Table 4. Presence of inflammatory 
cells in the aneurysm was significantly more prevalent in patients positive 
for C. pneumoniae in the aneurysm.  

Table 4. Histopathological analyses in aortic biopsies from thoracic aortic aneu-
rysm patients and aortic dissection patients. 

 Thoracic aortic aneu-
rysm patients (n=23) 

 Aortic dissection pa-
tients (n=18) 

 C. pneumo-
niae positive 

(n=5) 

C. pneumo-
niae negative 

(n=18) 
 

C. pneumo-
niae posi-
tive (n=2) 

C. pneumo-
niae negative 

(n=16) 
Cystic medial necrosis 1/5 1/18  0/2 4/16 
Atherosclerotic 
changes 1/5 8/18  1/2 2/16 

Inflammatory cells 5/5 8/18*  0/2 8/16 
Atherosclerotic 
changes and inflam-
matory cells 

1/5 4/18  0/2 0/16 

Cystic medial necrosis 
and inflammatory cells 1/5 0/18  0/2 1/16 

 *p<0.05, difference between C. pneumoniae positive and C. pneumoniae negative aneurysm. 
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Fe, Cu and Zn in patient sera (II) 
The Fe level in serum was significantly elevated in both thoracic aortic aneu-
rysm (p<0.01) and aortic dissection (p<0.05) patients as compared with 
healthy blood donor controls. When compared with the controls, the Cu level 
was not significantly different in the aneurysm patients and significantly 
decreased in the dissection patients (p<0.001). The Zn level in serum was 
significantly decreased (p<0.001) in both patient groups in comparison with 
the controls. The Cu/Zn ratio in serum was significantly increased (p<0.001) 
in the aneurysm group but unchanged in the dissection group as compared 
with the controls.  

Clinical signs and bacterial distribution in experimental 
C. pneumoniae infection (IV, V) 
Mice were infected with C. pneumoniae and responded to the infection with 
expected clinical signs of disease, including ruffled fur and inactivity, as 
well as a concomitant decrease in body weight and body temperature. Signs 
were most pronounced on day 5; at that time one mouse was sacrificed for 
ethical reasons. Clinical signs then gradually resolved until day 8.  

The sequential spread of C. pneumoniae during the infection was fol-
lowed in the lungs, blood, heart, aorta and liver. C. pneumoniae DNA was 
found in the blood only on day 2. In the lung, bacterial DNA was demon-
strated in all mice on days 2 and 8 and in 3/5 mice on day 5. In the heart and 
aorta, C. pneumoniae DNA was detected in most mice on days 2, 5 and 8. In 
the liver, bacterial DNA was detected in most mice on days 2 and 5 and in 
all mice on day 8. Bacterial mRNA was measured in the liver and detection 
rates increased during the course of the infection to 4/6 mice that were posi-
tive on day 8.  

Trace element changes during experimental C. 
pneumoniae infection (IV, V) 
A total of thirteen trace elements were measured in serum, heart, liver and 
intestine. The trace elements were aluminum (Al), arsenic (As), cadmium 
(Cd), calcium (Ca), cobalt (Co), copper (Cu), iron (Fe), magnesium (Mg), 
manganese (Mn), mercury (Hg), selenium (Se), vanadium (V) and zinc (Zn). 
There were no time-related changes in trace elements in non-infected mice, 
i.e. the lowest p-value was 0.16. When compared with the controls, the 
Cu/Zn ratio in serum was significantly elevated in infected mice on day 5 
(p<0.05). The Cu concentration was not changed in the heart. In serum it 
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increased progressively on days 2 (7%, ns), 5 (30%, ns) and 8 (51%, 
p�0.05). In the liver, the Cu concentration was increased on day 2 (25%, 
p�0.05), but then normalized.  

Zn concentrations were not significantly changed in any organ or serum 
during the infection. However, there was a tendency of an increased (� 40%) 
concentration of Zn in the liver on days 2 and 5.  

Fe tended to be increased in the heart on all sampling days. In the liver, 
Fe increased progressively through the course of the disease to reach a level 
of 26% (p�0.05) above that of controls on day 8. These changes in liver Fe 
contrast to the Fe concentrations in serum, where Fe decreased progressively 
through the course of the disease to reach a level of 63% (p�0.05) below that 
of the controls on day 8. In the intestine, there was no change of Fe concen-
tration during the course of the disease. 

Other studied trace elements showed no consistent or clear pattern of 
changes. However, noteworthy findings were changes in Co in the liver that 
significantly increased on days 2 and 5, Se that decreased in the heart during 
the infection and the decreased concentration of As in the liver.   

Hepcidin gene expression in the liver during 
experimental C. pneumoniae infection (V) 
Hepcidin gene expression was measured with real-time PCR and melt curve 
analysis of generated real-time RT-PCR products demonstrated identical 
melting points, indicating a high specificity of designed primer pairs. In 
comparison with control mice, hepcidin gene expression was up-regulated in 
the liver of the infected mice on day 2 and peaked on day 5. On day 8, ex-
pression levels were down-regulated by 10-fold as compared with day 5 but 
still higher in infected mice in comparison with controls. 

DMT1 in the liver and intestine during C. pneumoniae 
infection (V)  
DMT1 protein expression was measured in the liver and the intestine on 
days 5 and 8 of the infection. In infected mice, in comparison with the con-
trols, the expression was reduced on day 5 but increased on day 8 as com-
pared with controls. No difference in DMT1 expression in the intestine was 
observed between infected and control mice.  

DMT1 localization in the liver on day 8 was determined with immunohis-
tochemistry and demonstrated that DMT1 was localized in the form of 
granular deposits in the cytoplasm of hepatocytes. Furthermore, the expres-
sion appeared to be strongest in hepatocytes surrounding the central vein. No 
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difference in the localization of DMT1 was observed in the livers between 
the infected mice and the controls (day 8 of infection). No DMT1 staining 
was observed when primary antibodies were omitted.  
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Discussion 

Presence of C. pneumoniae in clinical samples  
In the present study, C. pneumoniae DNA was demonstrated in aortic biop-
sies from patients suffering from angina pectoris (48%), ACS (53%), tho-
racic aortic aneurysm (26%) and aortic dissection (11%). Furthermore, C. 
pneumoniae DNA was also demonstrated in stenotic aortic heart valves 
(22%) from patients undergoing valve replacement surgery.  

Aortic biopsies from patients undergoing CABG, thus having coronary 
atherosclerosis, were obtained from the proximal part of the aorta where the 
vein grafts are attached. The presence of C. pneumoniae DNA, and even 
mRNA, in these biopsies suggests that the proximal aorta may be colonised 
by C. pneumoniae, possibly facilitating the development of atherosclerosis, 
even in the coronary arteries. Furthermore, the prevalence of C. pneumoniae 
was similar in the two patient groups (angina pectoris and ACS). Foam cell 
formation has been found to inhibit growth of C. pneumoniae, but the pro-
duction of pro-inflammatory cytokines is still continued in the infected cells 
[74], suggesting that the inflammatory process may continue even when C. 
pneumoniae is no longer detectable. Thus, it may well be that the detection 
rate of C. pneumoniae is not entirely correlated to the amount and extension 
of the inflammation.  

The pathogenesis of thoracic aortic aneurysm and aortic dissection is not 
completely understood. Inflammation may have a role in both of these dis-
eases, whereas atherosclerosis is believed to be an infrequent cause [119, 
193]. Previously, our research group has demonstrated C. pneumoniae in 
12% of thoracic aortic aneurysms but in none the of investigated aortic dis-
sections [132]. Prevalence rates in the present study are somewhat higher, 
which could be because of the different methods used and because of the 
patchy distribution of the bacterium in tissue [45]. The frequency of coro-
nary artery stenosis was rather low in the aneurysm patients, as verified by 
coronary angiography. However, atherosclerotic changes in the aneurysm 
were demonstrated by histology in 9/23 patients though these changes were 
not more prevalent in C. pneumoniae-positive patients than in C. pneumoni-
iae-negative patients. Inflammatory cells in the aneurysms, on the other 
hand, were significantly more frequent in C. pneumoniae-positive aneurysms 
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than in C. pneumoniae-negative aneurysms but no difference was noted be-
tween aneurysm and dissection biopsies regarding the presence of inflamma-
tory cells. Different antigens have been suggested to be involved in the for-
mation of aneurysms [121] and could possibly be microorganisms as we 
have demonstrated the presence of C. pneumoniae in the aneurysms and 
others have demonstrated other bacteria in the aneurysms [194]. C. pneumo-
niae is able to infect both T-lymphocytes and macrophages [58, 195] and can 
be transported by most white blood cells in the blood stream [63, 64]. Both 
macrophages and T-lymphocytes have been demonstrated within the tho-
racic aortic aneurysm and aortic dissection [196] and these cells may thus 
contain C. pneumoniae that may function as a stimulator of the inflamma-
tion. The presence of C. pneumoniae and inflammatory cells in aortic biop-
sies further support the hypothesis that inflammation may have a role in the 
pathogenesis of thoracic aortic aneurysm and aortic dissection.   

Inflammation may also be involved in the pathogenesis of aortic valve 
stenosis. The aortic valve is known to be susceptible to bacterial infections, 
thus causing infective endocarditis. Although it is well-known from the pre-
antibiotic era that some microorganisms cause chronic endocarditis (as de-
fined as cases of infective endocarditis where the patient survived at least 
three months from first symptoms and then sometimes recuperated), non-
rheumatic aortic valve stenosis has generally not been considered of infec-
tious origin. C. pneumoniae has previously been demonstrated in stenotic 
aortic heart valves by PCR where the prevalence of positive results ranges 
from 18-61% [56, 82, 144, 146, 147]. The wide range of positive results is 
probably because of different methods used and because of the patchy distri-
bution of the bacteria [45]. HSP60 has been suggested to act as an antigenic 
stimulator and chlamydial HSP60 is produced in persistent infections [80]. 
Human and chlamydial HSP60 have been demonstrated to co-localise with 
macrophages in stenotic aortic heart valves [82]. Molecular mimicry has 
been proposed as part of the antigenic stimulation and human antibodies 
against chlamydial HSP60 recognise human HSP60 [83], suggesting a pos-
sible inflammatory mechanism. The presence of C. pneumoniae in stenotic 
aortic heart valves in the present study further supports the contention that C. 
pneumoniae may be involved in the pathogenesis of aortic valve stenosis. 
Moreover, an elevated Cu/Zn ratio in serum, a marker of infec-
tion/inflammation, has previously been demonstrated in aortic valve stenosis 
patients [197]. 

Isolation of C. pneumoniae from patient samples by culture is difficult 
and time-consuming and demonstration of bacterial mRNA may instead be 
used as a marker of replicating and active bacteria. mRNA is a labile mole-
cule, easily degraded by RNases that are widespread in the environment. 
Therefore samples have to be carefully handled in order to avoid false nega-
tives. Previously, the presence of C. pneumoniae mRNA has been demon-
strated in stenotic carotids, with a lower prevalence of mRNA than DNA 
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[50, 51], possibly because mRNA is more susceptible to degradation than 
DNA or because the bacteria had passed into a persistent state. Presence of 
C. pneumoniae mRNA coding for the major outer membrane protein 
(MOMP) was investigated in aortic biopsies in the present study. MOMP is 
an important part of the bacterial cell membrane and is produced during rep-
lication [2]. In the present study, C. pneumoniae mRNA was demonstrated 
in aortic biopsies from 20% of the angina pectoris patients and 16% of the 
ACS patients but in none of the biopsies from thoracic aortic aneurysms, 
aortic dissections or stenotic aortic heart valves. The aortic biopsies from 
patients with angina pectoris and ACS were from the site where the vein 
grafts were sutured to the aorta. In contrast, aortic biopsies from patients 
with thoracic aortic aneurysm and aortic dissection were from disease-
altered tissue as were the biopsies from stenotic aortic heart valves. Experi-
ments in animal models have demonstrated that only metabolically active, 
replicating bacteria contribute to the development of atherosclerosis in that 
injection of heat-inactivated bacteria do not exacerbate the atherosclerotic 
changes [92]. This is further supported by the rapid degradation of heat-
inactivated bacteria after injection [58]. The bacterial DNA measured in the 
disease-altered tissue may thus come from bacteria that have previously been 
active and replicating but subsequently entered a more persistent and non-
replicative state. Furthermore, all biopsies from disease-altered tissue were 
positive for human mRNA, indicating successful RNA extraction and han-
dling of the material.  

Dissemination of C. pneumoniae from the respiratory tract is believed to 
be mediated by alveolar macrophages [58] and presence of C. pneumoniae in 
PBMC has been associated with atherosclerotic cardiovascular disease in 
some studies [60]. However, other studies have not been able to demonstrate 
that atherosclerosis patients have a higher prevalence than healthy blood 
donors [198, 199]. The present study investigated the presence of C. pneu-
moniae in PBMC in thoracic aortic aneurysm patients, in aortic dissection 
patients and in aortic valve stenosis patients. Blood samples were taken at 
the time when the patient was undergoing thoracic surgery, indicating that 
the patient was suffering from advance diseases. Because these conditions 
probably require several years to develop, the detection of C. pneumoniae in 
only 5% of PBMC in the aortic valve stenosis patients and not in any of the 
thoracic aortic aneurysm or aortic dissection patients does not seem to be an 
unexpected result. Dissemination of the bacteria from the respiratory tract to 
the cardiovascular system probably occurred a long time ago, then possibly 
working in concert with other factors at the site of infection in initiating 
these conditions. 

The first study demonstrating an association between C. pneumoniae and 
atherosclerotic cardiovascular disease was based on serological results [38]. 
After that initial study, several studies with different patient populations, 
different inclusion criteria and different methods have confirmed the associa-
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tion between C. pneumoniae and atherosclerotic cardiovascular disease [44]. 
However, later prospective studies and meta-analyses of a great number of 
studies have failed to confirm the association between antibody titres against 
C. pneumoniae and atherosclerosis [53, 200]. Furthermore, many studies, 
including the present one, have demonstrated a lack of an association be-
tween antibodies against C. pneumoniae and the presence of the bacterium in 
the vessel wall [51, 57]. In a group of healthy blood donors (mean age 40 
years) from the area of the present study, 53% had an IgG � 1:64 and 18% 
had an IgA � 1:16 [56]. In the present study, IgG � 1:64 was present in 53% 
of the CABG patients, in 56% of the thoracic aortic aneurysm patients, in 
41% of the aortic dissection patients and in 62% of the aortic valve stenosis 
patients. An IgA � 1:16 in the present study was demonstrated in 36% of the 
CABG patients, in 28% of the thoracic aortic aneurysm patients, in none of 
the aortic dissection patients and in 22% of the aortic valve stenosis patients. 
In none of the patient groups was there a difference in serological results 
between patients positive or negative for C. pneumoniae in tissue. Microim-
munofluorescence is the recommended method for C. pneumoniae serology 
[54] and this method was used in both the study of the healthy blood donors 
and in the present study. Considering that the patients in the present study 
are 20-30 years older than the healthy blood donors and that the prevalence 
of antibody titres against C. pneumoniae is known to increase with age, the 
prevalence of antibody titres in the present study does not seem to be much 
elevated in any of the patient groups. 

The highest detection rates of C. pneumoniae in the present study were in 
the patients undergoing CABG. Moreover, in the aortic stenosis patients, 
patients positive for C. pneumoniae in the aortic valve seemed to have more 
advanced coronary atherosclerosis because they underwent CABG signifi-
cantly more often in the same surgical procedure and significantly more 
often suffered from angina pectoris than the C. pneumoniae-negative pa-
tients. These findings further support the possible involvement of C. pneu-
moniae in atherosclerosis. 

Bacterial distribution during acute experimental C. 
pneumoniae infection in mice  
To resemble the infectious course of a human respiratory infection, in the 
present study mice were infected intranasally with a clinical isolate of C. 
pneumoniae. Samples were taken on days 2, 5 and 8 from blood, aorta, heart, 
lungs and liver. Days of sampling were chosen according to the expected 
course of the infection in that which is given in the literature. On day 2, 
pneumonia is known to be fully developed during C. pneumoniae infection 
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in mice [201] and clinical symptoms reach a maximum around day 4, usually 
resolving between 7 and 10 days [87].  

C. pneumoniae is believed to be disseminated from the respiratory tract 
throughout the body by alveolar macrophages [58]. In the present study, 
detection of C. pneumoniae was done in whole blood by PCR. Using this 
method, C. pneumoniae could only be detected in 3/6 mice on day 2 and not 
in any mouse on days 5 and 8. This finding indicates that C. pneumoniae 
disseminates from the respiratory tract into the bloodstream in the beginning 
of the infection and then disappears from the blood even though it is still 
viable and active in other tissues.  

In the lungs, all mice were positive for C. pneumoniae on days 2 and 8 
but on day 5, only 3/5 mice were positive for C. pneumoniae. In the heart, 
4/6 mice were positive for C. pneumoniae on day 2, 3/5 on day 5 and 3/6 on 
day 8. C. pneumoniae was found in the liver in 5/6 mice on day 2, 3/5 mice 
on day 5 and in all mice on day 8. Aortic samples were positive for C. 
pneumoniae in 4/6 mice on day 2, 2/5 mice on day 5 and 4/6 mice on day 8. 
Viable C. pneumoniae, in terms of mRNA, was only investigated in the liver 
and was then found in one mouse on each of days 2 and 5 and in four mice 
on day 8. This finding seems in accordance with a previous study, where a 
maximum recovery of viable C. pneumoniae in the livers of infected mice 
was demonstrated by culture on day 7 of the infection [202].  

Clinical signs of the infection, such as weight loss, inactivity and ruffled 
fur, were most severe on days 4-5. Furthermore, at that particular stage of 
the infection fewer mice were positive for C. pneumoniae in the different 
organs than at an earlier stage, suggesting that the immune response was 
most powerful around that time. Mice then gradually recovered from the 
inactivity and ruffled fur until day 8.  

Trace element alterations during acute C. pneumoniae 
infection in mice  
Essential trace elements are micronutrients crucial for the host defence, in-
cluding the development of inflammation [153]. The host’s normal response 
to infection (the acute-phase response) includes increased synthesis of metal-
binding proteins and a concomitant flux of trace elements between blood and 
tissues [155]. Consistent responses in trace elements in generalised infec-
tions are a decrease in plasma levels of Fe and Zn and an increase in Cu re-
sulting in an increased Cu/Zn ratio [155]. These changes have been demon-
strated in several viral and bacterial infections but never investigated in C. 
pneumoniae infection before.  

In the present study, serum Fe levels tended to decrease during the infec-
tion, reaching a minimum on day 8 of 63% of the level in control mice 
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(p<0.05). This finding is in contrast to coxsackievirus infection in mice in 
which Fe levels in serum have been found to increase during the first days of 
the infection [156, 157] but in accordance with most other infections [153]. 
In the liver, Fe content tended to increase during the course of the disease 
and a significant increase was noted on day 8 of the disease (p<0.05). Fur-
thermore, C. pneumoniae infection tended to increase Fe content in the heart; 
however, this increase was not significant. Moreover, Fe is believed to be 
essential for the growth of C. pneumoniae [159, 161] and the bacterium was 
also found in both the liver and the heart.  

In comparison with the control mice, the Cu levels in serum increased 
during the course of the infection to reach a significantly elevated level on 
day 8 (p<0.05). In the heart, Cu levels remained unchanged. The Cu-
containing acute-phase protein ceruloplasmin is produced by the liver in 
response to infection [155] and is thereafter released to the plasma resulting 
in increased plasma Cu levels [155, 156, 203, 204]. In the liver, Cu levels 
were significantly increased on day 2 (p<0.05), an increase that may be as-
sociated with an increased production of ceruloplasmin that later is released 
and contributed to the increased Cu level in serum. Accordingly, on days 5 
and 8, the Cu concentration in the liver returned to normal levels. Generally, 
in infected individuals, increases in serum ceruloplasmin and Cu precede 
changes in Fe and Zn [155], which also seemed to occur in the present C. 
pneumoniae infection. 

Zn concentration went unchanged in the heart during the disease, whereas 
in serum it tended to decrease on day 5. In the liver, Zn levels tended to in-
crease on days 2 and 5. This latter finding is consistent with other infections 
in which Zn is taken up by the liver resulting in decreased serum levels 
[155]. 

The Cu/Zn ratio is an established marker of infection/inflammation and 
can also be used to indicate infection before the development of clinical dis-
ease [157]. In the present study, the serum Cu/Zn ratio peaked on day 5 
(p<0.05) in infected mice, which was also the day when clinical signs were 
most severe. 

Of other studied trace elements, noteworthy findings were changes in Co 
in the liver, where it significantly increased on days 2 and 5. Furthermore, Se 
that decreased in the heart during the infection and as did the concentration 
of As in the liver. The physiological implications of these observed changes 
are difficult to interpret. However, competition between essential trace ele-
ments (e.g., Cu, Zn, Fe and Se) and nonessential trace elements (e.g., Co and 
As) is known to occur, which might explain some of the changes [205]. 
Moreover, a decrease in Se in the heart has been demonstrated in viral myo-
carditis [156] and Se deficiency may cause more severe viral myocarditis 
[206]. A decrease in As has been demonstrated in infected organs in cox-
sackievirus infection as well [207]. 
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Changes in Fe metabolism during acute C. pneumoniae 
infection in mice  
Systemic Fe content is primarily regulated by Fe uptake from the intestinal 
lumen and not at the level of excretion. A key regulatory component in body 
Fe metabolism is believed to be the circulating peptide hormone hepcidin  
[163]. Hepcidin expression increases during iron overload as well as during 
infection and inflammation, leading to reduced intestinal absorption of Fe 
[163]. Uptake of Fe in the intestine is mediated by DMT1 that transports Fe 
from the intestinal lumen into the enterocytes [208].  

In the present study of acute C. pneumoniae infection, gene expression of 
hepcidin in the liver was upregulated on days 2, 5 and 8 with a peak on day 
5. On that day (i.e. day 5) clinical signs were also most severe. Protein ex-
pression of DMT1 was decreased in the liver on day 5 but increased on day 
8, which was the day when most replicating bacteria were found in the liver. 
Moreover, Fe increased significantly in the liver on day 8 and decreased in 
serum on day 8. However, neither DMT1 nor Fe was changed in the intestine 
during the course of the infection, even though hepcidin was increased in the 
liver. Hepcidin binds to Ferroportin 1 that exports Fe from the cells, which 
blocks the export of Fe [209]. Accordingly, the increase of hepcidin was 
associated with an increase of Fe in the liver and a decrease in serum, 
whereas the intestinal uptake was uninfluenced. 

Many bacteria, including C. pneumoniae, depend on Fe for their growth 
[161]. Excessive Fe in specific tissues has been shown to promote bacterial 
growth in those tissues [160]. Moreover, restriction of Fe in cell cultures 
generates persistent C. pneumoniae infection [159, 210]. In the present 
study, the highest Fe content in the liver was demonstrated on the day when 
most replicating bacteria were found, a finding that further supports that Fe 
is important for C. pneumoniae growth. 

Increased hepcidin levels have been demonstrated to reduce intestinal ab-
sorption of Fe [163], probably because of a decrease in DMT1 expression 
[170]. However, in the present study, both DMT1 and Fe remained un-
changed in the intestine despite the increase in hepcidin, indicating that the 
increase of Fe in the liver is caused by redistribution from other tissues.  

C. pneumoniae in the liver has been demonstrated to replicate inside the 
Kupffer cells and not in the hepatocytes [202]. In the present study, DMT1 
expression was upregulated on day 8 of the infection. DMT1 in the liver was 
demonstrated to localise on the hepatocytes, with the strongest expression 
closer to the central vein, suggesting that these cells are the main recruiters 
of Fe from the circulation. In Kupffer cells, there is indication that Fe uptake 
occurs through a protein similar to that of DMT1 (also known as Nramp2) 
called Nramp1 [211, 212], and the antibodies used in the DMT1 test in the 
present study only recognise DMT1. It may therefore be that Nramp1 ex-
pression was increased in the Kupffer cells in the livers of the C. pneumo-
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niae-infected mice on day 8 as compared with controls and that this contrib-
utes to the increased accumulation of Fe in the liver in the present study. 
However, uptake and regulation of Fe in the cells infected by C. pneumoniae 
in the liver remain to be investigated.  

Cu, Zn and Fe in thoracic aortic aneurysm and aortic 
dissection  
As discussed earlier in this section, elevated serum Cu levels and decreased 
serum Zn levels are all part of the host’s response to infection and subse-
quently involved in the development of inflammation [153, 155]. Epidemi-
ological studies suggest that such changes of Cu and Zn in serum are associ-
ated with an increased risk of cardiovascular disease [175-177]. Moreover, 
an elevated serum Cu/Zn ratio has been demonstrated in patients undergoing 
aortic valve replacement surgery because of aortic stenosis [197]. In the pre-
sent study, the thoracic aortic aneurysm patients had significantly higher 
Cu/Zn ratios in serum than had blood donor controls and dissection patients. 
These findings further support the hypothesis that inflammation is part of the 
pathogenesis in thoracic aortic aneurysm. 

A proposed risk factor for atherosclerotic cardiovascular diseases has 
been elevated body Fe stores [171-173] but several studies have reported 
conflicting results [173]. In the present study, both thoracic aortic aneurysm 
and aortic dissection patients had significantly elevated serum Fe levels as 
compared with controls; however, dissection patients had slightly lower se-
rum Fe levels than aneurysm patients. When Cu, Zn and Fe have previously 
been measured in sera of patients undergoing surgery because of aortic valve 
stenosis, almost the same pattern was obtained with an increased Cu/Zn ratio 
and a slightly, though not significantly, increased serum Fe level compared 
to blood donor controls [197]. This increase of Fe in serum is in contrast to 
the acute-phase reaction of which a decrease in serum Fe levels occurs [153].  

During infection/inflammation, including during C. pneumoniae infection 
as demonstrated in the present study, an increase in hepcidin levels occurs 
[163]. Elevated hepcidin levels may result in Fe loading of macrophages 
[164] that are also able to secrete Fe [213]. Therefore, as a consequence of 
the inflammatory reaction, Fe loading of macrophages in lesions may occur 
with a possible subsequent secretion of Fe [184]. In stenotic aortic heart 
valves, Fe content has been demonstrated to be more elevated when com-
pared with normal aortic heart valves [180]. 
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Concluding remarks 

C. pneumoniae has been suggested as a stimulator of chronic inflammation 
in atherosclerosis and a number of studies have demonstrated its presence in 
atherosclerotic tissue. However, conclusive results whether C. pneumoniae 
has a role in the pathogenesis of atherosclerosis have not been reached. 

The present study demonstrated replicating C. pneumoniae, by demon-
strating bacterial mRNA, in the proximal aorta close to the coronary ostia in 
patients undergoing CABG. This observation suggests that the bacterium is 
able to colonise the proximal aorta and possibly contribute to the develop-
ment of coronary atherosclerosis. Furthermore, C. pneumoniae was demon-
strated in stenotic aortic heart valves and patients that were positive for C. 
pneumoniae in the valve seemed to suffer from more advanced coronary 
atherosclerosis than patients negative for C. pneumoniae in the valve. These 
findings further support the hypothesis that C. pneumoniae may be involved 
in the pathogenesis of atherosclerosis as well as in aortic valve stenosis. 

The pathogenesis of thoracic aortic aneurysm and aortic dissection are not 
completely understood but may involve inflammation. In the present study, 
C. pneumoniae DNA was demonstrated in both thoracic aortic aneurysm and 
aortic dissection patients; the prevalence, however, was higher in the aneu-
rysm patients. Furthermore, the Cu/Zn ratio in serum, an indicator of infec-
tion and inflammation, was elevated in the thoracic aortic aneurysm patients. 
These findings further support the hypothesis of an inflammatory component 
in the pathogenesis of thoracic aortic aneurysm where C. pneumoniae may 
possibly have a role.  

Dissemination of C. pneumoniae from the respiratory tract is believed to 
be mediated by alveolar macrophages. Thoracic aortic aneurysm, aortic dis-
section and aortic valve stenosis are all conditions where tissue changes 
probably develop over a period of several years. C. pneumoniae was demon-
strated in PBMC in only a few patients with aortic valve stenosis and in no 
patient with thoracic aortic aneurysm or aortic dissection. This finding seems 
consistent with what could be expected if C. pneumoniae is involved in the 
pathogenesis because the bacterium would then have probably disseminated 
to the cardiovascular system long before the patient was in need of surgery. 
That view is further supported by the fact that no bacterial mRNA was de-
tected in these tissue biopsies, suggesting that the infection has developed 
into a persistent state. Moreover, in the experimental study of C. pneumoniae 
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infection, the bacterium could be detected in the blood in the beginning of 
the infection, only.  

 The clinical isolate of C. pneumoniae used in the present experimental 
study has not previously been tested in mice or in other experimental ani-
mals. When administered intranasally, this isolate was able to infect mice 
with subsequent systemic dissemination of the bacteria. During this acute 
infection, essential trace element levels, including Fe, Cu and Zn, showed 
change in infected organs and in serum. The Cu/Zn ratio in serum, a marker 
of infection and inflammation, was elevated in infected mice with a peak on 
the day when clinical signs were most severe.  

Fe is important for C. pneumoniae metabolism and C. pneumoniae infec-
tion in mice induced an increased Fe content in the liver on the day when the 
highest number of replicating bacteria was demonstrated in the liver. More-
over, DMT1 and hepcidin, the Fe regulating proteins, were also altered in 
infected livers. This suggests that Fe metabolism is altered in C. pneumoniae 
infection, but whether these changes are specifically caused by C. pneumo-
niae or if they are a consequence of infection-induced changes in host me-
tabolism, i.e. part of the acute phase response of the host, is not known. 
Whether these changes may also possibly contribute to the development of 
chronic C. pneumoniae infections remains to be investigated.  

Elevated body Fe stores have been proposed a risk factor for cardiovascu-
lar diseases. Serum Fe levels were increased in thoracic aortic aneurysm and 
aortic dissection patients. This finding is in contrast to the acute C. pneumo-
niae infection in which serum Fe content is decreased.  

Whether and how C. pneumoniae is linked to cardiovascular diseases re-
mains to be elucidated. If its involvement can be proven and pathogenic 
mechanisms explored, this would probably result in modified treatment 
strategies.  
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