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Background. Toll-like receptors (TLRs) play a role in the pathophysiology of sepsis and multiple organ
failure. This study examined the effect of CpG oligodeoxynucleotide (CpG-ODN), the TLR9 ligand, on polymicro-
bial sepsis—induced cardiac dysfunction.

Methods. Male C57BL/6 mice were treated with CpG-ODN, control CpG-ODN (control-ODN), or inhibitory
CpG-ODN (iCpG-ODN) 1 hour prior to cecal ligation and puncture (CLP)-induced sepsis. Mice that underwent sham
surgery served as sham controls. Cardiac function was examined by echocardiography before and 6 hours after CLP.

Results. Cardiac function was significantly decreased 6 hours after CLP. CpG-ODN prevented CLP-induced
cardiac dysfunction, as evidenced by maintenance of the ejection fraction and fractional shortening. Control-ODN or
iCpG-ODN did not alter CLP-induced cardiac dysfunction. CpG-ODN significantly attenuated CLP-induced myo-
cardial apoptosis and increased myocardial Akt and extracellular-signal-related kinase (ERK) phosphorylation levels
following CLP. In vitro experiments demonstrated that CpG-ODN promotes an association between TLR9 and Ras,
resulting in Akt and ERK phosphorylation. Inhibition of phosphoinositide 3-kinase (PI3K) by Ly294002 or inhibition
of ERK by U0126 in vivo abolished CpG-ODN attenuation of CLP-induced cardiac dysfunction.

Conclusions. CpG-ODN prevents CLP-induced cardiac dysfunction, in part through activation of PI3K/Akt and
ERK signaling. Modulation of TLR9 could be an effective approach for treatment of cardiovascular dysfunction in
patients with sepsis or septic shock.
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Sepsis is the most important cause of morbidity and
mortality in intensive care units (ICUs), and cardio-
vascular dysfunction contributes to the high morbidity
and mortality of this condition [1, 2]. Approximately
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60% of patients admitted to the ICU have cardiac dys-
function, with an associated mortality rate of 70%-
90%, compared with 20% among septic patients
without cardiovascular dysfunction [2, 3].

The innate immune and inflammatory responses
mediated by Toll-like receptors (TLRs) [4] are in-
volved in the pathophysiology of sepsis and multiple
organ failure [1]. TLRs recognize pathogen-associated
molecular patterns [4] and predominately activate
nuclear factor «x-light-chain-enhancer of activated B
cells (NF-xB), which controls the expression of in-
flammatory cytokine genes [4]. TLR2 and TLR4,
which are expressed on the cell surface, have been
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implicated in cardiac dysfunction in sepsis [5-7]. TLRY is
located intracellularly in endosomes and recognizes unmethy-
lated CpG-DNA from bacteria and viruses, as well as endogenous
DNA [8, 9]. Synthetic CpG oligodeoxynucleotide (CpG-ODN)
activates TLR9-mediated signaling [8, 10]. Rice et al showed
that treatment of rats with CpG-ODN reduced mortality due
to polymicrobial sepsis [11]. Weighardt et al reported that
challenging mice with CpG-ODN substantially increased the
resistance against acute polymicrobial sepsis [12]. Mathur et al
showed that pretreatment of mice with CpG-C class 24 hours
prior to endotoxin challenge improved the ejection fraction 6
hours after LPS stimulation [13]. However, the effect of CpG-
ODN on cardiac function in polymicrobial sepsis has not
been investigated.

Activation of the phosphoinositide 3-kinase (PI3K)/Akt sig-
naling pathway has been shown to attenuate cardiac dysfunc-
tion [6] and increase survival in polymicrobial sepsis [14].
Recent studies have identified cross talk between the PI3K/Akt
pathway and TLR signaling [15-17]. Activation of the PI3K/
Akt signaling pathway may serve as a negative feedback regu-
lator for TLR-mediated innate immune inflammatory respons-
es [14, 16, 18, 19]. However, the effect of CpG-ODN on the
activation of PI3K/Akt signaling in cardiac function during
polymicrobial sepsis has not been studied.

ERK1/2 are related protein-serine/threonine kinases that
participate in the Ras-Raf-MEK-ERK signal transduction
cascade [20]. Activated ERK plays a protective role in cardiac
ischemic injury [21]. However, the role of ERK in sepsis is not
clear. Zhang et al [22] reported that lipopolysaccharide (LPS)
activates mitogen-activated protein kinase phosphatase 1,
which attenuates ERK1/2 and p38 activation, inhibits myocar-
dial tumor necrosis factor o (TNF-o) production, and im-
proves cardiac function in endotoxemia. Kim et al [23]
reported that myrrh, a widely used antibacterial and antiin-
flammatory agent, attenuated CLP-induced liver damage and
inhibited LPS-induced production of inflammatory mediators,
through inhibition of c-Jun N-terminal kinase (JNK) but not
ERK and p38 activation [23]. CpG-ODN increased ERK activ-
ity [24, 25]. However, the role of ERK activation induced by
CpG-ODN in cardiac function during polymicrobial sepsis
has not been examined.

In the present study, we examined the effect of CpG-ODN
on polymicrobial sepsis—induced cardiac dysfunction. We ob-
served that CpG-ODN significantly attenuated cardiac dys-
function during polymicrobial sepsis. The mechanisms involve
activation of both PI3K/Akt and ERK signaling.

METHODS

Experimental Animals
Male C57BL/6 mice were obtained from Jackson Laboratory
(Indianapolis, IN).The mice were maintained in the Division

of Laboratory Animal Resources at East Tennessee State Uni-
versity. The experiments outlined in this study conform
to National Institutes of Health guidelines for animal experi-
mentation [25a]. All aspects of the animal care and experi-
mental protocols were approved by the East Tennessee State
University Committee on Animal Care.

Cecal Ligation and Puncture (CLP) Polymicrobial Sepsis

Model

Cecal ligation and puncture was performed to induce sepsis in
mice as described previously [5, 6, 14, 26]. Briefly, after the
mice were anesthetized by 5.0% isoflurane, a midline incision
was made on the anterior abdomen, and the cecum was
exposed and ligated with a size 2-0 suture. Two punctures
were made through the cecum with an 18-gauge needle, and
feces were extruded from the holes. The abdomen was then
closed in 2 layers. Sham surgery served as the sham control.
Immediately following surgery, a single dose of resuscitative
fluid (lactated Ringer solution; 50 mL per kg of body weight)
was administered by subcutaneous injection.

Echocardiography

Echocardiography was performed as described previously [6, 26].
M-mode tracings were used to measure the left ventricular (LV)
end-systolic diameter and the LV end-diastolic diameter. The
fractional shortening index and ejection fraction were calculated
as described previously [6, 26].

Experimental Design

To examine the effect of CpG-ODN on cardiac function
during sepsis, mice were treated with CpG-ODN (10 pg per
30 g of body weight), control CpG-ODN (control-ODN; 10 g
per 30 g of body weight), or inhibitory CpG-ODN (iCpG-
ODN; 100 pg per 30 g of body weight) by intraperitoneal in-
jection 1 hour prior to CLP (n=6/group). Untreated mice
served as a CLP control (n=6). Mice that underwent sham
surgery served as sham controls (n = 6/group). Cardiac func-
tion was measured by echocardiography before and 6 hours
after CLP [6, 26]. The dose of CpG-ODN was selected on the
basis of our previous study [27], which showed that adminis-
tration of CpG-ODN at 10 ug per 30 g of body weight also sig-
nificantly improved cardiac function in mice that underwent
traumatic hemorrhagic shock. The CpG-ODN (CpG-ODN
1826), control-ODN (control-ODN 1826), and iCpG-ODN
(iCpG-ODN 2088) were purchased from InvivoGen (San
Diego, CA).

To evaluate the role of the PI3K/Akt and ERK signaling
pathways in CpG-ODN-induced cardioprotection, the PI3K-
specific inhibitor, LY 294002 (LY; 1 mg per 25 g of body
weight) [6] and the ERK inhibitor (U0126; 300 pg per 30 g of
body weight) were administered to mice 15 minutes prior to
CpG-ODN administration (n = 6/group). Cardiac function was
measured by echocardiography before and 6 hours after CLP.
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In Vitro Experiments

H9C2 rat cardiomyoblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium as described previously [18, 28]. The cells
were treated with CpG-ODN at a final concentration of
0.3 uM for 0, 5, 15, 30, and 60 minutes, with 4 replicates at
each time point. Control-ODN was used at the same dose.
The cells were harvested, and cellular proteins were isolated.
The levels of phosphorylated Akt (p-Akt) and p-ERK were
examined by Western blot. The association between Ras and
TLR9 was examined by immunoprecipitation, followed by
immunoblotting.

Immunoprecipitation

Approximately 800 pg of cellular protein was immunoprecipi-
tated with 2 pg of antibody against Ras (Upstate Biotechnol-
ogy) for 1 hour at 4°C on a rotator, followed by addition of
20 pL of protein A/G-agarose beads (Santa Cruz), as described
previously [18, 28]. The immunoprecipitates were washed 3
times in the lysis washing buffer, suspended in 25 puL of
loading buffer, and boiled for 5 minutes before the immuno-
precipitates were subjected to immunoblotting.

Western Blotting

Western blots were performed as described previously [5, 6, 14, 26].
The membranes were incubated with appropriate primary anti-
body, including anti-Fas (CD95), anti-FasL, anti-TLR9, (Santa
Cruz Biotech, Santa Cruz, CA), anti-phospho-Akt, anti-Akt,
anti-phospho-ERK, and anti-ERK (Cell Signaling Technology,
Danvers, MA), followed by incubation with peroxidase-conjugated
second antibodies (Cell Signaling Technology) and examination
with the ECL system (Amersham Pharmacia, Piscataway, NJ). The
signals were quantified using a G: Box gel imaging system
(Syngene, Fredrick, MD).

In Situ Apoptosis Assay

Cardiac myocyte apoptosis was examined by the TUNEL
assay (Roche Applied Science, Indianapolis, IN) in the heart
sections, according to the instructions provided by the manu-
facturer, as described previously [6, 14, 26]. Three slides from
each block were evaluated for the percentage of cells that were
apoptotic. Four fields of each slide were randomly examined
using a defined rectangular field area with a magnification of
40x.

Caspase Activity

Caspase-3/7 and -8 activities in heart tissues were measured
using a Caspase-Glo assay kit (Promega) according to the
manufacturer’s protocol.

Statistics
All other data were expressed as mean * standard error of the
mean. Comparisons of data between groups were made using

1-way analysis of variance, and the Tukey procedure for multi-
ple range tests was performed. P <.05 was considered to be
significant.

RESULTS

CpG-ODN Attenuated Cardiac Dysfunction in CLP-Induced
Sepsis

As shown in Table 1, cardiac function in untreated CLP mice
was markedly decreased, as evidenced by a 31.6% decrease in
the ejection fraction and a 40.3% decrease in the fractional
shortening index, respectively, compared with baseline. In
CpG-ODN-treated CLP mice, the ejection fraction and frac-
tional shortening index were significantly greater (by 35.7%
and 45.4%, respectively) than values for untreated CLP mice.
Cardiac output and stoke volume in CpG-ODN-treated mice
also significantly increased (by 1.3-fold and 1.1-fold, respec-
tively), compared with the untreated CLP group. Administra-
tion of either control-ODN or iCpG-ODN did not affect
CLP-induced cardiac dysfunction. There were no significant
differences in the parameters of cardiac function between
control-ODN, iCpG-ODN, and untreated CLP-mice.

CpG-ODN Attenuated CLP-Induced Cardiac Myocyte Apoptosis
Figure 1A shows that CLP significantly increased myocardial
apoptosis by 23.8-fold, caspase-3/7 by 30.2%, and caspase-8
by 45.8%, compared with sham control (Figure 1B). In con-
trast, CpG-ODN significantly attenuated CLP-increased myo-
cardial apoptosis and caspase-8/caspase-3/7 activities in the
myocardium. Neither control-ODN nor iCpG-ODN affected
CLP-induced increases in myocardial apoptosis.

CLP-Increased Fas and FasL Expression in the Myocardium
Was Prevented by CpG-ODN Administration

Fas/FasL-mediated apoptotic signaling plays a role in the
induction of apoptosis [29]. We examined the effect of CpG-
ODN on Fas/FasL-mediated apoptotic signaling in the myo-
cardium of CLP mice. Figure 1C shows that CLP-associated
sepsis markedly increased the levels of Fas (65.1%) and FasL
(30.4%), compared with sham control. CpG-ODN prevented
CLP-increased myocardial Fas and FasL levels. Neither
control-ODN nor iCpG-ODN altered CLP-increased Fas/FasL
levels in the myocardium.

CpG-ODN Increased Akt Phosphorylation in the Myocardium
Following CLP

Activation of the PI3K/AKkt signaling pathway has been reported
to protect against sepsis-induced cardiac dysfunction and myo-
cardial ischemic injury [6, 28]. Figure 2 shows that the levels
of phospho-Akt and phospho-GSK-38 in CLP mice were mark-
edly decreased (by 53.1% and 61.6%, respectively), com-
pared with sham control. In contrast, CpG-ODN significantly
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Figure 1. CpG oligodeoxynucleotide (CpG-ODN) attenuated cecal ligation and puncture (CLP}-induced myocardial apoptosis. Mice were treated with
CpG-0DN, control CpG-ODN (control-ODN), and inhibitory CpG-ODN (iCpG-ODN) by intraperitoneal injection 1 hour prior to CLP (n=6/group). Sham
surgery served as a sham control (n=6/group). Hearts were harvested, and cellular proteins were prepared. A, Myocardial apoptosis was examined by
the TUNEL assay. Red arrows indicate cardiac myocyte apoptosis. Quantitative data are shown at right. B, Caspase-3 and -8 activities in the myocardi-
um were measured by enzyme-linked immunosorbent assay kits. C, Fas and FasL levels in the myocardium were measured by Western blotting.
Representative blots are shown above in graphs. *P<.05. Abbreviation: RLU, relative light units.

still higher than in untreated CLP mice, suggesting that PI3K
inhibition partially abolished CpG-ODN-induced attenuation
of cardiac dysfunction in CLP mice. Figure 5A shows that
LY294002 significantly prevented CpG-ODN-increased levels
of phosphorylated Akt in the myocardium following CLP.

We also examined the role of activation of ERK in CpG-
ODN-attenuated cardiac dysfunction in CLP-septic mice.
Mice were treated with a selective inhibitor of ERK1/2, U0126,
15 minutes prior to CpG-ODN administration. Cardiac func-
tion was measured before and 6 hours after CLP. The ejection
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Figure 2. Cecal ligation and puncture (CLP) decreased the levels of
Akt and glycogen synthase kinase G B (GSK3p) phosphorylation was at-
tenuated by CpG oligodeoxynucleotide (CpG-ODN). Mice were treated
with CpG-0DN, control CpG-ODN (control-ODN), and inhibitory CpG-ODN
(iCpG-ODN) by intraperitoneal injection 1 hour prior to CLP (n = 6/group).
Sham surgery served as a sham control (n=6/group). Hearts were har-
vested, and cellular proteins were prepared. The levels of phosphoryla-
tion of Akt (p-Akt; A) and GSK-3B (p-GSK3B; B) were examined
by Western blotting. Representative blots are shown above the graph.
Abbreviations: S, Sham; C, CLP; C-ODN, Control-ODN; CpG, CpG-ODN;
iCpG, inhibitory CpG-ODN. *P< .05.

fraction and fractional shortening index of U0126 + CpG-
ODN-treated CLP mice were significantly reduced (by 18.7%
and by 25.6%), compared with CpG-ODN-treated CLP mice
(Table 1), indicating that ERK inhibition partially abolished
CpG-ODN-induced protection against CLP-induced cardiac
dysfunction. Figure 5B shows that U0126 prevented CpG-

Untreated Control-ODN CpG-ODN  iCpG-ODN
Sham CLP Sham CLP Sham CLP Sham CLP

p-ERK [z == = - Jp—
4= —8 X% % % %
1.0 [—]Sham
ICLP *

f *

o o o
* Q? ®

p-ERK/ERK
(integrated intensity)

o
i

Untreated  Control-ODN CpG-ODN iCpG-ODN

Figure 3. CpG oligodeoxynucleotide (CpG-ODN) increased the levels
of extracellular-signal-related kinase (ERK) phosphorylation in the myo-
cardium following cecal ligation and puncture (CLP). Mice were treated
with CpG-ODN, control CpG-ODN (control-ODN), and inhibitory CpG-ODN
(iCpG-ODN) by intraperitoneal injection 1 hour prior to CLP (n=6/group).
Sham surgery served as a sham control (n=6/group). Hearts were har-
vested, and cellular proteins were prepared. The levels of phosphorylated
ERK (p-ERK) were examined by Western blotting. Representative blots
are shown above in the graph. *P<.05.

ODN-increased ERK1/2 phosphorylation in the myocardium
following CLP.

DISCUSSION

The important finding in the present study is that the TLR9
ligand, CpG-ODN, significantly attenuated CLP-induced
cardiac dysfunction. CpG-ODN activated the PI3K/Akt and
ERK signaling pathways through a complex of TLR9 with Ras,
a small GPT-binding protein. Inhibition of either PI3K or
ERK significantly reduced the cardioprotection of CpG-ODN
in polymicrobial septic mice. The data indicate that modula-
tion of TLRY by its ligand, CpG-ODN, could be an effective
approach for treating patients with sepsis or septic shock.
Cardiovascular dysfunction is an early and fatal complica-
tion of sepsis and septic shock and contributes to the high
mortality rate among septic patients in the ICU [1, 2]. Rossi
et al reported that the foci of myocytolysis and cardiomyocyte
tumefaction were present in human heart tissues obtained
from long-term severe sepsis and septic shock [32] and in
murine hearts 24 hours after CLP [33]. In addition, there were
higher numbers of infiltrated macrophages and increased ex-
pression of TNF-a, as well as oxidative stress in the myocardi-
um after sepsis and septic shock [32, 33]. We have observed
infiltrated macrophages and neutrophils in heart tissues (data
not shown). It is possible that the innate immune and
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CpG oligodeoxynucleotide (CpG-ODN) increased both Akt and extracellular-signal-related kinase (ERK) phosphorylation and induced an

association between Ras and Toll-like receptor 9 (TLR9) in HIC2 cells. HIC2 cells were treated with CpG-ODN or control CpG-ODN (control-ODN) at
indicated times. Untreated cells served as a control. Cells were harvested, and cellular proteins were isolated for analysis of phosphorylated Akt (p-Akt;
A) and phosphorylated ERK (B; p-ERK) by Western blotting. Immunoprecipitation (IP) was performed with a specific anti-Ras antibody, followed by
immunoblotting (IB) with a specific anti-TLR9 antibody (). Representative blots are shown above in the graph. There were 4 replicates for each time

point. *P<.05.

inflammatory responses play a role in cardiac dysfunction
during early stage of sepsis and septic shock, while cardiac
structural changes contribute to cardiac dysfunction in the
later phase of sepsis and septic shock [34]. We have observed
that pretreatment of mice with CpG-ODN significantly atten-
uated CLP-induced cardiac dysfunction. CpG-ODN is a syn-
thetic ODN that is recognized by TLR9 [8, 10]. Rice et al [11]
and Weighardt et al [12] have reported that CpG-ODN in-
creased survival among rats and mice with acute polymicrobial
sepsis [11, 12]. Therefore, attenuation of cardiac dysfunction
could be an important mechanism by which CpG-ODN in-
creases survival during sepsis and septic shock [11].

Cardiac myocyte apoptosis plays an important role in cardiac
dysfunction during sepsis and septic shock [35]. The present

study showed that CpG-ODN attenuated CLP-associated in-
creases in myocardial apoptosis, suggesting that reduction in
myocardial apoptosis by CpG-ODN may be a mechanism re-
sponsible for the attenuation of cardiac dysfunction in CLP
mice. Several studies have shown that CpG-ODN decreased ap-
optosis in macrophages [36] and dendritic cells [37] by upregu-
lation of cellular inhibitor of apoptosis proteins, Bcl-2, and Bcl-
x [37]. We have observed that CpG-ODN prevented increased
levels of Fas and FasL in the myocardium after CLP. The data
indicate that CpG-ODN attenuation of CLP-associated in-
creases in myocardial apoptosis is mediated, in part, through
inhibition of the Fas-mediated apoptotic signaling pathway.
Consistently, CLP-associated increases in caspase-8 and
caspase-3 activities were markedly attenuated by CpG-ODN.
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Figure 5. Phosphoinositide 3-kinase (PI3K) or extracellular-signal-

related kinase (ERK) inhibition abrogated CpG oligodeoxynucleotide (CpG-
ODN}-induced attenuation of cardiac dysfunction in polymicrobial sepsis.
Mice were treated with the PI3K-specific inhibitor Ly294002 (LY) or the
ERK-specific inhibitor U0126 (U0) 15 minutes prior to CpG-ODN adminis-
tration. Cardiac function was measured by echocardiography before and
6 hours after cecal ligation and puncture. Hearts were harvested, and
cellular proteins were isolated for analysis of phosphorylation of Akt (p-
Akt; A) and phosphorylation of ERK (p-ERK; B) by Western blotting. Rep-
resentative blots are shown above in the graph. There were 6 mice in
each group. *P<.05. Abbreviations: LY+CpG, CpG-ODN+LY294002; Unt,
untreated; U + CpG: CpG-ODN+U0126.

Activation of the PI3K/Akt signaling pathway attenuates
cardiac myocyte apoptosis in polymicrobial sepsis [6, 28].
CpG-ODN significantly attenuated CLP-decreased myocardial
Akt and GSK-3B phosphorylation. The data suggests that
CpG-ODN can activate the PI3K/Akt signaling pathway.
Recent evidence demonstrated that there is cross talk between

TLRs and the PI3K/Akt signaling pathway [15]. We have pre-
viously reported that modulation of TLR2 or TLR4 with their
ligands activated the PI3K/Akt signaling pathway [18, 28]. To
determine whether activation of the PI3K/Akt signaling
pathway is responsible for CpG-ODN-attenuated cardiac dys-
function in CLP mice, we treated mice with a PI3K-specific
inhibitor, LY294002, prior to CpG-ODN administration and
observed that PI3K inhibition partially abolished CpG-ODN-
induced cardioprotection in CLP mice, indicating that CpG-
ODN-induced protection occurs, in part, through activation
of the PI3K/Akt signaling pathway. The data also suggest that
an additional mechanism could be involved in CpG-ODN-
induced protection against CLP-induced cardiac dysfunction.

Activation of ERK signaling has been reported to protect cells
from injury [38]. CpG-ODN can activate the MAPK path-
way [39]. We observed that CLP did not induce ERK phospho-
rylation in the myocardium. However, CpG-ODN significantly
induced ERK phosphorylation in the myocardium of CLP
mice. CpG-ODN did not induce phosphorylation of either
JNK or p38 MAPK in the myocardium following CLP (data
not shown), suggesting that CpG-ODN may specifically acti-
vate myocardial ERK following CLP. ERK inhibition with the
selective inhibitor U0126 partially abolished CpG-ODN-
induced protection against CLP-induced cardiac dysfunction,
indicating that activation of ERK contributed to attenuation of
cardiac dysfunction by CpG-ODN in CLP-septic mice.

Ras is a small GTP-binding protein that plays a role in the
activation of both PI3K/Akt and ERK signaling pathways [30].
To determine the role of Ras in CpG-ODN-activated PI3K/
Akt and ERK signaling pathways, we performed in vitro
experiments that used H9C2 cardiomyoblasts. CpG-ODN
induced an association of TLR9 with Ras, as evidenced by
TLRY present in the anti-Ras immunoprecipitates. The data
suggest that CpG-ODN-associated activation of both PI3K/
Akt and ERK signaling pathways is mediated by an interaction
between TLR9 and Ras. Our observation is consistent with the
study by Xu et al [39], which showed that CpG-ODN induced
an association between Ras and TLR9 in macrophages [39]. It
is well-known that Ras interacts with Raf-1, resulting in activa-
tion of both PI3K/Akt and ERK signaling pathways [40]. At
present, we do not understand how TLR9 associates with Ras
following CpG-ODN administration. Collectively, these data
suggest that CpG-ODN-associated attenuation of cardiac dys-
function in CLP mice is mediated, in part, via an association
of TLR9 with Ras, resulting in activation of both PI3K/Akt
and ERK signaling pathways.
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