
Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2013, Article ID 217297, 9 pages
http://dx.doi.org/10.1155/2013/217297

Research Article
In Vivo TLR9 Inhibition Attenuates CpG-Induced
Myocardial Dysfunction

O. Boehm,1 P. Markowski,1 M. van der Giet,1 V. Gielen,1 A. Kokalova,1 C. Brill,1 A. Hoeft,1

G. Baumgarten,1 R. Meyer,2 and P. Knuefermann1

1 Department of Anesthesiology and Intensive Care Medicine, University Hospital Bonn, Sigmund-Freud-Straße 25,
53105 Bonn, Germany

2 Institute of Physiology II, University of Bonn, Nussallee 11, 53115 Bonn, Germany

Correspondence should be addressed to P. Knuefermann; pascal.knuefermann@ukb.uni-bonn.de

Received 27 December 2012; Accepted 11 March 2013

Academic Editor: Freek Zijlstra

Copyright © 2013 O. Boehm et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The involvement of toll-like receptor 9 (TLR9), a receptor for bacterial DNA, in septic cardiac depression has not been clarified in
vivo.Thus, the aim of the studywas to test possible TLR9 inhibitors (H154-thioate, IRS954-thioate, and chloroquine) for their ability
to protect the cardiovascular system in a murine model of CpG oligodeoxynucleotide- (ODN-) dependent systemic inflammation.
Sepsis was induced by i.p. application of the TLR9 agonist 1668-thioate in C57BL/6 wild type (WT) and TLR9-deficient (TLR9-D)
mice. Thirty minutes after stimulation TLR9 antagonists were applied i.v. Survival was monitored up to 18 h after stimulation. Car-
diac mRNA expression of inflammatory mediators was analyzed 2 h and 6 h after stimulation with 1668-thioate and hemodynamic
parameters were monitored at the later time point. Stimulation with 1668-thioate induced a severe sepsis-like state with significant
drop of body temperature and significantly increased mortality in WT animals. Additionally, there was a time-dependent increase
of inflammatory mediators in the heart accompanied by development of septic heart failure. These effects were not observed in
TLR9-Dmice. Inhibition of TLR9 by the suppressive ODNH154-thioate significantly ameliorated cardiac inflammation, preserved
cardiac function, and improved survival. This suppressive ODN was the most efficient inhibitor of the tested substances.

1. Introduction

During the course of sepsis pattern recognition receptors
(PRRs) of the innate immune system such as toll-like recep-
tors (TLRs) have been shown to play a decisive role in the
disease process [1]. Toll-like receptors bind pathogen asso-
ciated molecular patterns (PAMPs) originating from non-
self-sources as well as damage associated molecular patterns
(DAMPs) deriving from the host organism itself. In the
human organism eleven TLRs are expressed, among those
TLR4 the receptor for endotoxins has been described most
extensively [2]. However, in the last few years another
TLR has entered the focus of scientific interest: the recep-
tor for viral and bacterial DNA TLR9. Bacterial DNA is
characterized by unmethylated cytosine-phosphate-guanine
oligodesoxynucleotide (CpG motifs), which are much less
prevalent in mammalian DNA. CpG motifs bind specifically

to TLR9. This receptor has been found to be of pivotal
importance during polymicrobial sepsis [3, 4]. The reason
for its relevance may lie in the common appearance of CpG
motifs in all bacterial and viral DNA.Therefore, TLR9 can be
regarded as a central receptor for inflammatory response in
any kind of sepsis. Thus, TLR9 may be a promising target for
pharmacological immune modulation.

The heart is one of the vital organs adversely affected
in severe sepsis. Importantly, the presence of impaired car-
diovascular function in sepsis is associated with significantly
increasedmortality [5, 6]. Hence, any successful intervention
should aim to improve sepsis-dependent suppression of
cardiovascular function.

In vitro TLR9 signaling induced by the application of the
synthetic stimulatory oligonucleotide 1668-thioate suppres-
sed cardiac contractility via increased iNOS expression,
which could be antagonized by S-methylisothiourea (SMT).
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Figure 1: (a)–(c) In vitro evaluation of different doses of TLR9 inhibitors. RAW 264.7 macrophages were stimulated with feces of C57BL/6
WT mice simultaneously with different TLR9 inhibitors for 24 h and TNF-𝛼 protein content was monitored via ELISA (mean ± SEM; 𝑛 = 5;
∗

𝑃 < 0.05; ∗also indicates the significant group).

In addition, myocytes with TLR9-deficiency (TLR9-D)
proved to be insensitive to stimulationwith a synthetic substi-
tute for bacterial DNA [7]. Thus, pharmacological antago-
nism of TLR9 might protect the cardiovascular system from
the deleterious effects of bacterial DNA. Dilatation of blood
vessels exposed to polymicrobial stimuli can be prevented
by the synthetic ODN (H154-thioate) inhibiting TLR9 [3].
However, the in vivo effect of TLR9 antagonism on the heart
has not yet been investigated.

Therefore, we wondered whether application of a syn-
thetic oligodesoxynucleotide (1668-thioate) would be suffi-
cient to depress cardiac function in vivo. With respect to
the importance of effective inhibition of TLR signaling in
sepsis, the aim of the present study was to test different TLR9
inhibitors (H154-thioate, IRS954-thioate, and chloroquine)
for their effectiveness in protecting the cardiovascular system
during systemic inflammation. In order to distinguish TLR9
signaling from other inflammatory pathways the specific
TLR9 ligand 1668-thioate was chosen as stimulus.

2. Material and Methods

2.1. Animals. Ten-to-twelve-week-old male C57BL/6 mice
were purchased from Charles River, Sulzfeld/Germany. The
body weight varied from 20 to 25 g. TLR9-deficient mice
(TLR9-D; backcrossed on C57BL/6 background) were kindly
provided by Professor Shizuo Akira (Department of Host

Defense, Research Institute for Microbial Diseases, Osaka
University, Japan). All animal studies were approved by the
State Office for Nature, Environment and Consumer Affairs
(Landesamt für Natur, Umwelt und Verbraucherschutz) of
North-Rhine Westphalia (Recklinghausen, Germany) and
conformed to the guidelines for animal experimentation of
the National Institute of Health (NIH Publication No. 85-
23, revised 1996). For analgesia, buprenorphine was admin-
istered (0.1mg/kg subcutaneously).

2.2. Dose Finding of TLR9 Antagonists. In a pilot study
culturedmacrophages of the line RAW264.7 were stimulated
with heat-inactivated feces of C57BL/6 mice for 24 h (con-
centration 106 bacteria/mL). Thereafter, TNF-𝛼 protein was
measured by ELISA in the supernatant of the cell culture.
Stimulation led to a 30-fold increase of TNF-𝛼 protein
compared with control (Figures 1(a)–1(c)). This increase was
used to test the suppressive effect of the TLR9 inhibitors
H154-thioate, IRS954-thioate, and chloroquine [8–10]. H154-
thioate was applied simultaneously with the polymicrobial
stimulus in three different concentrations (50mg/L, 25mg/L,
and 0.5mg/L). All applied concentrations of H154 were able
to reduce the TNF-𝛼 protein significantly in a concentration-
dependent manner (Figure 1(a)). Comparable experiments
were performed with IRS954-thioate and chloroquine (Fig-
ures 1(b) and 1(c)). The effect of IRS954-thioate was less
pronounced than that of H154-thioate. The lowest effective
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concentration for IRS954-thioate was 5mg/L. Chloroquine
was applied in four different concentrations (2.5, 10, 50, and
100mg/L); the lowest effective concentration was 10mg/L. In
order to ensure efficaciousness of the antagonists a single dose
of 8mg/kg BW of H154- and IRS954-thioate and 10mg/kg of
chloroquine was applied i.v. to the animals.

2.3. 1668-Thioate Stimulation and Extraction of Tissue
Samples. All animals were initially treated with D-Galacto-
samineN (D-GalN; 1 g/kg BW, Roth, Karlsruhe, Germany).
NaCl 0.9% was added to attain an equal volume of 250 𝜇L.
Both were injected intraperitoneally (i.p.). D-Galactos-
amineN was applied to slow down the hepatic degradation
of CpG-ODNs [11, 12]. In control experiments D-GalN
alone did not induce an inflammatory response [13]. In
order to induce a systemic inflammation thirty minutes
later all mice were injected i.p. with 1668-thioate (5󸀠-
TCCATGACGTTCCTGATGCT; TibMolBiol, Berlin,
Germany; 2 nmol/g BW = 12.1mg/kg BW) in a total volume
of 400𝜇L PBS or with the same amount of PBS [14].
Another 30 minutes later the mice received intravenous
(i.v) treatment with one of four agents: (1) a control ODN
(1612-thioate; 5󸀠-GCTAGATGTTAGCGT-3󸀠; TibMolBiol,
Berlin, Germany; 2 nmol/g BW = 9.3mg/kg BW), (2) with
H154-thioate (5󸀠-CCTCAAGCTTGAGGGG-3󸀠; TibMolBiol,
Berlin, Germany; 8mg/kg BW), (3) with IRS954-thioate
(5󸀠-TGCTCCTGGAGGGGTTGT-3󸀠; TibMolBiol, Berlin,
Germany; 8mg/kg BW), (4) with chloroquine (10mg/kg BW;
Bayer Vital GmbH, Leverkusen, Germany). All i.v. injections
had a volume of 200𝜇L. Tissue was collected 2 h and 6 h after
stimulation with 1668-thioate.

2.4. RNA-Extraction and TaqMan RT-qPCR. The mRNA
expression levels of TNF-𝛼, IL-6, and IL-1𝛽 were deter-
mined using TaqMan real-time quantitative PCR (RT-qPCR,
Applied Biosystems, Darmstadt, Germany). Upon excision
of the hearts total RNA was isolated (Trizol, Applied Biosys-
tems) and first-strand cDNAwas synthesized using theHigh-
Capacity cDNA transcription kit (Applied Biosystems) with
random hexameric primers according to the manufacturer’s
protocol. RT-qPCR was performed and analyzed with cDNA
(diluted 1 : 10) on anABI Prism 7900 SequenceDetection Sys-
tem and SDS2.2 Software (Applied Biosystems). Target gene
expression was normalized to an internal control (gly-
ceraldehyde-3-phosphate dehydrogenase, GAPDH). Rela-
tive RT-PCR was performed using TaqMan Gene expres-
sion Master Mix (part 4369016; Applied Biosystems) with
the following primers: GAPDH (Mm99999915 g1), TNF-
𝛼 (Mm00443258 m1), IL-1𝛽 (Mm99999061 g1), and IL-6
(Mm01210732 g1). All murine primers were measured using
FAM TAMRA chemistry and the relative standard curve
method. At the end of RT-qPCR cycle dissociation curve ana-
lysis was performed to ascertain the amplification of a single
PCR product.

2.5. Cardiac Pressure-Volume Measurements. Six hours after
stimulation with 1668-thioate hemodynamic parameters
which included left ventricular systolic pressure (LVSP),
stroke volume (SV), left ventricular end-diastolic pressure

(LVEDP), cardiac output (CO), and contractility indices
(dP/dtmax and dP/dtmin) were recorded using a pressure-
volume catheter according to the manufacturer’s manual
(Millar Instruments, Houston TX). All recordings were
conducted under general anesthesia with isoflurane (1 vol%).
Additionally, body temperature was monitored in represen-
tative mice using a rectal probe (Figure 2(a)). For detailed
descriptions see [13, 15].

2.6. Statistical Analysis. Statistical analysis was performed
with GraphPad Prism 5.02 (GraphPad Software Inc., San
Diego, USA). Significance testing included one-way ANOVA
followed by Newman-Keuls post hoc analysis. Comparative
analysis of survival was performed using the Kaplan-Meier
method. Statistical significancewas determinedusing the log-
rank test. Differences were considered significant at 𝑃 < 0.05.
Data are reported as means and standard error of the mean
(SEM).

3. Results

Clinical appearance as well as body temperature was investi-
gated in WT and TLR9-D mice up to 18 h after 1668-thioate
stimulation. In addition, survival wasmonitored in all groups
of stimulated WT mice. After only 2 h WT mice started to
display sepsis-like symptoms such as ruffled fur, food refusal,
and limited ability to respond to external stimuli. In the
following four hours sepsis-like symptomsworsened. Neither
the specific TLR9 antagonist IRS954 nor the unspecific TLR9
inhibitor chloroquine improved the clinical appearance of
WT mice stimulated with 1668-thioate in vivo. However,
the application of H154-thioate improved clinical behavioral
patterns obviously: none of the mice in this group showed
external signs of systemic inflammation. In accordance with
this TLR9-Dmice also did not exhibit any clinical symptoms.

Six hours after 1668-thioate stimulation body tempera-
ture in both WT and TLR9-D mice significantly decreased;
however, body temperature in TLR9-D mice remained
above that of WT mice (Figure 2(a)). Interestingly, WT
mice cotreated with H154-thioate presented nearly the same
temperature as TLR9-D mice (Figure 2(a)). These findings
concur with the observation that all WT animals treated with
1668-thioate were dead shortly after 6 hours. Comparable
mortality was observed in animals treated with 1668-plus
1612-thioate. In contrast, the use of any of the three TLR9
antagonists prolonged survival. H154-thioate proved to be
the most effective substance improving survival by 40%
(Figure 2(b)). Furthermore, all TLR9-D animals survived
longer than 18 hours after 1668-thioate application (data not
included in Figure 2(b)).

Two hours and six hours after 1668-thioate stimulation
mediators of inflammation (TNF-𝛼, IL-1𝛽, IL-6) were mon-
itored in cardiac tissue (Figures 3(a)–3(f)). In WT animals,
1668-thioate challenge resulted in a significant upregulation
of all three proinflammatory cytokines at both time points
with maximal expression at 2 h (Figures 3(a), 3(c), and 3(e)).
The additional application of the control oligonucleotide
1612-thioate led to a further increase in IL-1𝛽 and IL-6mRNA
expression at 2 h (Figures 3(c) and 3(e)). Four hours later, all
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Figure 2: (a) Body temperature ofWT- and TLR9-Dmice 6 h after stimulationwith the TLR9 agonist 1668-thioate.TheTLR9 inhibitorH154-
thioate was administered 30min after stimulation. PBS application served as control. Bars of TLR9-D are striated (mean ± SEM; 𝑛 = 8/group,
∗

𝑃 < 0.05; ∗also indicates the significant group). (b) Survival over time ofWTmice after stimulationwith the TLR9 agonist 1668-thioate alone
or in combination with the control ODN 1612-thioate or the TLR9 inhibitors H154- and IRS954-thioate as well as chloroquine. Inhibitors were
injected i.v. 30min after stimulation. PBS application served as control (𝑛 = 6/group).

three cytokines had decreased by at least 40% (Figures 3(b),
3(d), and 3(f)). The application of H154-thioate diminished
the 1668-thioate-dependent cytokine increase of all three
mediators 2 h after stimulation. After 6 h this suppression
was no longer detectable in neither TNF-𝛼 nor Il-1𝛽 (Figures
3(b) and 3(d)). Neither IRS954-thioate nor chloroquine
suppressed cardiac TNF-𝛼 or Il-1𝛽 mRNA expression at
any time point (Figures 3(a)–3(d)). However, there was a
significant downregulation of cardiac IL-6 mRNA expres-
sion in the 1668-thioate + IRS954-thioate group 2 h after
stimulation (Figure 3(e)). Chloroquine application induced
a biphasic response of IL-6, enhancing its expression at
2 h and diminishing it at 6 h (Figures 3(e) and 3(f)). In
cardiac tissue of TLR9-D animals, application of 1668-thioate
did not influence the mRNA expression of the investigated
mediators. In clinical symptoms and survival as well as in
cytokine mRNA expression H154-thioate proved to be the
most potent inhibitor of TLR9 signaling. Therefore only this
TLR9 antagonist was tested with respect to cardiac function.

Parameters of cardiovascular performance monitored
with a pressure-volume catheter in WT as well as in TLR9-D
mice 6 h after stimulation with 1668-thioate are given in Fig-
ures 4(a)–4(f).There was a significant impairment of all mea-
sured functional parameters in stimulated WT mice com-
pared to PBS controls. In agreement with cytokine mRNA
expression, additional application of H154-thioate signi-
ficantly improved LV function compared tomice treated with
1668-thioate + PBS. In detail, heart rate (HR; data not shown),
left ventricular systolic pressure (LVSP), stroke volume (SV),
cardiac output (CO), end-diastolic volume (EDV), velocity

of pressure increase (dP/dtmax), and velocity of pressure
decrease (dP/dtmin) were improved by H154-thioate in com-
parison to 1668-thioate + PBS (Figures 4(a)–4(f)). Deficiency
for TLR9 entirely prevented any deterioration of cardiac func-
tion (Figures 4(a)–4(f)).

4. Discussion

This study aimed to extend the in vitro finding that TLR9
stimulation decreases cardiomyocyte contractility to the in
vivo setting [7]. To our knowledge the present results are
first to formally demonstrate that specific TLR9 stimulation
with 1668-thioate lowers hemodynamic parameters in vivo
in a murine model of systemic inflammation. The second
attempt of the present investigation was to test possible TLR9
inhibitors (H154-thioate, IRS954-thioate, and chloroquine)
for their cardioprotective properties. The three tested inhi-
bitors exhibited differential potencies; that is, H154-thioate
proved to be the most effective substance.

1668-thioate has been applied in various experimental
settings for the induction of a TLR9-dependent systemic
inflammation as well as organ dysfunction [7, 11, 14, 16, 17].
The effect of TLR9-dependent systemic inflammation as well
as organ dysfunction seems to be dose dependent as a low
concentration (0.25 nmol/g) can serve as a mild stimulus for
cardiac preconditioning [13], whereas higher concentrations
in the range from0.5 to 1 nmol/g induce sepsis-like inflamma-
tion [7, 17]. In order to warrant clear changes in cardiac func-
tion the formerly applied dose of 1 nmol/g was doubled to
2 nmol/g BW in the current study. This challenge resulted in
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Figure 3: (a)–(f) RT-qPCR of mRNA expression of proinflammatory cytokines TNF-𝛼, IL-1𝛽, and IL-6 in the hearts of WT and TLR9-D
mice measured 2 and 6 h after application of 1668-thioate.The control ODN 1612-thioate or the TLR9 inhibitors H154- and IRS954-thioate as
well as chloroquine were injected 30 min after stimulation. PBS application served as control, and TLR9-D animals (last bar) were stimulated
with 1668-thioate + PBS as negative control (mean ± SEM; 𝑛 = 8/group, ∗𝑃 < 0.05; ∗also indicates the significant group).

serious inflammation as well as in drastic myocardial depres-
sion. Furthermore, the relatively high dose of 1668-thioate
applied here seemed to be meaningful with respect to testing
antagonizing strategies.

Thirty minutes after 1668-thioate stimulation mice re-
ceived i.v. treatment either with a control ODN (1612-thioate)
or with one of the three inhibitors. The rationale for the i.v.
application of the antagonists was to avoid a possible direct
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Figure 4: (a)–(f) Hemodynamic parameters, (a) left ventricular systolic pressure (LVSP), (b) stroke volume (SV), (c) end-diastolic volume
(EDV), (d) cardiac output (CO), (e) velocity of pressure increase (dP/dtmax), and (f) velocity of pressure decrease (dP/dtmin) monitored with
a pressure-volume catheter 6 h after stimulation with the TLR9 agonist 1668-thioate. Bars of TLR9-D are striated (mean ± SEM; 𝑛 = 8/group,
∗

𝑃 < 0.05; ∗also indicates the significant group).

interaction between stimulating and inhibitory substances
in the peritoneal cavity. Furthermore, the delayed injection
of the antagonists intravenously mimics best the clinical
situation.

Specific TLR9 stimulation led to a time-dependent upreg-
ulation of cardiac TNF-𝛼, IL-1𝛽, and IL-6 mRNA expression

with a peak 2 h after stimulation and a reduced level 4 h later.
This time course as well as the TLR9-dependent cytokine
induction confirms earlier findings of our group [7]. An
interesting new aspect is that costimulation with 1612-thioate
increased the expression of all three pro-inflammatory medi-
ators at 2 h, reaching significance in the case of IL-1𝛽 and
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IL-6 mRNA. It has been shown that application of 1612-
thioate alone failed to induce cytokine expression [7]. How-
ever, prestimulation with 1668-thioate may sensitize the
organism to succeeding stimuli in a way that originally
inert substances (1612-thioate) are able to act as second hits,
thereby further increasing the inflammatory response. A
possible explanation for the enhancedmediator responsemay
lie in the weak immune stimulatory properties of the charged
phosphorothioate backbone of 1612-thioate [18].

H154-thioate was the sole antagonist, which significantly
depressed the upregulation of the three tested cytokines
2 h after stimulation with 1668-thioate. In contrast, IRS954-
thioate reduced upregulation of IL-6 mRNA only. Chloro-
quine failed to develop any protective influence at this time
point, but even enhanced the expression of IL-6 (Figures
3(a), 3(c), and 3(e)). Four hours later, the expression of the
three cytokines had fallen to at least 60%, which was still
significantly above the PBS and TLR9-D controls. Also in
the groups with additional application of antagonists the
absolute levels of cytokine expression had fallen. Significant
antagonistic effects appeared only for the combinations of IL-
6 and H154-thioate as well as IL-6 and chloroquine (Figures
3(b), 3(d), and 3(f)). Taken together, H154-thioate had the
strongest effect of the three inhibitors.

TLR9 is found in the endosomal compartment. Ligands
applied from the extracellular space have to be internalized
and transported to the endosomal compartment. Chloro-
quine has been shown to disrupt this vesicle trafficking and
acidification, which can explain the inhibition of the innate
immune response [19]. These data were mainly derived from
in vitro experiments. However, there are reports that chloro-
quine is also effective in vivo [8, 20]. In amodel of polymicro-
bial sepsis, chloroquine improved survival and reduced renal
injury as well as systemic inflammation [20]. With respect to
survival these findings appear to contradict ours. However,
there are differences between themodel in this study and that
of Yasuda et al. [20]. We applied a specific TLR9 stimulus
in a concentration high enough to induce a drastic systemic
inflammation causing death of 100% of the animals shortly
after 6 h, whereas Yasuda et al. applied cecal ligation and
puncture (CLP) with a mortality of 50% after more than 48 h;
that is, the CLP-dependent inflammation was less severe than
the one in the present study. In addition to the inhibition
of vesicle trafficking, it has been proposed that chloroquine
decreases TLR9 protein. Thus, TLR9 signaling itself may be
a major target for the protective actions of chloroquine [8].
This downregulation of TLR9 protein was detected 18 h after
application of chloroquine [20]; this mechanism is possibly
too slow to develop a beneficial influence in our model. In
another attempt, Hong et al. demonstrated that chloroquine
at a dose of 30mg/kg BW could protect mice from lethal
challenge by 1668-thioate, whereas chloroquine at a dose
of 25mg/kg BW could decrease serum TNF-𝛼 and IL-6
in rats injected with sublethal doses of CpG-ODN [8]. In
our hands, preliminary tests of a high chloroquine dose of
30mg/kg BW caused a 100% mortality immediately after i.v.
injection (data not shown).We therefore stayedwith a dose of
10mg/kg BW as explained in Material and Methods section.
This divergence in chloroquine sensitivity may be attributed

to differences in mouse strains (BALB/C versus C57BL/6N
mice) [8]. Taken together, in our model of CpG-induced sep-
sis the protective abilities of chloroquine could not be con-
firmed.

Synthetic oligonucleotides containing inhibitory proper-
ties such as H154-thioate and IRS954-thioate are frequently
used in experimental studies to suppress TLR signaling [21,
22]. Several mechanisms of action seem to contribute to
the suppressive activity. Pisetsky’s group described synthetic
oligonucleotides containing poly-G sequences, which block
bacterial DNA-induced activation [23, 24]. The inhibition is
seen at relatively high micromolar concentrations. Further-
more, it has been suggested that suppressive ODNs interfere
with the phosphorylation of signal transducer and activator
of transcriptions 1 and 4 (STAT1 and STAT4, resp.), thereby
blocking inflammation mediated by STAT-associated signal-
ing cascades [25]. This interaction may be highly specific
because suppressive ODNs do not bind to other molecules in
the NF𝜅B and MAPK regulatory cascade, and control ODNs
do not bind to STAT1 or STAT4 [25, 26]. Furthermore, in
vitro studies have demonstrated that inhibitory ODNs pre-
ferentially bind to the C-terminal of TLR9, competing for
CpG-ODNbinding [27].With respect to the structural details
of inhibitory ODNs, Ashman et al. demonstrated in vitro that
a specific motif (CCx(not-C)(not-C)xxGGG (x = any base))
provides the sequences required to block TLR9 in human B
cells and HEK cells transfected with human TLR9. Extending
the sequence by four to five bases at the 5󸀠 end enhanced
activity, even more so when a phosphorothioate backbone
replaced the native phosphodiester backbone [28] (for fur-
ther details, see [25, 26]). In addition to themolecular compo-
sition of an inhibitory ODN also the targeted cell type has
been shown to influence the inhibitory potency of the respec-
tive ODN; that is, some inhibitory sequences that function
well in macrophages have been shown to be inefficient in B
cells [29]. Taken together, the workings ofmolecular blocking
mechanisms of inhibiting ODN have not yet been unraveled;
differences in the potency of H154-thioate and IRS954-thio-
ate up to now cannot be attributed to their molecular struc-
ture.

Contractile activity of cardiomyocytes in vitro is
depressed by 1668-thioate stimulation [7]. In vitro findings
are generated in a highly controlled environment, which is
not the case in living organisms. Therefore, transfer from in
vitro to in vivo cannot be assumed to be self-evident. Thus,
the presented cardiodepressive effect of 1668-thioate stimu-
lation in vivo enhances our knowledge of the understanding
of TLR9 stimulation. This is further supported by the total
insensitivity of TLR9-D mice to this stimulation. To our
knowledge, this study is the first demonstration that speci-
fic TLR9 stimulation with 1668-thioate lowers hemodynamic
parameters in vivo in a murine model of systemic inflam-
mation. In our experimental setting H154-thioate proved to
be the strongest inhibitor of all tested substances. Therefore,
analyses of hemodynamic parameters were only performed
with this inhibitor. There was a significant impairment of
all measured functional parameters in stimulated WT mice
compared to PBS controls. In agreement with cytokine
mRNA expression, additional application of H154-thioate



8 Mediators of Inflammation

significantly improved LV function when compared to mice
treated with 1668-thioate + PBS. Specifically, heart rate, left
ventricular systolic pressure, stroke volume, cardiac output,
end-diastolic volume, velocity of pressure increase, and
velocity of pressure decrease were improved by H154-thioate
in comparison to 1668-thioate + PBS (Figures 4(a)–4(f)).
Deficiency for TLR9 entirely prevented any deterioration of
cardiac function (Figures 4(a)–4(f)). Our finding that H154-
thioate protected the heart against TLR9-stimulation com-
plements the earlier observation that H154-thioate prevented
TLR9-dependent vascular relaxation [3]. In fact, preserved
vascular resistance may contribute to improved hemody-
namic performance found here.

The importance of TLR9 signaling in polymicrobial infec-
tion has already been shown by others and by our group
[3, 4]. A possible reason for this may lie in the ability of
TLR9 to bind the DNA of Gram-positive as well as Gram-
negative bacteria and thus to react to a broad range of sti-
muli [3, 30, 31]. The incidence of polymicrobial infections is
relatively high in clinically severe sepsis [32]. Therefore, the
strategy of specific TLR4-blocking may be inferior to that
of TLR9-blocking. This may have contributed to the disap-
pointing results of the application of Eritoran (E5564), a
TLR4 antagonist, evaluated in the ACCESS (A Controlled
Comparison of Eritoran and Placebo in Patients with Severe
Sepsis) trial, a global, randomized, double-blind, placebo-
controlled Phase III study [33].

Taken together, here we show that systemic TLR9 stim-
ulation is able to depress cardiac function in vivo and that
a pharmacological intervention is possible and may be a
promising strategy for human clinical trials in future.
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