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Abstract

Vascular endothelial cells (ECs) lining the blood vessels are the preferred primary targets of
pathogenic Rickettsia species in the host. In response to oxidative stress triggered by infection,
ECs launch defense mechanisms such as expression of heme oxygense-1 (HO-1). Previous
evidence from an established animal model of Rocky Mountain spotted fever also suggests
selective modulation of anti-oxidant enzyme activities in the target host tissues. In this study, we
have examined the expression profiles of HO-1 and COX-2 in different tissues during R. conorii
infection of susceptible C3H/HeN mice. RNA hybridization with murine HO-1 and COX-2-
specific complementary DNA probes revealed increased HO-1 expression in the liver and brain of
mice infected with three different doses of R. conorii ranging from 2.25x103 to 2.25x10° pfu,
relatively non-remarkable changes in the lungs, and a trend for down-regulation in the spleen. The
most prominent HO-1 response was evident in the liver with ~4-fold increase on day 4 post-
infection, followed by a decline on day 7. HO-1 expression in the brain, however, peaked with
significantly higher levels on day 7. Following infection with both sub-lethal as well as lethal
doses of infection, the transcript encoding COX-2 also displayed a pattern of increased expression
in the liver and brain. Although immunohistochemical staining revealed increased abundance of
HO-1 protein in the liver of infected mice, adjoining serial sections did not exhibit positive
staining for COX-2 in infected tissues. The levels of monocyte chemoattracttant protein-1
(MCP-1) and keratinocyte-derived cytokine (KC) were significantly higher in the sera of infected
mice and corresponded with the onset and severity of the disease. Treatment of infected animals
with antioxidants a-lipoic acid and N-acetylcysteine and HO inhibitor stannous protoporphyrin
(SnPPIX) showed only selective beneficial effects on HO-1 and COX-2 expression in the liver and
spleen and serum levels of KC and MCP-1. R. conorii infection of susceptible mice, therefore,
results in selective regulation of the expression of HO-1 and COX-2 in a manner dependent on the
target host tissue’s cellular environment and the propensity of infection with rickettsiae.

1. Introduction

Transmitted in nature by the bite of an infected tick, caused by Rickettsia conorii, and
typically characterized by an eschar or ‘tache-noire’ at the tick attachment site,
Mediterranean spotted fever (MSF) is a human rickettsial disease, the prognosis of which
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can range from satisfactory to serious complications depending on the virulence of the
pathogen [1,2]. Rickettsiae are obligate intracellular, gram-negative bacteria, which display
unique tropism for microvascular endothelium in their mammalian hosts, resulting in
disseminated endothelial infection, altered barrier function and inflammation of the
vasculature, and compromised vascular permeability, collectively referred to as ‘rickettsial
vasculitis’ [3,4]. Published findings from in vitro infection of human umbilical vein-derived
endothelial cells (HUVECs) with spotter fever group (SFG) rickettsiae have yielded
evidence for the ‘host cell activation’, characterized by increased expression of surface
adhesion molecules (intercellular adhesion molecule-1 and E-selectin), cytokines (IL-1a),
and chemokines (interleukin-8 and monocyte chemoattractant protein-1) and mediated, for
the most part, by the activation of nuclear transcription factor-xB (NF-xB) and p38 stress-
activated protein kinase [5-10]. Compelling evidence also documents that endothelial cells
infected in vitro with R. rickettsii, the prototypical SFG species and the causative agent of
Rocky Mountain spotted fever (RMSF), experience considerable oxidative stress due to
increased production and accumulation of superoxide radical and hydrogen peroxide
[11,12], and consequently activate important cellular anti-oxidant defense mechanisms such
as increased expression of the inducible isozyme of heme oxygenase, HO-1 [13]. An
important and physiologically relevant regulatory function of HO-1 in the vasculature is to
regulate the activity of the cyclooxygenase (COX) system [14], which is responsible for the
generation of a number of vasoactive substances including prostaglandins. Among the well-
characterized COX isoforms, COX-1 primarily performs housekeeping functions, whereas
COX-2 is tremendously sensitive to a variety of physiologic and pathologic stimuli and
exhibits increased expression after endothelial cell infection with SFG rickettsiae in vitro
and ex vivo [15]. Our recent studies, however, further suggest that there exist differences in
the COX-2 response of different types of host endothelial cells to R. rickettsii infection.
Whereas infection of primary cultures of macrovascular HUVECSs (derived from a large
vessel) results in an apparent biphasic pattern of induced expression, microvascular EC
(HMEC:S) are largely refractory to prominent changes in the regulation of COX-2 expression
at the levels of both mMRNA and protein [15-17]. On the other hand, induction of HO-1 in
both macro- as well as microvascular endothelium is relatively identical [17].

Using an established mouse model of RMSF based on the susceptibility of C3H/HeN mice
to intravenously administered R. conorii [18,19], our laboratory has also reported on the
selective and differential modulation of key antioxidant enzymes of the glutathione redox
cycle, namely glutathione peroxidase, glutathione reductase, and glucose-6-phosphate
dehydrogenase, and superoxide scavenging system, namely superoxide dismutase in the
target host tissues, including brain, lungs, and testes, during in vivo rickettsiosis [20]. Since
cumulative evidence from in vitro and ex vivo models of infection implicates HO-1, COX-2,
and chemokines as important regulators of host defense/inflammatory networks and
determinants of pathogenetic mechanisms during Rickettsia infection, we hypothesized that
their activation may differ in various target organs and in response to varying doses and
outcomes of infection. Thus, the aims of the present study were to investigate and compare
the transcriptional activation of HO-1 and COX-2 in different target tissues in the host as
well as systemic secretion of chemokines KC (the murine homolog of IL-8; keratinocyte
factor) and MCP-1 in C3H/HeN mice infected with the sub-lethal and lethal doses of R.
conorii in the presence and absence of treatment with compounds known to protect against
oxidative stress.

2. Materials and methods

2.1. Cultivation and enumeration of Rickettsia organisms

Rickettsia conorii (Malish 7 strain), a human isolate from South Africa with unknown
passage history was obtained from Dr G. Dasch (Centers for Disease Control and
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Prevention, Atlanta, GA). The organisms were propagated in Vero C1008 cells (American
Type Culture Collection, Rockville, MD) and then purified from heavily-infected host cells
as described previously [20]. The titers of viable rickettsiae in such preparations were
determined by plaque titration assay on Vero cell monolayers as the humber of plaque
forming units (pfu) per ml. The results of plaque assay were subsequently confirmed by a
TagMan® quantitative-PCR procedure using primer pair Rp877p-Rp1258n for rickettsial
citrate synthase (gltA) gene and an internal probe with 100% homology to R. conorii [21].
For infection, a purified stock of R. conorii was appropriately diluted in sterile normal saline
prior to administration into mice via tail vein injection.

2.2. Mouse model of infection

Six to eight weeks old, male C3H/HeN mice (Harlan Sprague Dawley Inc., Indianapolis, IN)
were infected with viable R. conorii by intravenous injection in the tail vein. Three different
doses with a log difference, i.e. 2.25x103, 2.25x104, and 2.25x10° pfu per mouse, in a total
volume 200pl were used representing low, medium (sub-lethal), and high (lethal) levels of
infection. For each experiment, a group of animals receiving only intravenous injection of
saline was included to serve as uninfected controls. At day 4, 7, or 10 post-injection, mice
were anaesthetized using 45 mg/kg Phenobarbital sodium intraperitoneally and blood
samples were collected by direct cardiac puncture. Organs were removed under sterile
conditions for further processing for RNA isolation and immunohistochemical studies.

2.3. Treatment with the modulators of oxidative stress

In some experiments, mice were treated with either a-lipoic acid [(a-LA or DL-6,8-thioctic
acid); from Sigma Chemical Company, St. Louis, MO] or N-acetyl-L cysteine (NAC; from
Sigma), both of which are potent antioxidants known to stimulate the biosynthesis and
intracellular accumulation of reduced glutathione (GSH). In addition, Stannous (1V)
Protoporphyrin IX dichloride (SnPPI1X; from Frontier Scientific Inc., Logan, UT), a potent
inhibitor of heme oxygenase, was also administered to a cohort of animals. Briefly, a-LA
was dissolved in sterile normal saline and the pH was then adjusted to 7.4. a-LA was
administered as a once daily dose of 150 mg/kg body weight by oral gavage for three days
prior to and during the course of infection. SnPPIX was dissolved in 0.1 N sodium
hydroxide followed by adjustment of the solution’s pH to 7.0 and was administered
intraperitoneally at 100 pmol/kg body weight. NAC, dissolved in sterile PBS, was
administered at 50 mg/kg body weight via intra-peritoneal injection. Both SnPP and NAC
were given to mice as once daily dose 24 h prior to and during the course of infection. The
groups of control animals were handled simultaneously, but were administered with the
corresponding volumes of sterile PBS.

2.4. Measurement of chemokine secretion

Serum samples from R. conorii-infected mice and simultaneously processed control
(uninfected) animals were prepared by centrifugation of the whole blood at 10,0009 for 5
minutes to remove the erythrocytes and kept frozen at -80°C until further analysis. The
amounts of MCP-1 and KC were determined by enzyme-linked immunosorbent assay
(ELISA) kits following the instructions provided by the manufacturer (R&D systems Inc.,
Minneapolis, MN). The detection ranges of both MCP-1 and KC for the assay systems used
were from 2 to 1000 pg/ml. At least two dilutions of each sample were assayed in duplicate
and only the OD values corresponding to the linear range of the standard curve were used in
calculations to determine the chemokine concentration.
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2.5. Northern blot analysis

At the time of sacrifice, sections of organs (lungs, liver, spleen, and brain) were collected
aseptically and quickly immersed in an RNA later™ stabilization solution (Ambion Applied
Biosystems, Foster City, CA) until subjected to isolation of total RNA using a TRI-
reagent™ protocol according to the manufacturer’s manual. Equal amounts of RNA (6-10
ng) from infected mouse tissues and corresponding controls were subjected to Northern blot
analysis using radioactively labeled cDNA probes as described earlier [13,16,17]. Murine
HO-1 probe was synthesized by PCR amplification of a 155 bp fragment using *“Super
Array” primer set (Frederick, MD). Mouse-specific COX-2 probe and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) probe were obtained from Cayman Chemical
Company, Ann Arbor, Ml, and US Biological Company, Swampscott, MA, respectively.
The differences in the loading of individual samples on different gel lanes were corrected by
stripping and re-probing of the blotted membranes for the housekeeping gene GAPDH.

2.6. Immunohistochemical staining

Tissues fixed in 10% (v/v) formalin at the time of animals’ sacrifice were embedded in
paraffin and sectioned at 5um on a microtome. Distribution of rickettsiae in target host
tissues was evaluated using rabbit polyclonal anti-R. rickettsii serum (provided by Dr. Ted
Hackstadt, NIH/NIAID Rocky Mountain Laboratories, Hamilton, MT). Anti-murine HO-1
and COX-2 rabbit polyclonal antibodies were purchased from Assay Designs, Ann Arbor,
MlI, and Cayman Chemical Company, Ann Arbor, MI, respectively. Immunohistochemical
staining was performed according to our previously established protocols and procedures
[20].

2.7. Densitometric and statistical analysis

The radiograms with optimum exposure were scanned in the grayscale mode using a HP
ScanJet 6300C scanner at a resolution of 600 dpi for quantitative analysis of data from
Northern blots. Volume analysis was performed using ImageQuant software, version 3.3 and
band intensities were determined as densitometric units. In order to compare between
experimental conditions, the normalized band intensity for uninfected control in each
experiment was assigned a value of 1. All data were calculated as the mean * standard error
and a minimum of three animals were included for each experimental condition. The
comparisons between the study and the control groups were performed using Student’s t test
and the p values of <0.05 were considered to be statistically significant.

3. Results

3.1. HO-1 mRNA expression in tissues of mice infected with different doses of R. conorii

Oxidative stress has been implicated as an important contributor to the pathogenesis
associated with spotted fever rickettsiae in both in vitro and in vivo models of infection
[11,12,20]. However, the involvement of HO-1 as an anti-oxidant host protective
mechanism has only been established for in vitro responses of endothelial cells of different
origin to R. rickettsii [13,17]. To fill this critical gap in the knowledge, we first investigated
HO-1 mRNA expression in different tissues (brain, liver, lungs, and spleen) after infection
with three different doses of R. conorii ranging from 2.25x103 to 2.25x10° pfu per mouse.
Northern blot analysis indicated significantly increased expression of HO-1 transcript in the
liver of mice on day 4 post-infection, the extent of which was relatively similar (an average
of about 4-fold) for all three doses of infection mentioned above. At a later time (day 7), the
levels of HO-1 expression showed a slight decrease, but were still significantly higher than
the basal level in uninfected controls (Figure 1A). In contrast, the spleens from mice
infected with the low and medium doses of R. conorii had significantly lower HO-1
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expression than in controls, whereas those from the high dose of 2.25x10° pfu, causing
100% mortality after day 4, did not yield a significant difference from the basal levels of
expression (Figure 1B). Although a pattern of gradual increase in HO-1 expression in the
brains of infected mice on day 4 was noticeable, statistically significant induction of ~2.5-
fold on day 7 was clearly evident in mice receiving either low or medium (sub-lethal) doses
of infection (Figure 1C). Finally, lungs of infected mice showed only slightly higher HO-1
expression on day 4 for mice infected with the low dose and on day 7 for mice infected with
the medium dose. The lethal dose of infection, in contrast, did not yield any statistically
significant changes in pulmonary HO-1 expression (Figure 1D). Thus, although
administration of low and medium doses of R. conorii to susceptible mice stimulates HO-1
expression in the liver and brain, pulmonary HO-1 remains relatively unaffected while
splenic HO-1 reveals a pattern of suppression. Also, with the exception of hepatic HO-1
expression, lethal dose of infection appears to disable the host’s ability to launch an anti-
oxidant response via induction of HO-1.

3.2. Transcriptional activation of COX-2 in tissues of mice infected with different doses of

R. conorii

Because published evidence implicates regulation of cyclooxygenase by heme-HO system in
microvascular endothelial cells, we next determined the steady-state levels of COX-2
mRNA in different tissues of mice infected with different doses of R. conorii employing
Northern blot analysis with a murine COX-2-specific cDNA probe. In animals receiving the
low dose of R. conorii, the levels of hepatic COX-2 expression displayed only slight
increase at day 4 as well as day 7 post-infection, but statistically significant yet modest
increase was evident on day 4 in the cohort of mice infected with the high, lethal dose of R.
conorii. Corresponding to the response to both low and high doses of infection, the animals
infected with the medium dose also displayed only modest change in the steady-state levels
of COX-2 mRNA in the liver (Figure 2A). In the spleen, however, there was significant
decrease in the COX-2 mRNA expression on day 4 with low and high doses of infection,
and on day 7 with the medium dose of R. conorii, which was consistent with the down-
regulation of HO-1 activity (Figure 2B). In brain, low dose of infection did not cause any
change, whereas medium and high doses produced significant increase of COX-2 expression
(Figure 2C). Also, lungs of infected animals did not demonstrate any significant changes in
COX-2 transcription regardless of the dose and time of infection (Figure 2D).

3.3. Immunohistochemical evaluation of HO-1 and COX-2 expression in infected tissues

To further determine whether or not changes in HO-1 and COX-2 mRNA expression
translate into increased protein synthesis in target organ systems, we next performed
immunohistochemical staining of serial tissue sections using antibodies capable of
specifically detecting spotted fever group rickettsiae, HO-1, and COX-2. As shown in Figure
3, negligible to minimal levels of background staining was seen in the liver of uninfected
controls (panel A), and distinct foci of positive staining for rickettsial antigen confirming the
presence of R. conorii were evident in the liver (panel B). As reported previously [20],
rickettsiae in the liver were apparently localized to either sinusoidal endothelial cells lining
vessels or to the loci of granulomatous inflammation. The livers from uninfected mice had
very low background staining for both HO-1 and COX-2 (Panels C and E). In the liver of
infected mice, on the other hand, endothelial cells lining the sinusoidal vessels as well as
hepatocytes were distinctly positive for HO-1 protein (Panel D), but there were no apparent
changes in the expression of COX-2 (Panel F).
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3.4. Effects of oxidant stress modulators on HO-1 and COX-2 activation in target tissues
during R. conorii infection

Increased generation and propagation of reactive oxygen species is one of the major
mechanisms underlying vascular stress and dysfunction [11,12]. Consequently, known
antioxidants and inducers of HO activity may exert their beneficial effects by preventing
oxidant-mediated vascular distress and damage. In this context, we sought to determine the
effects of potent antioxidants aLA and NAC and an HO inhibitor SnPPIX on HO-1 and
COX-2 expression during R. conorii infection in vivo. HO-1 expression exhibited a trend for
increased mRNA expression in the liver of infected animals treated with NAC, in
comparison to those infected but not treated, but the change was not statistically significant
(Figure 4A). In animals receiving oral administration of a-LA during the infection, HO-1
expression was significantly increased in the spleen (Figure 4B). In contrast, a-LA treatment
led to suppression of infection-induced HO-1 expression response in the liver and the effect
was statistically significant when compared to the corresponding controls comprised of
infected mice receiving no treatment. Further, COX-2 transcriptional activation in both the
liver and the spleen was up-regulated in animals treated with SnPPIX versus infection alone
(Figures 4C and 4D). In addition, administration of NAC during infection also caused
suppression of splenic COX-2 expression, an effect which was found to be statistically
significant. The brain and lungs of infected animals administered with either of the
compounds, i.e. a-LA, NAC, or SnPPIX, did not exhibit any significant differences in the
transcriptional activation of HO-1 and COX-2 in comparison with the tissues from the
corresponding cohort of infected, but untreated animals (data not shown). Thus, treatment of
mice with the modulators of oxidative stress during the course of infection revealed only
selective effects on the status of HO-1 and COX-2 expression in the target host tissues
examined.

3.5. Secretion of chemokines during R. conorii infection of C3H/HeN mice and effects of
the modulators of oxidative stress

R. conorii infection of host cells in vitro induces a pro-adhesive and pro-inflammatory
phenotype characterized by increased expression of adhesion molecules and release of
cytokines and chemokines including I1L-8 and MCP-1 [8,21]. The levels of both MCP-1 and
KC (murine analog of I1L-8) in the serum samples from mice infected with all three doses of
R. conorii were found to be dramatically increased on day 2 and day 4 post-infection,
attaining the maximum level on day 4 for mice infected with the low and medium doses of
R. conorii and on day 2 for the lethal dose of infection (Figures 5A and 5B). On day 7, the
levels of both chemokines were comparatively lower than at earlier times. Specifically, the
serum concentrations of MCP-1 on day 7 were significantly lower than their peak levels on
day 4 post-infection (Figure 5A). Thus, it is evident that enhanced MCP-1 secretion is
dependent on the infectious dose of R. conorii and correlates with the course of infection.
Intriguingly, the serum KC levels in mice infected with the low and medium doses of R.
conorii on both day 2 and day 4 were significantly higher in comparison to the uninfected
controls, but animals receiving high dose displayed a relatively less robust KC response
(Figure 5B). Again, modulators of oxidant stress had only selective effects on the secretion
of chemokines during R. conorii infection. The serum MCP-1 levels in infected mice treated
with SnPPIX and NAC were significantly decreased in comparison with untreated animals
infected with medium dose for 4 days (Figure 5C). The levels of KC under similar
experimental conditions were also decreased in mice treated with NAC (Figure 5D). Thus,
treatment with NAC resulted in at least partial attenuation of chemokine secretion during
infection with a sub-lethal dose; SnPPIX only selectively affected the levels of MCP-1; and
a-LA had no significant effect. Intriguingly, the weight loss data from infected animals with
all of these treatments did not yield any significant differences when compared with the
group of animals that were infected but then left untreated (not shown).
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4. Discussion

Rickettsioses now represent important reemerging infectious diseases with increasing global
burden of morbidity and mortality, the pathology of which is generally attributable to
disseminated infection of vascular endothelium and systemic inflammatory responses
[19,22]. Because infection of cultured endothelial cells with R. rickettsii results in increased
generation of harmful reactive oxygen species, oxidant-induced damage and dysfunction
have been projected as one of the critical mechanisms underlying cellular injury and
pathogenesis [4,11,12]. We have previously reported on the modulation of enzyme systems
playing an important role in glutathione redox mechanisms and reducing equivalents
(NADH, NADPH) generating pathways in an established mouse model of RMSF [20]. Here,
we demonstrate selective regulation of HO-1, a cytoprotective enzyme known for its
involvement in cellular defense against oxidative stress and inflammatory insults [23]. R.
conorii infection induced HO-1 mRNA in the liver and brain, albeit the peak response in the
latter occurred later, likely corresponding to the levels of pathogen burden in target tissues
during the course of infection. Although lack of evidence for the detection of rickettsiae in
the brain is a limitation of the present study, published quantitative PCR data demonstrate a
progressive increase in rickettsial load peaking at day 5 in the liver, lungs, and brain of mice
infected with both lethal and sub-lethal doses of R. conorii and as expected, higher (~10-
fold) pathogen burden with the lethal dose [24]. In addition, we were also able to recover
viable, plaque-forming rickettsiae from the brains of infected mice, the titers of which were
proportional to the dose and duration of infection [20]. Increased HO-1 expression, however,
did not represent a generalized response to infection as the transcript levels in the spleen and
lungs were either suppressed or only marginally affected. Lungs are highly vascularized
tissues with significant accumulation of rickettsiae during in vivo infection [20,24].
Although human pulmonary microvascular and artery ECs respond to R. rickettsii by
stimulating HO-1 response in vitro [17], blunted induction of HO-1 in vivo likely reflects
compromised ability of the host to prevent pulmonary insults owing to oxidative stress.
Inability to induce or insufficient HO-1 expression have been associated with a number of
pulmonary ailments, including interstitial pneumonia, pulmonary edema, and adult
respiratory distress syndrome, which constitute major complications of severe and fatal
outcomes of rickettsioses in humans [25-27]. Conversely, sustained expression of HO-1 in
the lung protects against deleterious effects of hypoxia and particularly against pulmonary
inflammation, hypertension, and vessel wall hypertrophy [28]. On the other hand, HO-1 can
also exert pro-oxidant effects in certain situations by virtue of releasing more free iron, as
has been demonstrated by up-regulation of HO-1 in the spleen of animals treated with
hemolytic agents, including aniline [29]. Thus, suppression of splenic HO-1 expression
during infection may represent a protective response to curtail the free iron-mediated
oxidant stress for the benefit of the host.

The understanding of the roles of HO-1 and its reaction products in microbial host defense
mechanisms is now beginning to expand [30], yet there are relatively few reports pertaining
to its significance in animal models of infection closely mimicking human disease. The
induction of HO-1 is an important cytoprotective mechanism in sepsis [30,31]. Recent
studies have shown increased expression of HO-1 in macrophages infected with
Mycobacterium tuberculosis and regulation of bacterial ‘dormancy regulon’ by carbon
monoxide, a by-product of HO activity [32]; induced expression in the liver and potent
cytoprotective function in a mouse model of salmonellosis [33]; and down-regulation of
placental HO-1 by Listeria monocytogenes leading to infectious abortion [34]. In contrast,
abortion due to Brucella abortus infection in pregnant mice is attributed to HO-1 expression
in the placenta [35] and HO-1 induction in an experimental model of pneumocoocal
meningitis results in iron-mediated oxidative damage in the brain [36]. Interestingly, in a
mouse model of secondary bacterial pneumonia due to Streptococcus pneumoniae after
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initial influenza infection, the expression of HO-1 was significantly higher in the lungs, but
not in other tissues [37]. Our findings demonstrate selective HO-1 induction in the liver and
brain, only subtle and mostly insignificant changes in the lungs, and apparent suppression in
the spleen during R. conorii infection.

In endothelial cells, the heme-HO system functions as a negative regulator of COX-2
expression, influencing the production of vasoactive prostanoids [14,38]. In response to
lipopolysaccharide, however, COX-2 can either be positively or negatively affected by
HO-1 depending on the cell-type [39,40]. In the mouse model of RMSF, both HO-1 and
COX-2 exhibit an apparently similar pattern of regulation as evidenced by highest increase
in COX-2 expression in the liver, a relatively modest up-regulation in the brain, suppression
in the spleen, and lack of significant responses in the lungs. This correlates with our recent
in vitro findings suggesting that primary human pulmonary endothelial cells of
microvascular origin do not express COX-2 during in vitro infection with R. rickettsii and
display a pattern of differential HO-1 and COX-2 activation in tissue-specific endothelial
cells [17]. Accordingly, we infer that the expression of transcripts for both HO-1 and COX-2
displays selective modulation during R. conorii infection, likely depending on the cellular
environment of the tissues harboring the pathogen. Derived from arachidonic acid
metabolism by the COX enzyme system, prostaglandins are considered to be important lipid
mediators of acute inflammatory response and alterations in vascular permeability. COX2-
deficient mice have been shown to display resistance against detrimental effects of
endotoxemia [41]. On the other hand, a recent study has implicated COX-2 in the production
of an antimicrobial peptide human-B-defensin and killing of Saphylococcous aureus [42].
During rickettsioses in vivo, vascular inflammation is a primordial response that may protect
against infection-induced injury by restoring damaged tissue to its normal physiology. In
this context, whether or not induced COX-2 expression and/or activity in the target host
tissues on a selective basis serves to initiate controlled inflammation and host defense or
contributes to the disease pathogenesis remains to be investigated further. Such studies will
allow us to address an important limitation of this study that despite increased mRNA in the
liver, we were unable to detect COX-2 protein through immunohistochemical analysis.
Nevertheless, our current data indicate that R. conorii infection affects the transcriptional
expression of HO-1 and COX-2 in various organ systems of C3H/HeN mice, suggesting the
suitability of this established in vivo model of rickettsiosis to further delineate the potential
roles of these important regulatory enzymatic mechanisms in the pathogenesis of rickettsial
diseases.

There is now ample evidence suggesting expression and secretion of cytokines and
chemokines by host cells infected in vitro with R. rickettsii and R. conorii. Capable of
attracting inflammatory cells to the foci of infection and fine-tuning immune responses via
regulation of others, such mediators include, but are likely not limited to, IL-1a (but not
IL-1p), IL-8, and MCP-1 [6,7,9,10]. Of note, certain inflammatory chemokines known to
specifically target activated T cells through CXCR3 receptor, namely CXCL9 (Mig) and
CXCL10 (IP-10), were expressed in the brain, liver, and lungs of infected mice, but were not
detectable in mouse endothelial cells infected in vitro with R. conorii[24]. Similarly,
fractalkine (CXCL1) is expressed in all of the investigated organ systems in the mouse
model of RMSF [43], but the status of its production by infected endothelium remains to be
determined. The present study indicates increased circulating levels of KC and MCP-1 in the
blood of mice infected with R. conorii. While it is apparent from the presented data that
serum concentrations of chemokines reflect the onset and severity of disease, it remains to
be determined whether or not they are also useful indicators of recovery from the infection.
Although correlation between in vitro and in vivo findings would implicate endothelial cells
as the major source of these potent chemoattractants for macrophages and neutrophils
[6,9,10], the possibility of contributions from other host cells that may be infected in vivo
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can’t be completely ruled out. Despite this caveat, our results are in agreement with a recent
comparative analysis of patients suffering from MSF and African tick bite fever (ATBF) due
to R. africae, attributing higher degree of inflammation during MSF to markedly elevated
IL-8 and soluble adhesion molecules, when compared with either negligible or only a
modest increase during relatively milder ATBF [44].

Although multiple lines of evidence point towards a protective role for the potent anti-
oxidant a-LA against R. rickettsii-induced cellular damage by increasing the levels of thiols
and glutathione peroxidase and diminishing the peroxide content of ECs in vitro and in the
mouse model of RMSF used in the present study [20,45,46], we did not observe a significant
effect of a-LA on both the regulation of HO-1 and COX-2 and the chemokine levels during
infection. This supports the previous suggestion of complex interactions with the cellular
metabolic machinery, a component of which likely is differential regulation of anti-oxidant
enzyme systems. Instead, administration of NAC, which also possesses a strong anti-oxidant
activity, was able to further induce the hepatic HO-1 expression and suppress the levels of
circulating chemokines in R. conorii-infected mice. Such an effect is consistent with the
cytoprotective effects of NAC against rhinovirus-induced nuclear factor kB activation and
IL-8 secretion by respiratory epithelial cells in vitro [47], in a rat model of neurophilic lung
inflammation and chemoattractant expression in vivo [48], and clinically in patients with
sepsis [49]. Furthermore, as has been reported for the predominantly negative crosstalk
between HO-1 and COX-2 [14,37], inhibition of HO-1 by SnPPIX led to increased COX-2
expression in the liver and spleen. Selective down-regulation of only MCP-1 by SnPPIX is
also rather intriguing, the potential explanation for which may be that infection-induced
HO-1 may also play a cytoprotective role by inducing the synthesis of MCP-1. It is
important to consider that both HO-1 and MCP-1 have now been documented as oxidant
response mediators, the regulation of which during oxidative stress is also dependent on the
cell-type under investigation. Although the effects of COX-2-specific inhibition on serum
chemokines were not investigated in our study, administration of celecoxib to mice infected
with influenza virus had no significant affect on the levels of serum MCP-1 or KC [50],
indicating the likelihood of potential contributions from other, as yet unidentified,
mechanisms in the production of KC during R. conorii infection.

In conclusion, R. conorii infection of susceptible mice results in increased serum levels of
MCP-1 and KC; selective regulation of the expression of HO-1 and COX-2 in apparent
correlation with the target host tissue’s cellular environment and the propensity of infection;
and selective beneficial effects of antioxidants a-lipoic acid/N-acetylcysteine and HO
inhibitor (SnPP1X) on HO-1 and COX-2 expression in the liver and spleen and serum levels
of the chemokine MCP-1.
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Figurel.

Comparative evaluation of heme oxygenase-1 (HO-1) mRNA expression during in vivo R.
conorii infection. C3H/HeN mice infected with 2.25x103 (Low dose: LD), 2.25x104
(Median dose: MD), and 2.25x10° (High dose: HD) plaque forming units of R. conorii via
intravenous administration were sacrificed on day 4 and day 7 post-infection (with the
exception of animals infected with the high dose, which usually die prior to day 7) to collect
tissue samples in a preservative RNA later™ solution and storage at -20°C. RNA from the
liver, spleen, brain, and lung was isolated using Tri-reagent® protocol and subjected to
northern blotting with a murine HO-1-specific cDNA probe labeled using 32P-[aCTP]. The
blots were then stripped and probed with GAPDH to normalize for variations in sample
loading on different lanes. For the ease of comparison among experimental conditions, the
basal level of HO-1 expression in tissues from uninfected controls was assigned a value of 1.
Histograms represent the average values from a minimum of three independent
observations. Error bars represent standard error of the mean and * denotes significant
change (p<0.05) in comparison to the basal expression in controls. ND = not done.
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Figure2.

Comparative analysis of cyclooxygenase-2 (COX-2) mRNA expression during in vivo R.
conorii infection. C3H/HeN mice infected with 2.25x103 (Low dose: LD), 2.25x104
(Median dose: MD), and 2.25%10° (High dose: HD) plagque forming units of R. conorii via
intravenous inoculation were sacrificed on day 4 and day 7 post-infection (with the
exception of animals receiving high dose, which usually die prior to day 7) to collect tissue
samples in a preservative RNA later™ solution and storage at -20°C. RNA from the liver,
spleen, brain, and lung was isolated using Tri-reagent® protocol and subjected to northern
blotting with a murine COX-2-specific cDNA probe labeled using 32P-[a.CTP]. The blots
were then stripped and probed with GAPDH to normalize for variations in sample loading
on different lanes. For the ease of comparison among experimental conditions, the basal
level of COX-2 expression in tissues from uninfected controls was assigned a value of 1.
Histograms represent the average values from a minimum of three independent
observations. Error bars represent standard error of the mean and * denotes significant
change (p<0.05) in comparison to the basal expression in controls. ND = not done.
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Immunohistochemical analysis of HO-1, COX-2, and the presence of rickettsiae in the
hepatic tissue of mice. Liver sections from uninfected and R. conorii-infected mice were
subjected to staining using anti-HO-1, anti-COX-2, and anti-Rickettsia antibodies followed
by counterstaining with hematoxylin as described in Materials and Methods. Panels A, C,
and E show negative staining for R. conorii, HO-1, and COX-2 in the liver of an uninfected
mouse (control). Panels B, D, and F represent photomicrographs of liver sections obtained
on day 4 from a mouse infected with 2.25x10° plaque forming units of R. conorii. Intense
inflammatory infiltrates with positive staining for R. conorii (circled) were present in the
liver (Panel B). As shown in Panel D, expression of HO-1 in the endothelium lining of
hepatic sinusoids (indicated by arrows) and hepatocytes (arrowheads) was also clearly
evident, yet there was no evidence of positive staining with anti-COX2 antibody (Panel F).
Original magnification x200.
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Figure4.

Effect of anti-oxidant compounds a-lipoic acid (a-LA) and N-acetylcysteine (NAC), and
heme oxygenase inhibitor stannous protoporphyrin IX hydrochloride (SnPPIX) on the
expression of hepatic and splenic HO-1 and COX-2 during R. conorii infection. Mice
infected with 2.25x10% plaque forming units of R. conorii received the treatments or vehicle
controls as detailed in the Materials and Methods. RNA from the liver and spleen was
isolated using Tri-reagent® protocol and subjected to northern blotting with murine HO-1
and COX-2-specific cDNA probes labeled using 32P-[aCTP]. The blots were then stripped
and probed with GAPDH to normalize for any variations in sample loading on different
lanes. The data in the bar diagrams are presented as the mean £ SEM from three independent
animals and represent changes in relation to the uninfected controls, which were given a
value of 1. The symbol § signifies a statistically significant change in comparison to the
infected animals receiving no treatment (labeled as Rc).
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Figure5.

Serum levels of chemokines monocyte chemoattractant protein-1 (MCP-1) and keratinocyte-
derived cytokine (KC: functional homolog of IL-8) during R. conorii infection of susceptible
mice. C3H/HeN mice infected with 2.25x103 (Low dose: LD), 2.25x10* (Median dose:
MD), and 2.25x10° (High dose: HD) plaque forming units of R. conorii via intravenous
inoculation were sacrificed on day 2, day 4 and day 7 post-infection (with the exception of
high dose animals, which usually die prior to day 7) to collect serum samples that were kept
frozen at -20°C until ELISA measurements. The data in vertical bars (panels A and B) are
presented as the mean = SEM of absolute chemokine concentrations from at least three
independent observations for each experimental condition. The asterisk (*) denotes
significantly higher levels in comparison to the baseline controls. The effects of a-lipoic
acid (a-LA), N-acetylcysteine (NAC), and stannous protoporphyrin IX hydrochloride
(SnPPIX) on MCP-1 and KC levels are summarized in Panels C and D, respectively. Please
note that the values in horizontal bars represent fold-changes (mean + SEM of three separate
observations) in comparison to serum MCP-1 or KC levels in uninfected controls, which
were assigned a value of 1. The symbol 8 signifies statistically significant difference in
relation to the animals infected with R. conorii, but no treatment (labeled as Rc).
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