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Aims Toll-like receptor (TLR)-mediated signalling pathways have been implicated in myocardial ischaemia/reperfusion (I/R)
injury. Activation of the phosphoinositide 3-kinase (PI3K)/Akt pathway protects the myocardium from ischaemic
injury. We hypothesized that the modulation of TLR2 would induce cardioprotection against I/R injury via activation
of the PI3K/Akt signalling.

Methods
and results

Mice were treated with TLR2 ligands, peptidoglycan (PGN) or Pam3CSK4, respectively, 1 h before the hearts were
subjected to ischaemia (1 h), followed by reperfusion (4 h). Infarct size was determined by triphenyltetrazolium chlor-
ide staining. Cardiac function and haemodynamic performance were evaluated. Infarct size was significantly reduced in
PGN- or Pam3CSK4-treated mice compared with untreated I/R mice. Administration of TLR2 ligands improved
cardiac function following I/R. PGN treatment increased the levels of phospho-Akt and phospho-GSK-3b (glycogen
synthase kinase-3b), compared with untreated I/R hearts. PGN stimulation increased TLR2 tyrosine phosphorylation
and association of the p85 subunit of PI3K with TLR2. To investigate the role of PI3K/Akt signalling in PGN-induced
cardioprotection, we administered the PI3K inhibitor, Wortmannin, to the mice 15 min before PGN treatment. We
also administered PGN to kinase-deficient Akt (kdAkt) transgenic mice 1 h before myocardial I/R. Both PI3K inhi-
bition and kdAkt mice abolished the cardioprotection induced by PGN. To examine the role of TLR2 in PGN-
induced cardioprotection, we administrated PGN to TLR2 knockout mice 1 h before the hearts were subjected
to I/R. PGN-induced cardioprotection was lost in TLR2-deficient mice.

Conclusion These results demonstrate that TLR2 ligands induced cardioprotection, which is mediated through a TLR2/PI3K/Akt-
dependent mechanism.
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1. Introduction
The innate immune system plays a central role in the pathophysiology
of myocardial ischaemia/reperfusion (I/R) injury and heart failure1;
however, the mechanisms are unknown. Furthermore, the physiologi-
cal mechanisms that attempt to limit the inflammatory response, to
promote survival of the myocardium, and to maintain homeostasis fol-
lowing cardiac I/R remain unclear.

Toll-like receptors (TLRs) are pattern recognition receptors
that play an important role in the induction of innate immune and
inflammatory responses.2,3 Recent evidence suggests that the
TLR4-mediated NFkB activation pathway plays an important role in
myocardial I/R injury.4 –9 We and others have reported that modu-
lation of the TLR4-mediated signalling pathway or TLR4 deficiency
results in protection against myocardial I/R.6– 9 TLR2 also plays a criti-
cal role in the induction of innate and inflammatory responses.2,3
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However, the role of TLR2 in myocardial ischaemic injury is unclear.
We have previously reported that glucan phosphate treatment pro-
tects the myocardium from I/R injury6 and attenuates cardiac dysfunc-
tion in polymicrobial sepsis.10 Glucan phosphate activates intracellular
signalling through a Dectin-1/TLR2-dependent pathway.11 We have
also reported that treatment of mice with Pam3CSK4, a specific
TLR2 ligand, induces protection against cerebral ischaemic injury12

and attenuates cardiac dysfunction in septic mice.13 These obser-
vations suggest that the administration of TLR2 ligands may induce
cardioprotection against I/R injury.

Phosphoinositide 3-kinases (PI3Ks) and their downstream target
serine/threonine kinase Akt (also known as protein kinase B) are a
conserved family of signal transduction enzymes, which are involved
in regulating cellular activation, inflammatory responses, and apopto-
sis.14 Recent studies have identified cross-talk between TLR signalling
and the PI3K/Akt pathway.15 We6,16 and others17,18 have reported
that the PI3K/Akt signalling pathway may be an endogenous negative
feedback regulator and/or compensatory mechanism that serves to
limit proinflammatory and apoptotic events in response to injurious
stimuli. We have shown that activation of the PI3K/Akt signalling
pathway is associated with decreased myocardial ischaemic injury.6

Activation of PI3K/Akt-dependent signalling has been shown to
prevent cardiac myocyte apoptosis and to protect the myocardium
from I/R injury.19,20 Recent evidence suggested that Mal, an adaptor
protein in the TLR-mediated signalling pathway, connects TLR2 to
PI3K activation.21 Therefore, it is possible that the modulation of
TLR2 will activate the PI3K/Akt signalling pathway, which will be
responsible for cardioprotection.

In the present study, we examined the effect of TLR2 ligands, pepti-
doglycan (PGN) and Pam3CSK4, on myocardial I/R injury. We observed
that administration of TLR2 ligands protects the myocardium against
I/R injury and improves cardiac function and haemodynamic perform-
ance following I/R. However, the protection is lost in TLR2-deficient
mice. Importantly, we observed that blocking the PI3K/Akt signalling
pathway abolished the TLR2 ligand, PGN-induced cardioprotection.
Our data suggest that modulation of TLR2-induced cardioprotection
is mediated through a PI3K/Akt-dependent mechanism.

2. Methods

2.1 Experimental animals
TLR2 knockout (KO) mice (B6.129-TLR2tm1kir/J) and wild-type C57B6/L
mice were purchased from Jackson Laboratory. Transgenic mice with
cardiac-specific expression of kinase-defective Akt (kdAkt) with an
FVB background have been described previously22 by Shioi and McMul-
len in the laboratory of Izumo, Beth Israel Deaconess Medical Center.
Wild-type mice (FVB) were bred and maintained in the Division of
Laboratory Animal Resources at East Tennessee State University
(ETSU). All experiments were performed in accordance with the guide-
lines for the ‘Principles of Laboratory Animal Care’ and the ‘Guide for
the Care and Use of Laboratory Animals’ published by NIH (NIH Pub-
lication No. 85-23, revised 1996). All aspects of the animal care and
experimental protocols were approved by the ETSU Committee on
Animal Care.

2.2 Induction of myocardial I/R injury
Myocardial I/R injury was induced as described previously.6,7,23 Briefly,
male mice were anaesthetized by isoflurane inhalation before the left
anterior descending coronary artery (LAD) was ligated with a 7-0 silk liga-
ture over a 1 mm polyethylene tube (PE-10). After completion of 60 min

of occlusion, the coronary artery was reperfused by pulling on the exter-
iorized suture to release the knot. After 4 h of reperfusion, the mice were
sacrificed and the hearts were harvested.

2.3 Experimental protocols
To investigate the effects of TLR2 ligands on myocardial infarction, mice
(n ¼ 8 per group) were treated with or without PGN (50 mg/25 g body
weight, Sigma-Aldrich, St Louis, MO, USA) or Pam3CSK4 (n ¼ 7 per
group, 50 mg/25 g body weight, InvivoGen, San Diego, CA, USA) by intra-
peritoneal (i.p.) injection 1 h before the hearts were subjected to I/R. The
dose of PGN and PamsCSK4 was chosen according to our previous
studies,12,13 in which a range of doses were tested initially.

To examine the effect of TLR2 ligand on cardiac function following
myocardial I/R, Pam3CSK4 (50 mg/25 g body weight) was administered
to the mice (5 per group) 1 h before myocardial I/R was induced.
Untreated mice served as I/R control. Cardiac function was measured
by echocardiography13 before myocardial I/R, 1 day, and 7 days after
myocardial I/R.

We also evaluated haemodynamic performance using a Millar conduc-
tance catheter system (Millar Instruments Inc., Houston, TX, USA), as
described previously.10,13 Mice (n ¼ 4) were treated with or without
PGN (50 mg/25 g body weight) 1 h before the hearts were subjected to
ischaemia (60 min), followed by reperfusion for 3 days. Sham-operated
mice that were treated with or without PGN (n ¼ 4 per group) served
as sham controls. Indices of systolic and diastolic cardiac performances
were derived from left ventricular (LV) pressure–volume data obtained
at the steady state.10,13

To examine whether TLR2 is essential for TLR2 ligand-induced cardio-
protection, TLR2 KO mice (n ¼ 6 per group) were treated with or
without PGN (50 mg/25 g body weight) 1 h before hearts were subjected
to LAD ligation.

To evaluate the effect of a TLR2 ligand on the activation of the PI3K/Akt
signalling pathway, mice were treated with PGN (50 mg/25 g body weight)
for 0, 5, 15, 30, and 60 min by i.v. injection, respectively. The hearts were
harvested for the examination of Akt phosphorylation by Western blot.
There were four mice at each time point.

To determine the role of the PI3K/Akt signalling pathway in TLR2
ligand-induced cardioprotection, mice (n ¼ 6 per group) were injected
with the PI3K inhibitor Wortmannin (i.p., 25 mg/25 g body weight,
Sigma-Aldrich) 15 min before PGN administration. The dose of Wort-
mannin was chosen according to our previous studies.7,16 One hour
after PGN treatment, mice were subjected to I/R. In a separate exper-
iment, kdAkt transgenic mice (n ¼ 6 per group) were treated with or
without PGN 1 h before the hearts were subjected to I/R. Wild-type
mice (FVB) served as a control. The hearts were harvested, and the
infarct size was determined by triphenyltetrazolium chloride (TTC) stain-
ing, as described below.6,7,23

To examine the effect of PGN administration on activation of the PI3K/
Akt signalling pathway, mice were treated with or without PGN (50 mg/
25 g body weight) by i.p. injection 1 h prior to myocardial I/R.
Sham-operated mice that were treated with or without PGN served as
sham controls. The PI3K inhibitor Wortmannin (25 mg/25 g body
weight) was administered for 15 min before the administration of
PGN.7,16 There were eight groups: sham, sham + PGN, I/R, I/R + PGN,
sham + Wort, I/R + Wort, sham + Wort + PGN, and I/R + Wort +
PGN. There were six mice in each group.

2.4 Determination of myocardial infarct size
Infarct size was established by TTC (Sigma-Aldrich) staining, as described
previously.6,7,23 Briefly, the hearts were removed and perfused with saline
on a Langendorff system to wash blood from the coronary vasculature
before staining with 1% Evans Blue. Each heart was then sliced horizontally
to yield five slices. The slices were incubated in 1% TTC for 15 min at
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378C. Ratios of risk area (RA) vs. LV and infarct area (IA) vs. RA were cal-
culated and expressed as a percentage.

2.5 In vitro experiments
The H9C2 rat cardiomyoblasts were obtained from the American Type
Culture Collection (Rockville, MD, USA) and were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% foetal bovine
serum under 5% CO2 at 378C. When the cells reached 70–80% conflu-
ence, they were treated with PGN at a final concentration of 1 mg/mL for
0, 5, 15, 30, and 60 min with four replicates at each time point. The cells
were harvested, and cellular proteins were isolated for the examination of
TLR2 tyrosine phosphorylation and association with the PI3K p85 subunit
by immunoprecipitation (IP) followed by immunoblots.6

2.6 Immunoprecipitation
Approximately 800 mg of cellular proteins was immunoprecipitated with
2 mg of antibodies to TLR2 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) for 1 h at 48C followed by the addition of 15 mL of protein
A/G-agarose beads (Santa Cruz Biotechnology), as described previously.6

The precipitates were washed four times with lysis buffer and subjected to
immunoblotting (IB) with the appropriate antibodies.

2.7 Western blot
Western blot was performed as described previously.6,7,23 Briefly, the
cellular proteins were separated by sodium dodecyl sulphate–polyacryl-
amide gel electrophoresis and transferred onto Hybond ECL membranes
(Amersham Pharmacia, Piscataway, NJ, USA). The ECL membranes were
incubated with the appropriate primary antibody [anti-phospho-Akt
(Ser473), anti-phospho-GSK3b (Ser9) (Cell Signaling Technology, Inc.,
Beverly, MA, USA), anti-GSK-3b, anti-Akt, and anti-PTyr20 (Santa Cruz
Biotechnology, Inc.)], respectively, followed by incubation with peroxidase-
conjugated secondary antibodies (Cell Signaling Technology, Inc.). The
signals were detected with the ECL system (Amersham Pharmacia).

2.8 Electrophoretic mobility shift assay
Nuclear proteins were isolated from heart samples as described pre-
viously.6,7,23 NFkB binding activity was examined by electrophoretic mobi-
lity shift assay (EMSA) in a 15 mL binding reaction mixture containing
15 mg of nuclear proteins and 35 fmol of [g-32P] labelled double-stranded
NFkB consensus oligonucleotide.

2.9 Immunohistochemistry
Immunohistochemistry was performed to examine NFkB nuclear translo-
cation in the heart section using a specific antibody against the p50 (Santa
Cruz Biotechnology, Inc.) subunit of NFkB, as described previously.7,10

Three slides from each block were evaluated.

2.10 Myeloperoxidase activity measurement
Myeloperoxidase (MPO) activity in the heart tissues was measured using a
commercially available kit (Invitrogen). The measurement was performed
according to the instructions of the manufacturer.

2.11 Statistical analysis
Data are expressed as mean+ SE. Comparisons of data between groups
were made using one-way analysis of variance, and Tukey’s procedure for
multiple range tests was performed. P , 0.05 was considered significant.

3. Results

3.1 TLR2 ligands treatment attenuated
myocardial injury following I/R
We have previously reported that glucan phosphate significantly
reduced myocardial infarction following I/R.6 Glucan phosphate acti-
vates cellular signalling through Dectin-1/TLR2-dependent path-
ways11; therefore, we examined the role of the TLR2 ligands, PGN,
and Pam3Sck4 on myocardial infarction. As shown in Figure 1A, treat-
ment of mice with the TLR2 ligand significantly attenuated I/R-induced
myocardial infarction. I/R induces a substantial (34.1+ 3.42%) infarct
size/area at risk (IA/RA, index for myocardial injury). However, infarct
size in both PGN-treated mice (12.9+1.45 vs. 34.1+ 3.42%) and
Pam3Sck4-treated mice (16.7+ 2.53 vs. 33.0+1.48%) was signifi-
cantly smaller compared with the untreated I/R group. There is no
significant difference in the RA/LV, which reflects the position of
coronary artery ligation, between untreated and PGN-treated mice.

3.2 TLR2 ligands improved cardiac function
and haemodynamic performance
following I/R
To examine the effect of a TLR2-specific ligand on cardiac function
following I/R, we treated mice with Pam3CSK4 (50 mg/25 g body
weight) 1 h before the mice were subjected to I/R. Cardiac function
was examined by echocardiography before I/R and 1 and 7 days
after I/R. As shown in Figure 1B, ejection fraction (EF) and fractional
shortening (FS) were significantly reduced on day 1 (53.5 and
58.1%) and day 7 (54.4 and 58.8%) after I/R. Pam3CSK4 administration
significantly attenuated I/R-induced cardiac dysfunction in untreated
mice. EF and FS values in Pam3CSK4-treated I/R mice were main-
tained at or near control levels.

In addition, we evaluated haemodynamic performance in mice
treated with or without the TLR2 ligand, PGN. Hearts were subjected
to ischaemia (60 min) followed by reperfusion for 3 days. Haemo-
dynamic measurements were performed using a Millar conductance
catheter system.10,13 As shown in Table 1, I/R resulted in decreased
haemodynamic performance as indicated by a reduction in dp/dtmax,
stroke volume, EF, and cardiac output compared with the sham
group. In PGN-treated mice, the haemodynamic parameters were
improved significantly. The data suggest that the administration of
TLR2 ligands significantly improved cardiac function following myocar-
dial I/R.

3.3 PGN administration decreased
neutrophil infiltration into the myocardium
following I/R
Neutrophil infiltration during myocardial I/R plays an important role in
causing cardiac dysfunction. MPO activity is an established marker of
neutrophil infiltration into tissue. To examine the effect of PGN on
neutrophil infiltration in the myocardium during I/R, we examined
MPO activity in the heart tissues after 60 min of ischaemia, followed
by 3 days of reperfusion. Figure 1C shows that I/R significantly
increased MPO activity by 89% compared with the sham control.
In the PGN-treated group, MPO activity was reduced significantly
compared with untreated I/R hearts. MPO activity in PGN-treated
I/R hearts was still higher than that of the PGN-treated sham control.
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3.4 TLR2 deficiency abolished
PGN-induced cardioprotection against I/R
injury
We examined the role of TLR2 in PGN-induced cardioprotection.
TLR2-deficient (TLR22/2) mice were treated with or without PGN
1 h before the hearts were subjected to ischaemia (60 min) fol-
lowed by reperfusion (4 h). Myocardial infarction was determined
by TTC staining. Figure 2 shows that IA/RA in TLR22/2 mice
was similar to that of age-matched WT mice (54.2+6.89 vs.

47.9+3.41%). There was no significant difference in the myocar-
dial infarct size between PGN-treated TLR22/2 mice and untreated
TLR22/2 mice following I/R (51.9+1.74 vs. 54.2+6.89%). There
was also no significant difference in the myocardial infarct size
between PGN-treated TLR22/2 mice and untreated WT mice
that were subjected to I/R. However, the infarct size in
PGN-treated TLR22/2 mice was significantly greater than that in
PGN-treated WT mice (51.9+ 1.74 vs. 16.9+1.01%, P , 0.01,
Figure 2). There was no significant difference in the RA/LV
between TLR22/2 and WT mice.

Figure 1 (A) Administration of TLR2 ligands decreased myocardial infarct size following I/R injury. Mice were treated with and without PGN (n ¼ 8
per group) or Pam3CSK4 (n ¼ 7 per group) 1 h before the hearts were subjected to myocardial ischaemia (60 min) followed by reperfusion for 4 h.
The hearts were harvested, and the infarct size was determined by TTC staining. The IA (white) and the area at risk (red + white) from each section
were measured using an image analyser. Ratios of RA vs. LV and IA vs. RA were calculated and are presented in the graphs. Photographs of repre-
sentative heart sections are shown above. *P , 0.01 compared with the untreated WT I/R group. RA, risk area; LV, left ventricular area; IA, infarct
area; PGN, peptidoglycan; Pam3, Pam3CSK4. (B) Pam3CSK4 treatment improved cardiac function following myocardial I/R. Mice were treated with
Pam3CSK4 (n ¼ 4 per group) 1 h before the hearts were subjected to myocardial ischaemia (60 min) followed by reperfusion for 4 h. Cardiac function
was examined by echocardiography before I/R (baseline), 1 day, and 7 days after I/R. *P , 0.01 compared with the baseline (before I/R). (C) PGN
administration reduced MPO activity in the heart. Mice were treated with (n ¼ 4) or without PGN (n ¼ 4) 1 h before the hearts were subjected
to ischaemia (60 min), followed by reperfusion for 3 days. Sham-operated mice served as sham controls (n ¼ 3 per group). Hearts were harvested
for the measurement of MPO activity. *P , 0.01 compared with indicated group.
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3.5 PGN administration decreased NFkB
binding activity in the myocardium
following I/R
NFkB activation plays an important role in myocardial I/R injury.4– 6

We examined NFkB binding activity in the myocardium following
I/R in the presence and absence of PGN. Figure 3A shows that
NFkB binding activity is low in the hearts from normal and sham
control mice. I/R significantly increased NFkB binding activity by
163.4% compared with sham control (113.2+ 2.5 vs. 42.9+2.7%).
PGN administration did not alter NFkB binding activity in both
normal and sham control hearts. However, PGN treatment signifi-
cantly blunted the I/R-stimulated NFkB binding activity by 50.8%
(55.7+3.9 vs. 113.2+ 2.5%). Figure 3B shows that I/R-induced
NFkB nuclear translocation occurred in cardiac myocytes and
endothelial cells. PGN administration reduced the NFkB nuclear
translocation. These data are consistent with EMSA results.

3.6 PGN treatment increased the levels of
phospho-Akt and phospho-GSK3b in the
myocardium following I/R
Activation of the PI3K/Akt signalling pathway has been shown to
protect the myocardium from ischaemic injury6,20,23; therefore, we

examined whether PGN treatment will induce the activation of
PI3K/Akt signalling in the myocardium following I/R. First, we exam-
ined the effect of PGN treatment on Akt phosphorylation in hearts
subjected to ischaemia (60 min), followed by reperfusion for
10 min. As shown in Figure 4A, PGN treatment significantly increased
the levels of phospho-Akt/Akt in the myocardium compared with
untreated I/R hearts. Next, we examined the effect of PGN on myo-
cardial Akt phosphorylation after 4 h of reperfusion, following 60 min
of ischaemia. Figure 4B shows that the levels of phospho-Akt in
PGN-treated I/R hearts were significantly higher than those in
untreated I/R hearts (0.95+0.11 vs. 0.56+ 0.10). In addition, PGN
administration also increased significantly the levels of phospho-Akt
in the myocardium in sham mice (0.75+0.10), compared with
untreated sham mice (0.44+ 0.03). Akt is an important downstream
target of PI3K.6,20,23 We examined the effect of blocking PI3K activity
with Wortmannin on PGN-induced Akt phosphorylation in the myo-
cardium. As shown in Figure 4B, administration of Wortmannin to
mice did not affect the levels of phospho-Akt in the myocardium,
which were subjected to I/R in the absence of PGN treatment.
However, blocking PI3K activity with Wortmannin significantly attenu-
ated PGN-induced Akt phosphorylation both in sham and in I/R
hearts.

We also examined the levels of phospho-GSK-3b (Ser-9), which is
an important kinase downstream of Akt24 in hearts, which were
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Table 1 PGN administration improved haemodynamic performance in the myocardium following I/R

Groups HR SV EF CO SW dp/dtmax

Sham 537+25 24.1+0.38 74.4+0.51 12.9+0.43 1792.7+109.96 10 596+715

Sham + PGN 555+16 26.9+6.42 75.5+2.22 14.8+3.14 1930.7+364.58 10 181+909

I/R 483+14 18.3+4.53a 53.7+4.22a 8.7+0.76a 1271.8+111.74a 7477+715a

I/R + PGN 499+13 32.5+3.00b 74.7+3.10b 15.8+1.36b 1741.3+187.21 9691+507b

HR, heart rate; SV, stroke volume; EF, ejection fraction; CO, cardiac output; SW, stroke work.
aP , 0.05 compared with sham control.
bP , 0.05 compared with the I/R group.

Figure 2 TLR2 deficiency abolished PGN-induced cardioprotection following myocardial I/R injury. TLR2-deficient (TLR22/2) mice and age-
matched WT mice were treated with and without PGN (n ¼ 6 per group) 1 h before the hearts were subjected to myocardial ischaemia
(60 min) followed by reperfusion for 4 h. Hearts were harvested, and the infarct size was determined by TTC staining. Ratios of RA vs. LV and IA
vs. RA were calculated. Photographs of representative heart sections are shown to the right. *P , 0.01 compared with the untreated WT I/R
group. RA, risk area; LV, left ventricular area; IA, infarct area.
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subjected to shorter (10 min) and longer (4 h) time of reperfusion fol-
lowing ischaemia (60 min). As shown in Figure 4C, PGN administration
maintained phospho-GSK-3b/GSK-3b at the sham control level in the
hearts subjected to 10 min of reperfusion, following 60 min of ischae-
mia. After 4 h of reperfusion following 60 min of ischaemia, the levels
of phospho-GSK-3b/GSK-3b in the myocardium were significantly
higher in the PGN-treated mice than those in the untreated I/R
hearts (1.06+ 0.06 vs. 0.68+0.06) (Figure 4D). The levels of
phospho-GSK-3b/GSK-3b in PGN-treated sham mice were also sig-
nificantly higher than those of untreated sham control (0.93+ 0.05
vs. 0.58+0.05). Wortmannin administration significantly reduced
PGN-increased levels of phospho-GSK-3b in the myocardium both
in the sham (0.45+ 0.07) and in the I/R (0.55+0.08) mice.

3.7 PGN administration increased cardiac
TLR2 tyrosine phosphorylation and TLR2
association with the p85 subunit of PI3K
To examine the mechanisms by which PGN administration activates
PI3K/Akt signalling, we examined the effect of PGN treatment on
TLR2 tyrosine phosphorylation. We also determined whether the
p85 regulatory subunit of PI3K will associate with TLR2 following
PGN administration. Mice were treated with PGN for 0, 5, 15, 30,
and 60 min, respectively, and the hearts were harvested. Cellular pro-
teins were isolated from heart samples and subjected to IP with
anti-TLR2 antibody followed by IB with the indicated antibodies. As

shown in Figure 5A, PGN treatment rapidly increased TLR2 tyrosine
phosphorylation. In addition, the levels of PI3K/p85 found in the
TLR2 immunoprecipitates increased (Figure 5A). Figure 5B shows
that PGN treatment increased the levels of cardiac phospho-Akt/
Akt compared with untreated controls.

3.8 In vitro PGN administration induced the
association between TLR2 and p85a of PI3K
and increased Akt phosphorylation in
cardiomyoblasts
We examined the effect of PGN treatment on TLR2 tyrosine
phosphorylation and association with the p85 subunit of PI3K in
cultured cardiomyocytes (H9C2). Cardiomyocytes were treated
with PGN (1 mg/mL) for 0, 5, 15, 30, and 60 min, respectively. The
cells were harvested, and cellular proteins were isolated. We per-
formed IP with an anti-TLR2 antibody and immunoblot, which
indicated antibodies on H9C2 cellular proteins. Figure 5C shows that
PGN stimulation increased TLR2 tyrosine phosphorylation and
enhanced TLR2 association with the p85 subunit of PI3K. We also
examined the levels of phospho-Akt in the cells treated with and
without PGN. As shown in Figure 5D, PGN administration significantly
increased the levels of phospho-Akt in the cells. The data suggest that
stimulation of TLR2 activated the PI3K/Akt signalling pathway through
TLR2 tyrosine phosphorylation and association with the p85 subunit
of PI3K.

Figure 3 (A) PGN treatment attenuated I/R-increased NFkB activation in the myocardium following I/R. Mice were pre-treated with or without
PGN 1 h before the hearts were subjected to ischaemia (60 min) and reperfusion (4 h) (n ¼ 6 per group). Sham-operated mice served as sham con-
trols (n ¼ 6 per group). The hearts were harvested and cellular proteins were isolated. NFkB binding activity was determined by EMSA. *P , 0.05
compared with indicated groups. N, normal; S, sham surgery; I/R, ischaemia/reperfusion. (B) PGN treatment reduced NFkB nuclear translocation in
the myocardium following I/R. Immunohistochemistry was performed with a specific antibody to the p50 subunit of NFkB. Red arrows indicate darker
brown colour in the nucleus, which suggests NFkB nuclear translocation.
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3.9 Pharmacological inhibition of PI3K
abrogated PGN-induced myocardial
protection against I/R injury
To examine whether increased activation of the PI3K/Akt pathway
by PGN administration was responsible for the protection of the
myocardium against I/R injury, we administered the PI3K inhibitor,
Wortmannin, to PGN-treated mice. As shown in Figure 6A,
pharmacological inhibition of PI3K with Wortmannin abrogated the
cardioprotection observed in PGN-treated mice following I/R injury.
The IA/RA was significantly greater in PGN + Wortmannin (46.5+
1.34%, P , 0.05) compared with PGN-treated mice that did not
receive the inhibitor (12.9+1.45%). Administration of Wortmannin
alone did not significantly affect I/R-induced myocardial infarct size.
The data suggest that PI3K inhibition abolished PGN-induced
cardioprotection against I/R injury.

3.10 Genetic deficiency of Akt abrogated
PGN-induced myocardial protection
against I/R injury
Akt is an important downstream kinase that is phosphorylated and
activated by PI3K. We examined the effect of Akt deficiency on
PGN-induced cardioprotection against I/R injury using mice that
express a kinase-deficient form of Akt (kdAkt). PGN was
administered to kdAkt transgenic mice22 1 h before the hearts
were subjected I/R. Age-matched WT mice served as a control.
Figure 6B shows that PGN treatment induced cardioprotection in
WT mice as we expected. However, PGN-induced cardioprotec-
tion was abolished in kdAkt mice. IA/RA in PGN-treated kdAkt
mice was similar to that in WT I/R mice (Figure 6B). The data
suggest that PGN-induced cardioprotection is mediated through
Akt activation.

Figure 4 PGN treatment increased the levels of phosphorylated Akt and phosphorylated GSK-3b in the myocardium. The increased phosphoryl-
ation of Akt and GSK3b was attenuated by PI3K inhibition. Mice were pre-treated with or without PGN 1 h before the hearts were subjected to
ischaemia (60 min) and reperfusion for 10 min (A, n ¼ 4 per group) and 4 h (n ¼ 6 per group). Sham-operated mice served as sham controls
(n ¼ 4 per group for 10 min of reperfusion and n ¼ 6 per group for 4 h of reperfusion). A PI3K inhibitor, Wortmannin, was also administered to
the mice (n ¼ 6 per group) treated with and without PGN. The hearts were harvested and cellular proteins were isolated. The levels of phospho-Akt
(A and B) and phospho-GSK-3b (C and D) were examined by Western blot with specific antibodies. *P , 0.05 compared with indicated groups.
S, sham; I/R, ischaemia/reperfusion; PGN, peptidoglycan; Wort, Wortmannin.
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4. Discussion
A significant finding in the present study is that administration of the
TLR2 ligands, PGN and Pam3CSK4, induced cardioprotection against
I/R injury. Cardioprotection was lost in TLR2 deficiency, suggesting
that the presence of TLR2 is required for the TLR2 ligand-induced
cardioprotection. PGN administration significantly increased TLR2
tyrosine phosphorylation and the association of the p85 regulatory
subunit of PI3K with TLR2, resulting in the activation of the PI3K/
Akt pathway. Of greater significance, PI3K/Akt inhibition abolished
TLR2 ligand-induced cardioprotection. Our results suggest that
TLR2 ligands induce cardioprotection against I/R injury through a
PI3K/Akt-dependent mechanism.

We have previously reported that glucan phosphate protected
the myocardium from I/R injury6 and attenuated cardiac dysfunction
in septic mice.10 Glucan phosphate acts through Dectin-1/TLR2-
dependent signalling.11 Recently, we observed that administration
of the TLR2 ligand, Pam3CSK4, significantly attenuated cardiac

dysfunction in septic mice13 and cerebral ischaemic injury.12 These
observations indicated that the modulation of TLR2-mediated signal-
ling by its ligands may induce protection against deleterious chal-
lenges. In the present study, we observed that administration of
TLR2 ligands, i.e. PGN and Pam3CSK4, resulted in significant protec-
tion against myocardial I/R injury and improved cardiac function fol-
lowing I/R. The protective effect induced by PGN was abolished in
TLR2-deficient mice, suggesting that TLR2 ligand-induced cardiopro-
tection is mediated through a TLR2-dependent mechanism.

The role of TLR2 in myocardial I/R injury is still controversial.
Recent studies have shown that a TLR2 ligand, Pam3CSK4, can
induce preconditioning to reduce myocardial infarct size25 and
improve cardiac function following myocardial I/R.26 Sakata et al.27

reported that following in vitro I/R, the recovery of LV-developed
pressure in wild-type mice was relatively lower than that observed
in TLR2-deficient mice. However, the creatinine kinase levels were
similar in both wild-type and TLR2-deficient mice, suggesting that
zero-flow ischaemia resulted in similar infarct size in both groups.27

Favre et al.28 reported that knockout of TLR2 can induce protection
against myocardial ischaemic injury. The observed differences may be
caused by use of different models and different ischaemia and reper-
fusion time periods. We measured myocardial infarction after 60 min
of ischaemia followed by reperfusion for 4 h, whereas Favre et al.28

used 30 min of ischaemia and 60 min of reperfusion.28

It has been well documented that innate immune and inflammatory
responses are involved in the pathophysiological processes of myocar-
dial ischaemic injury.1 The TLR-mediated NFkB signalling pathway
plays a critical role in the induction of innate and immune responses2

and contributes to myocardial I/R injury.4– 9 We observed in the
present study that I/R significantly increased myocardial NFkB
binding activity and nuclear translocation. Administration of the
TLR2 ligand attenuated I/R-stimulated NFkB activation. Although
the TLR4-mediated NFkB pathway contributes to myocardial ischae-
mic injury,4– 9 recent evidence suggests that activation of the PI3K/Akt
signalling pathway could negatively regulate TLR/NFkB-mediated
innate and inflammatory responses.17,18,29 We and others have pre-
viously shown that activation of the PI3K/Akt pathway may be a nega-
tive feedback mechanism that prevents excessive innate immune and/
or inflammatory responses during myocardial I/R injury and polymi-
crobial sepsis.6,18,23,29,30 Activation of PI3K/Akt-dependent signalling
has been demonstrated to protect cardiac myocytes from I/R injury
and to inhibit I/R-induced cardiac myocyte apoptosis.6,19,20,23 In the
present study, we observed that PGN administration significantly
increased the levels of myocardial phosphorylated Akt and reduced
I/R-increased NFkB binding activity. It is possible, therefore, that
activation of the myocardial PI3K/Akt signalling pathway in
PGN-treated mice may be responsible for the cardioprotection
against I/R injury. To evaluate this hypothesis, we administered the
PI3K inhibitor, Wortmannin, to the mice prior to PGN administration.
We observed that pharmacological inhibition of PI3K with Wortman-
nin abrogated PGN-induced cardioprotection against I/R injury.
Akt is an important kinase downstream of PI3K.24 We also observed
that cardioprotection induced by PGN administration was abolished
in kdAkt transgenic mice. Thus, using both pharmacological and
genetic approaches that inhibit PI3K and Akt, we demonstrated that
PGN-induced cardioprotection is mediated through activation of
the PI3K/Akt-dependent signalling pathway.

The cytosolic domain of TLR2 contains a PI3K binding
motif (YXXM), which binds the phosphorylated form of the p85

Figure 5 PGN administration increased TLR2 phosphotyrosine
levels and association of the p85 subunit of PI3K with TLR2. (A)
Mice were treated with PGN for 0, 5, 15, 30, and 60 min, respect-
ively. Hearts were harvested and cellular proteins were isolated
for IP with a specific anti-TLR2 antibody and immunoblots using anti-
bodies to p85 and PTyr20 (A) and for phospho-Akt and Akt (B). The
immunoblot is representative of four hearts. (C and D)H9C2 cells
were treated with PGN for 0, 5, 15, 30, and 60 min, respectively,
and cellular proteins were isolated and examined for IP with a
specific anti-TLR2 antibody followed by immunoblots using anti-
bodies to p85 and PTyr20 (C) and for phospho-Akt/Akt (D). Each
time point was repeated four times.
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subunit of PI3K.31 We observed that PGN administration signifi-
cantly increased the levels of phosphorylated Akt in the myocar-
dium, suggesting that the PI3K/Akt signalling pathway was
activated. Recent evidence suggests that stimulation of TLRs
leads to activation of the PI3K/Akt signalling pathway.6,15,31 For
example, stimulation of TLR2 results in the recruitment of active
Rac1 and PI3K to the TLR2 cytosolic domain, resulting in the acti-
vation of the PI3K/Akt pathway.31 Mal, an adaptor in TLR-mediated
signalling, has been shown to connect TLR2 to PI3K activation.21

We observed in the present study that PGN administration signifi-
cantly induced TLR2 tyrosine phosphorylation and increased the
association of the p85 subunit of PI3K with TLR2. When con-
sidered together, these data indicate that PGN administration
increases phosphorylation of TLR2 with subsequent recruitment
of the p85 subunit of PI3K, which results in the activation of
PI3K/Akt-dependent signalling.

In summary, our data indicate that TLR2 ligand administration
induced cardioprotection. PGN-induced cardioprotection is mediated
through activation of the PI3K/Akt signalling pathway. These data are
significant because they demonstrate that TLR2 is essential for the
induction of protection against myocardial I/R injury and that acti-
vation of the PI3K/Akt signalling pathway plays an important role in
protecting the myocardium from I/R injury.
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