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Chlamydia pneumoniae (C. pneumoniae) may be a mediator in the pathogenesis of atherosclerosis. For its growth C. pneumoniae
depends on iron (Fe), but how Fe changes in tissues during persistent infection or affects bacterial replication in tissues is unknown.
C. pneumoniae-infected C57BL/6J mice were sacrificed on days 4, 8, 20, and 40. Mice had bacteria in the lungs and liver on all days.
Inflammatory markers, chemokine Cxcl2 and interferon-gamma, were not affected in the liver on day 40. The copper (Cu)/zinc
(Zn) ratio in serum, another marker of infection/inflammation, increased on day 4 and tended to increase again on day 40. The Fe
markers, transferrin receptor (TfR),Hepcidin (Hamp1), and ferroportin 1 (Fpn1), increased in the liver on day 4 and thennormalized
except for TfR that tended to decrease. TfR responses were similar to Fe in serum that increased on day 4 but tended to decrease
thereafter. In the liver, Fe was increased on day 4 and also on day 40. The reappearing increases in Cu/Zn on day 40 concomitant
with the increase in liver Fe on day 40, even though TfR tended to decrease, and the fact that viable C. pneumoniae was present in
the lungs and liver may indicate the early phase of activation of recurrent infection.

1. Introduction

Atherosclerosis is considered an inflammatory disease [1, 2]
but what causes the inflammation is not known. It has been
suggested that infectionwith bacteria and/or viruses can con-
tribute to the pathogenesis of atherosclerosis either via direct
infection of vascular cells or via indirect effects of cytokines
or acute phase proteins induced by the infection [3]. Char-
acteristic markers of host defense reactions in common
infections are increased activity in tissues of chemokines [4]
and interferons [5]. Growing evidence implicates Chlamydia
pneumoniae (C. pneumoniae), and associated immunologic
mechanisms, as an important initiator in the pathogenesis of
atherosclerosis [6, 7].

C. pneumoniae is a respiratory pathogen that causes upper
and lower respiratory tract diseases. Evidence indicates that
approximately 50% of young adults and 75% of the elderly

population have serological evidence of previous infection
[8, 9]. Being an intracellular bacterium with a biphasic
lifecycle, C. pneumonia alters between the metabolically
inert EB (elementary body) and the metabolically active RB
(reticulate body) [10]. EBs are the infectious form which are
internalized by a susceptible cell and then differentiate into
the metabolically active RB. RBs divide by binary fission and
then differentiate into the infectious EBs that are released
upon cell lysis. Under certain conditions, this cell cycle may
be interrupted and instead nonreplicating “persistent bodies”
are formed allowing the bacteria to maintain a chronic latent
infection [10]. If C. pneumoniae enters into a persistent state
of infection the consequence may be that it is unsusceptible
to antibiotics [10]. Consequently, new treatment strategies
against both acute and persistent forms of C. pneumoniae are
needed to eradicate the bacterium from the atherosclerotic
vascular wall.
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Iron (Fe) is an essential element for almost all microor-
ganisms, including C. pneumoniae, and increased Fe in
infected tissues has, for example, been shown to promote
intracellular bacterial growth of mycobacteria [11]. Accord-
ingly, Fe restriction in cell culture inhibits growth of C.
pneumoniae [12, 13]. The circulating peptide hormone hep-
cidin, produced by the liver, acts as a regulator of body Fe
homeostasis [14].The transferrin receptor (TfR) is amarker of
the Fe status and together with hepcidin (Hamp 1) it regulates
the ferroportin 1 (Fpn1) levels [15, 16]. During infection
and inflammation hepcidin production is induced, driving a
decrease in plasma Fe concentration by inhibiting absorption
of Fe and promoting the sequestration of Fe in macrophages
and the liver [16].

We have previously demonstrated that liver hepcidin
levels in mice increase during acute C. pneumoniae infection
and that this induction is associated with concomitantly
altered Fe levels [17]. Thus, high Fe levels may not only
predispose toC. pneumonia infection, but also could enhance
the effects of C. pneumonia on atherogenesis. Accordingly,
an increased understanding of how essential trace elements
affect host defense reactions and themicroorganism and how
they are associated with the progression of C. pneumoniae-
induced disease may advance prophylactic and therapeutic
strategies.

Our previous study was the first to demonstrate liver
hepcidin induction and associated Fe alterations during early
acute C. pneumoniae infection [17]. We have now extended
our studies to include a later stage of the disease and
whether persistent colonisation of bacteria occurs and reflects
a possible early phase of chronic disease. The markers we
have focused on to describe Fe homeostasis are tissue changes
in Fe, hepcidin, TfR, and ferroportin, and whether these
changes are associated with host defense responses in terms
of chemokine (Cxcl2) and interferon (IFN-𝛾) or in the Cu/Zn
ratio in blood. We have previously studied the cholesterol
metabolism in this C. pneumoniae infection and reported
tissue bacterial counts and inflammatory markers Cxcl2 and
IFN-𝛾 in the liver until day 20 of the infection [18].These data
are also discussed in the present study together with the new
and extended data in this study on day 40.

2. Materials and Methods

2.1. Mice. Adult female C57BL/6J mice (Charles River,
Copenhagen, Denmark) were maintained at the Animal
Department, Biomedical Centre, Uppsala, Sweden. The mice
were housed at 20±1∘C on a 12 h light/12-h dark cycle behind
strict hygienic barrier cages (TouchSLIMLine, Tecniplast,
Scanbur BK A/S, Denmark) with free access to food (Labfor
R36; Lantmännen, Sweden).

2.2. Experimental Design. The clinical isolate G-954 of C.
pneumoniae was propagated in Hep-2 cells and stored in a
sucrose-phosphate-glutamate (SPG) solution at −70∘C. On
day 0 of the experiment, mice aged 8–10 weeks were sedated
with Fluothane (Astra Läkemedel, Södertälje, Sweden) and
infected intranasally with 3× 108 ifu ofC. pneumoniae in 30 𝜇l

PBS or sham-inoculated with 30 𝜇l PBS. Groups of infected
and control mice were sacrificed on days 4 (𝑛 = 6/group), 8
(𝑛 = 6/group), 20 (𝑛 = 5/group), and 40 (𝑛 = 5/group).

2.3. Tissue Sampling and Preparation. On each of days 4,
8, 20, and 40, infected and control mice were sedated and
sacrificed. Thereafter, the thoracic cavity was opened and
blood collected using heart puncture with a heparinised
sterile syringe. Serum was separated from whole blood by
centrifugation and stored at −70∘C until further analysis.
The lungs and liver were excised and aseptically divided.
Tissue samples from the lungs and liver were immediately
frozen at −70∘C for subsequent DNA extraction. Additional
tissue samples from the lungs and liver were immediately
placed in RNAlater (Qiagen, Sollentuna, Sweden) overnight
and then stored at −70∘C for subsequent RNA extraction.
Moreover, one part of the lungs was placed in 0.5ml of SPG
for subsequent culture and one part of the liver was stored at
−20∘C for subsequent trace element analyses.

2.4. Culture of C. pneumoniae and Confirmation of Infection.
Lung tissue (approximately 30–60mg)was collected in 500 𝜇l
SPG and subsequently homogenised in the same solution
with a TissueLyser (Qiagen) for 15 s on 30Hz. Samples
were then centrifuged for 10min at 4∘C at 2500 rpm. The
supernatant was diluted in steps of 1 : 10 in warm cell culture
medium (RPMI 1640 supplemented with 10% fetal calf
serum, 20mM HEPES (N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid), 4mM glutamine, 20 𝜇g/ml gentamicin,
and 0.05% NaHCO3) and 1ml was inoculated in duplicate
on confluent Hep-2 cell-layers in 24-well plates. Plates were
centrifuged for 1 h at 30∘C at 2270𝑔 and then incubated for
2 h at 35∘C with 5% CO2. Cell culture medium was then
removed and new cell culture medium supplemented with
1 𝜇g/ml cycloheximide and 40mM glucose was added. The
plates were then incubated for 72 h at 35∘Cwith 5%CO2. Cells
were stained with Pathfinder�Chlamydia Culture Confirma-
tion system (Biorad, USA) according to instructions from
the manufacturer and with 2 𝜇g/ml propidium iodide. The
number of inclusions was counted in an inverted microscope
withUV illumination. In each set of culture a negative control
(SPG) and a positive control (clinical strain G-954 of C.
pneumoniae) were included.

Approximately 10mg of the lungs and liver were used
for bacterial DNA and RNA isolations. QiaAmp DNA mini
kit (Qiagen, Sollentuna, Sweden) was applied for DNA and
RNeasy Fibrous Tissue kit (Qiagen, Sollentuna, Sweden)
for RNA according to instructions from the manufactur-
ers. DNA and RNA concentrations were measured using a
NanoDrop ND-1000 instrument (NanoDrop Technologies
Inc., Wilmington, DE, USA) and samples were subsequently
stored at −70∘C. Bacterial cDNA was synthesized from the
RNA by using the SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen, Täby, Sweden) with random
hexamers according to instructions from the manufacturer.
DNA and cDNA samples were subjected to qPCR, amplifying
a fragment of the C. pneumoniae ompA gene as previously
described [19, 20].
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2.5. Gene Expressions of Infection and FeMetabolismMarkers.
Gene specific exon spanning primers to murine Cxcl2, Ifng,
Hamp1, Fpn1, andTfR1were designed by the use of University
of California SantaCruz (UCSC)GenomeBrowser andPrim-
er3 software.Theprimerswere synthetized byCybergene.The
accession numbers and sequences of the primers were Cxcl2
(NM_009140.2), 5-TCC AGA GCT TGA GTG TGA CG-3
(forward), and 5-CTT TGG TTC TTC CGT TGA GG-3
(reverse); Ifng (NM_008337.3), 5-GGCCATCAGCAACAA
CAT AA-3 (forward), and 5-TGA GCT CAT TGA ATG
CTT GG-3 (reverse); Hamp1 (NM_32541), 5-AGA AAG
CAG GGC AGA CAT TG-3 (forward), and 5-GGG GAG
GGC AGG AAT AAA TA-3 (reverse); Fpn1 (NM_16917.2),
5-GTG GCA GGA GAA AAC AGG AG-3 (forward), and
5-TCC AAC CGG AAA TAA AAC CA-3 (reverse) and
TfR (X57349.1), 5-CCA GTG TGG GAA CAG GTCTT-3
(forward), and 5-GGT ATC CCT CCA ACC ACT CA-3
(reverse).

Quantitative gene expression was examined by RT-qPCR
using a Rotor-Gene 3000 (Corbett Research) by applying
One-Tube QuantiTect�SYBR�Green RT-PCR reagents (Qia-
gen). Expressions of target genes were normalized to the
geometric average expression of the three reference genes
hypoxanthine-guanine phosphoribosyltransferase 1 (Hrpt1),
beta-2 microglobulin (B2m), and 18S ribosomal RNA (18S)
as described [21]. Final primer concentration for target genes
was 0.4 𝜇M and 150 ng total RNA was used as template
in 25 𝜇l RT-PCR reactions. Reference genes were analyzed
as described [22]. Nontemplate controls served as blanks
and melt curve analysis was performed for each sample
to check the specificity of the obtained PCR products.
Relative quantification of the normalized mRNA expressions
was performed by comparing the quantification cycle (Cq)
between the tissues of the Cp-infected animals and the
controls according to the 2−(ΔΔCq)-method [23]. Cq 40 was
used as cut-off limit for detection of gene expression. Fold
differences were calculated setting untreated controls to one.

2.6. Measurement of Trace Elements in the Liver and Serum.
Tissue samples were treated as described earlier [24].The ele-
ment content was determined by inductively coupled plasma-
mass spectrometry (ICP-MS; Perkin Elmer SCIEX ELAN
6000, Perkin Elmer Corp., Concord, Ontario, Canada). For
quality control, every eighth sample was checked against
a certified reference material: NIST bovine liver 1577a
(National Institute of Standards and Technology, Gaithers-
burg, USA). All reference material measurements for each
element were within a maximum deviation of 6% from the
stated value and the maximum deviation of the precision was
5%.

2.7. Statistical Analyses. Statistical analyses were performed
with Statistica 8.0 (StatSoft, Tulsa, OK, USA). One-Way
Analysis of Variance (ANOVA) was conducted followed
by Dunnett’s method for multiple comparisons and the
Mann–WhitneyU-test, all considered significant at 𝑝 < 0.05.

2.8. Ethics. This study was approved (C146/6) by the local
Research Ethics Committee for Experimental Use at the
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Figure 1: Mean body weight of C. pneumoniae infected (black
triangles) and control mice (white boxes) during the time of the
study. Whiskers extend out to the range of the standard deviation.

Faculty of Medicine, Uppsala University and took into
account all ethical aspects of the welfare of animals following
the recommendations in “Guide for the Care and Use of
Laboratory Animals” of the Swedish National Board for
Laboratory Animals (CFN).

3. Results

3.1. Clinical Responses to Infection. Mice responded to the
infection with expected clinical signs of disease, including
ruffled fur and inactivity, as well as by a concomitant decrease
in body weight (Figure 1). Signs were most pronounced
around day 4 and then gradually declined until around day
8.

3.2. Detection of C. pneumoniae in the Lungs and Liver. C.
pneumoniae was isolated from the lungs by culture in Hep-
2 cells on each of the sampling days and bacterial DNA in
the lungs was demonstrated on all days. mRNA from C.
pneumoniae was demonstrated in the lungs on days 4 and 8.
In the liver C. pneumoniaeDNA was detected on all days but
mRNA was only detected in 1/6 mice on days 4 and 8. The
number of mice positive on all days is shown in Table 1. Data
ondays 4, 8, and 20have previously been published in another
study with a different focus on C. pneumonia infection [18].

3.3. Immune Markers of Inflammation/Infection. The gene
expressions of Cxcl2 and IFN-𝛾 were measured in the liver
on day 40 (Figure 2). Both these markers have previously
been shown to be greatly increased on day 4 but then on day
20 in principle normalized [18]. Accordingly, in the present
study on day 40 both IFN-𝛾 and Cxcl2 were unaffected by the
infection.

3.4. Markers Related to Fe Metabolism. Gene expressions of
Hamp1, Fpn1, and TfR were upregulated 3.5-, 1.5-, and 1.7-
fold, respectively, in the livers of the infected animals on day
4, whereas no statistically significant effects were observed on
days 20 or 40 (Figure 3).
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Figure 2: Relative gene expression of the chemokine Cxcl2 and IFN-𝛾 in the liver of control mice (black bars) and C. pneumoniae infected
mice (grey bars) on days 4 (𝑛 = 6), 20 (𝑛 = 5) and 40 (𝑛 = 5) of the infection. Columns represent mean values with whiskers extending to the
standard deviation. Asterisks denote a significant difference (∗𝑝 < 0.05) between infected and control mice.
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Figure 3: Relative gene expression of the Fe markers ferroportin (Fpn1), hepcidin (Hamp1), and transferrin receptor (TfR) in the liver of
control mice (black bars) and C. pneumoniae infected mice (grey bars) on days 4 (𝑛 = 6), 20 (𝑛 = 5), and 40 (𝑛 = 5) of the infection. Columns
represent mean values with whiskers extending to the standard deviation. Asterisks denote a significant difference (∗𝑝 < 0.05) between
infected and control mice.
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Table 1: Numbers of infected mice positive for C. pneumoniae in the lungs and liver with qPCR (DNA), qPCR (mRNA) or culture. Total
number of animals infected on days 4, 8, 20, and 40 was 6, 6, 5, and 5, respectively.

Tissue and method Day 4 Day 8 Day 20 Day 40
Lung culture 5/6 6/6 3/5 3/5
Lung qPCR (DNA) 6/6 6/6 3/5 4/5
Lung qPCR (mRNA) 3/6 4/6 0/5 0/5
Liver qPCR (DNA) 4/6 3/6 1/5 1/5
Liver qPCR (mRNA) 1/6 1/6 0/5 0/5
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Figure 4: Concentration of Fe in the liver in control (𝑛 = 22) and
C. pneumoniae infected mice on days 4 (𝑛 = 6), 8 (𝑛 = 6), 20 (𝑛 =
5), and 40 (𝑛 = 5). The central line indicates the mean value, the
box is limited by the mean value ± standard error, and the whiskers
extend out to the range of the standard deviation. Asterisks denote
a significant difference (∗∗𝑝 < 0.01, ∗∗∗𝑝 < 0.001) between infected
and control mice.

3.5. Trace Elements. Fe levels increased in the liver on days
4 and 40 (Figure 4). Fe increased in serum on day 4 but
then tended to decrease during the course of the infection
(Figure 5). The molar Cu/Zn ratio in serum increased on
day 4 but then returned to levels within the normal range,
however with an indication of again increasing level on day
40 (Figure 6).

4. Discussion

In the present study Fe levels increased in serum and liver
on day 4, corresponding to the early acute phase of the C.
pneumoniae infection. At this time point, there is according
to previous data a greatly increased gene expression of the
immune markers Cxcl2 and IFN-𝛾 [18]. A corresponding
increase was observed in the present study in in markers
related to Fe metabolism, that is, hepcidin, ferroportin 1,
and TfR in the liver. Between days 4 and 20, mice recovered
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Figure 5: Concentration of Fe in the serum in control (𝑛 = 22) and
C. pneumoniae infected mice on days 4 (𝑛 = 6), 8 (𝑛 = 6), 20 (𝑛 =
5), and 40 (𝑛 = 5). The central line indicates the mean value, the
box is limited by the mean value ± standard error, and the whiskers
extend out to the range of the standard deviation. Asterisks denote
a significant difference (∗𝑝 < 0.05) between infected and control
mice.

from the infection in terms of weight changes and clinical
symptoms, aswell as in changes associatedwith inflammatory
processes in the liver in terms of the Cu/Zn ratio and previous
data on Cxcl2 and IFN-𝛾 [18]. However, on day 40 a majority
of mice were still positive for C. pneumoniae concomitant
to a tendency of an increased Cu/Zn ratio in serum, but no
tendency of inflammatory responses in the liver in terms
of Cxcl2 and IFN-𝛾. This is a notable finding together with
the observed mobilization of Fe into the liver even though
the gene expression of liver TfR indicated downregulation
of the need for Fe. These changes on day 40 in Fe status
and the concomitant presence of bacteria in tissues may
reflect the early phase of reactivation of a potentially chronic
C. pneumoniae infection, but at a subclinical level without
pronounced inflammatory processes in the tissue.

We [17] and others [25] have demonstrated that C.
pneumoniae disseminates to and can be metabolically active
in the liver. Presence of C. pneumoniae in the liver may
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Figure 6: The molar Cu/Zn ratio in serum in control (𝑛 = 22) and
C. pneumoniae infected mice on days 4 (𝑛 = 6), 8 (𝑛 = 6), 20 (𝑛 =
5), and 40 (𝑛 = 5). The central line indicates the mean value, the
box is limited by the mean value ± standard error, and the whiskers
extend out to the range of the standard deviation. Asterisks denote
a significant difference (∗∗∗𝑝 < 0.001) between infected and control
mice.

influence the metabolism and the trace element balance in
the body. In the present study C. pneumoniae DNA was
demonstrated in the liver even on day 40. Presence of DNA
indicates viable bacteria in that heat-inactivated bacteria are
known to be rapidly degraded in mice [26]. Accordingly, in
the present study no bacterial mRNAwas demonstrated after
day 8, indicating that bacteria found after day 8 probably
are in a nonmetabolically persistent state. However, they can
evidently still induce immunological responses as reflected by
the tendency of an increase in the Cu/Zn ratio on day 40.

Elevated body Fe stores have been considered a risk
factor for cardiovascular diseases [27–29] and analyses of
atherosclerotic plaques from patients undergoing carotid
endarterectomy have shown elevated levels of Fe [30]. During
experimental infections, there is generally a decrease in
serum Fe, which is due to an uptake of Fe in the liver
concomitant with a decrease in intestinal Fe absorption [31].
In the present study Fe in serum and gene expression data
of hepcidin, transferrin 1, and TfR, reflecting Fe status in the
liver, showed an early increase that tended to decrease during
the course of the infection. This observation is in contrast to
a previous study where Fe showed an earlier decrease [17].
An increase in hepcidin in response to infectious or inflam-
matory stimuli seems to be responsible for the characteristic
hypoferraemia of inflammation, which develops within a few
hours of a systemic infection [16]. Accordingly, in the present
study Fe in serum decreased over time and concomitantly
increased in the liver.

During infections, intestinal Zn absorption is increased
[31], but it is rapidly taken up by the liver, resulting in

decreased plasma levels of Zn [32]. In contrast, Cu levels
in plasma increased in the present study, probably because
of the increased synthesis and release of ceruloplasmin [31],
which is a copper-binding plasma protein, as well as an
acute phase reactant [32]. An increase in the Cu/Zn ratio has
therefore been used as a marker of infection/inflammation
[33] and to indicate infection before development of clinical
signs [34]. Moreover, epidemiological studies suggest that
an increased Cu/Zn ratio is associated with a higher risk of
cardiovascular mortality [35–37]. During the acute phase of
a previous experimental C. pneumoniae infection in mice,
the serum Cu/Zn ratio showed a significant increase [17]. A
similar and transient response was also demonstrated on day
4 in the present study when clinical signs tended to be most
severe and as shown in a previous study the gene expressions
of the immunemarkers Cxcl2 and IFN-𝛾 are greatly increased
[18]. Notable in this study was that the Cu/Zn ratio again
tended to increase on day 40, but without detectable immune
responses in the liver in terms of Cxcl2 and IFN-𝛾. The
presence of bacteria in the liver was concomitantly associated
with Femobilization even though TfR was downregulated. In
addition, viable and active bacteria were also still present in
the lungs. Accordingly, our research team has demonstrated
elevated levels of Fe in sclerotic aortic heart valves [38],
where a large portion of the valves also were positive for C.
pneumoniae and these patients also had an elevated Cu/Zn
ratio in serum [39]. Furthermore, an increased Cu/Zn ratio
has also been demonstrated in patients with thoracic aortic
aneurysm (where 26%were positive forC. pneumoniae in the
aneurysm) [40] as well as in patients with bacteremia [41].

Fe can be looked upon as a double edge sword. Firstly,
Fe modulates host defense as it in macrophages regulates
their cytokine production [16]. Secondly, microorganisms
that enter the host face multiple mechanisms that restrict
their ability to obtain Fe and thereby limit their pathogenicity
[42]. These hepcidin-mediated effects are causing a decrease
in plasma Fe concentration but sequestration of Fe in
macrophages and the liver [16]. Consequently, it is reasonable
to assume that the redistribution of Fe in tissues during
infection is a normal host response partly aiming to deprive
pathogens of essential elements [31]. The control of Fe home-
ostasis seems vital to the course of the infection andwithhold-
ing themetal frommicrobes has been proven to be an efficient
strategy for infection control [43]. For example, hepcidin,
produced by the liver and regulating Fe homeostasis [14], is
increased by acute C. pneumoniae infection [17]. Hepcidin,
as well as ferroportin 1 and TfR, was also increased in the
early phase of the present infection. Increased hepcidin levels
result in reduced Fe efflux fromhepatocytes andmacrophages
[15]. In the present study Fe concentration in the liver was
increased on day 4 when clinical signs were most severe.
Furthermore, the Fe content in the liver was again increased
on day 40, regardless of a decrease in TfR expression and
a concomitant tendency of again increasing Cu/Zn ratio.
However, Fe is an essential element for chlamydial growth
[13] and suppression of chlamydial growth and infectivity in
epithelial cells have been shown when artificial Fe starvation
is induced by Fe-chelating agents [44]. Furthermore, in mice
Fe challenge was associated with a higher bacterial growth
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in peritoneal macrophages [45] and Fe supplementation to
endothelial cells induced proliferation ofC. pneumoniae [46].
Consequently, based on our results and other published
data, it is reasonable to speculate that hepcidin-induced
Fe sequestration in macrophages paradoxically enhances Fe
availability for C. pneumoniae that occupy this intracellular
niche [16, 42]. A consequence of this could be less efficient
eradication of the bacteria and development of chronic
disease.

C. pneumoniae is disseminated in the body by circulating
monocytes [26] and a recent clinical study demonstrated
elevated Fe concentrations in the labile Fe pool in circu-
lating monocytes in patients with cardiovascular disease
[47]. Furthermore, patients with high body Fe stores have
an increased risk of developing acute myocardial infarction
[48]. The exact mechanism by which Fe influences the
atherosclerotic process is not yet clarified but is believed to
involve oxidative modification of important elements of the
atherosclerotic process such as low-density lipoprotein (LDL)
[48]. However, another contributingmechanismmay involve
the intracellular bacterium C. pneumoniae whose growth
depends on Fe [12].The elevated body Fe stores and increased
Fe concentration inmacrophagesmay promote the activation
of C. pneumoniae resulting in increased inflammation and
stimulation of the atherosclerotic process. Clinical studies
have demonstrated that a decrease of body Fe store proved
beneficial on cardiovascular outcome if performed before the
age of 60 [49].This reduction of body Fe stores may also have
an impact on C. pneumoniae infection as restriction of Fe
in cell cultures of C. pneumoniae reduced bacterial growth
[12]. However, whether this would also be the case in humans
remain to be investigated.

In the present and in our previous study [17] Fe levels
in serum decreased during the course of the C. pneumoniae
infection.Thus, persistence of C. pneumoniae in the liver and
a decreased expression of TfR in the liver but concomitant
increase of Fe on day 40 in the liver but not in serum were
notable.These findings, when taken together with the pattern
of changes in the Cu/Zn ratio, may indicate a general low-
grade inflammation and/or increased bacterial activity and
recurrence of the infection, but in a subclinical and chronic
state since the mice showed no clinical sign of disease.
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Ilbäck, “Cholesterol uptake in the mouse aorta increases during
Chlamydia pneumoniae infection”.

[19] C. Nystrom-Rosander, M. Edvinsson, S. Thelin, E. Hjelm, and
G. Friman, “Chlamydophila pneumonia: specificmRNA in aorta
ascendens in patients undergoing coronary artery by–pass
grafting,” Scandinavian Journal of InfectiousDiseases, vol. 38, no.
9, pp. 758–763, 2006.

[20] Y. Kuoppa, J. Boman, L. Scott, U. Kumlin, I. Eriksson, and
A. Allard, “Quantitative detection of respiratory Chlamydia
pneumoniae infection by real–time PCR,” Journal of Clinical
Microbiology, vol. 40, no. 6, pp. 2273-2274, 2002.

[21] S. A. Bustin, V. Benes, J. A. Garson et al., “TheMIQE guidelines:
minimum information for publication of quantitative real–time
PCRexperiments,”Clinical Chemistry, vol. 55, no. 4, pp. 611–622,
2009.

[22] P. Matouskova, H. Bartikova, I. Bousova, V. Hanusova, B.
Szotakova, and L. Skalova, “Reference genes for real–time pcr
quantification of messenger rnas and micrornas in mouse
model of obesity,” PLoS ONE, vol. 9, article e86033, 2014.

[23] K. J. S. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real–time quantitative PCR and the
2−(ΔΔCq)– methods,”Methods, vol. 25, no. 4, pp. 402–408, 2001.

[24] P. Frisk, J. Tallkvist, I.-L. Gadhasson, J. Blomberg, G. Friman,
and N.-G. Ilback, “Coxsackievirus B3 infection affects
metal–binding/transporting proteins and trace elements in the
pancreas in mice,” Pancreas, vol. 35, pp. e37–e44, 2007.

[25] A. Marangoni, M. Donati, F. Cavrini et al., “Chlamydia pneu-
moniae replicates in Kupffer cells in mouse model of liver
infection,”World Journal of Gastroenterology, vol. 12, no. 40, pp.
6453–6457, 2006.

[26] T. C. Moazed, C.-C. Kuo, J. Thomas Grayston, and A. L.
Campbell, “Evidence of systemic dissemination of Chlamydia
pneumoniae via macrophages in the mouse,” Journal of Infec-
tious Diseases, vol. 177, no. 5, pp. 1322–1325, 1998.

[27] X.-M. Yuan and W. Li, “The iron hypothesis of atherosclerosis
and its clinical impact,” Annals of Medicine, vol. 35, no. 8, pp.
578–591, 2003.

[28] J. L. Sullivan and E. D. Weinberg, “Iron and the role of
Chlamydia pneumoniae in heart disease,” Emerging Infectious
Diseases, vol. 5, no. 5, pp. 724–726, 1999.

[29] S. V. Shah and M. G. Alam, “Role of iron in atherosclerosis,”
American Journal of Kidney Diseases, vol. 41, no. 3, pp. S80–S83,
2003.

[30] N. Stadler, R. A. Lindner, andM. J.Davies, “Direct detection and
quantification of transitionmetal ions in human atherosclerotic
plaques: evidence for the presence of elevated levels of iron and
copper,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol.
24, no. 5, pp. 949–954, 2004.

[31] S. Pekarek and J. Engelhardt, “Infection–induced alterations
in trace metal metabolism: relationship to organism virulence
and host defense,” in Infection: The Physiologic and Metabolic
Responses of the Host, S. Pekarek and J. Engelhardt, Eds., pp. 131–
146, Elsevier, Amsterdam, Netherlands, 1981.

[32] W. R. Beisel, “Metabolic response of the host to infections,” in
Textbook of Pediatric Infectious, R. D. Feigin et al., Ed., W. B.
Saunders, Philadelphia, PA, USA, 2004.

[33] N.-G. Ilback, G. Benyamin, U. Lindh, and G. Friman, “Sequen-
tial changes in Fe, Cu, and Zn in target organs during early
Coxsackievirus B3 infection in mice,” Biological Trace Element
Research, vol. 91, no. 2, pp. 111–124, 2003.

[34] N.-G. Ilback, G. Benyamin, U. Lindh, J. Fohlman, and G.
Friman, “Trace element changes in the pancreas during viral
infection in mice,” Pancreas, vol. 26, no. 2, pp. 190–196, 2003.

[35] F. J. Kok, C. M. Van Duijn, A. Hofman et al., “Serum copper
and zinc and the risk of death from cancer and cardiovascular
disease,” American Journal of Epidemiology, vol. 128, no. 2, pp.
352–359, 1988.

[36] A. Reunanen, P. Knekt, and R.-K. Aaran, “Serum ceruloplasmin
level and the risk ofmyocardial infarction and stroke,”American
Journal of Epidemiology, vol. 136, no. 9, pp. 1082–1090, 1992.

[37] A. Reunanen, P. Knekt, J. Marniemi, J. Maki, J. Maatela, and A.
Aromaa, “Serum calcium,magnesium, copper and zinc and risk
of cardiovascular death,” European Journal of Clinical Nutrition,
vol. 50, no. 7, pp. 431–437, 1996.

[38] C. Nystrom-Rosander, U. Lindh, S. Thelin, O. Lindquist, G.
Friman, and N.-G. Ilback, “Trace element changes in sclerotic
heart valves from patients undergoing aortic valve surgery,”
Biological Trace Element Research, vol. 88, no. 1, pp. 9–24, 2002.

[39] C. Nystrom-Rosander, U. Lindh, N.-G. Ilback et al., “Interac-
tions between Chlamydia pneumoniae and trace elements: a
possible link to aortic valve sclerosis,” Biological Trace Element
Research, vol. 91, no. 2, pp. 97–110, 2003.

[40] C. Nystrom-Rosander, P. Frisk, M. Edvinsson et al., “Thoracic
aortic aneurysm patients with Chlamydophila pneumoniae
infection showed a shift in trace element levels in serum and
diseased aortic tissue,” Journal of Trace Elements inMedicine and
Biology, vol. 23, no. 2, pp. 100–106, 2009.

[41] R. Barrera, M. Schattner, N. Gabovich et al., “Bacteremic
episodes and Copper/Zinc ratio in patients receiving home
parenteral nutrition,” Nutrition in Clinical Practice, vol. 18, no.
6, pp. 529–532, 2003.

[42] K. Michels, E. Nemeth, T. Ganz, and B. Mehrad, “Hepcidin and
host defense against infectious diseases,” PLoS Pathogens, vol.
11, article e1004998, 2015.

[43] U. E. Schaible and S. H. Kaufmann, “Iron and microbial
infection,” Nature Reviews Microbiology, vol. 2, no. 12, pp. 946–
953, 2004.

[44] B. Krausse-Opatz, U.Wittkop, F.M.Gutzki et al., “Free iron ions
decrease indoleamine 2,3-dioxygenase expression and reduce
IFN𝛾-induced inhibition of Chlamydia trachomatis infection,”
Microbial Pathogenesis, vol. 46, no. 6, pp. 289–297, 2009.

[45] R. Bellmann-Weiler, A. Schroll, S. Engl et al., “Neutrophil
gelatinase–associated lipocalin and interleukin-10 regulate
intramacrophageChlamydia pneumoniae replication bymodu-
lating intracellular iron homeostasis,” Immunobiology, vol. 218,
no. 7, pp. 969–978, 2013.

[46] R. Bellmann-Weiler, V. Martinz, K. Kurz et al., “Divergent
modulation ofChlamydia pneumoniae infection cycle in human
monocytic and endothelial cells by iron, tryptophan availability
and interferon gamma,” Immunobiology, vol. 215, no. 9-10, pp.
842–848, 2010.

[47] P. Risko, J. Platenik, R. Buchal, J. Potocova, and P. J. Kraml,
“The labile iron pool in monocytes reflects the activity of the
atherosclerotic process in men with chronic cardiovascular
disease,” Physiological Research, vol. 66, pp. 49–61, 2016.

[48] P. Kraml, “The role of iron in the pathogenesis of atherosclero-
sis,” Physiol Res, vol. 66, pp. S55–S67, 2017.

[49] L. R. Zacharski, B. K. Chow, P. S.Howes et al., “Reduction of iron
stores and cardiovascular outcomes in patients with peripheral
arterial disease: a randomized controlled trial,” Journal of the
AmericanMedical Association, vol. 297, no. 6, pp. 603–610, 2007.



Submit your manuscripts at
https://www.hindawi.com

Pain
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Toxins
Journal of

Vaccines
Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Antibiotics
International Journal of

Toxicology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Stroke
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Drug Delivery
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in 
Pharmacological 
Sciences

Tropical Medicine
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Medicinal Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Addiction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Emergency Medicine 
International
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Autoimmune 
Diseases

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anesthesiology 
Research and Practice

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Pharmaceutics

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of


