
Introduction

Myocardial ischemia resulted from blockade in the coronary arteries
caused by atherosclerosis can impair oxygen delivery [1]. Toll-like
receptor 4 (TLR4), a proximal signalling receptor in innate
immune response, is also expressed in heart and vasculature [2].
TLR4 binds the complex of protein MD2 and lipopolysaccharide
from the gram-negative bacteria, and autogenous ligands such as

heat shock proteins and fibronectin which are released during
oxidative stress, following ischemic injury [3]. Innate immune and
inflammatory pathways have been implicated in myocardial
ischemic injury and congestive heart failure [4]. Increased TLR4
expression has been observed in human heart failure and ischemic
hearts [2]. TLR4 also plays a role in myocardial dysfunction dur-
ing bacterial sepsis [5] and pressure overload-induced cardiac
hypertrophy [6]. Mitogen-activated protein kinases (MAPKs) such
as p38, ERK and JNK are located downstream of TLR4 [7].
Ischemia activates p38, which demonstrated negative inotropic
and restrictive diastolic effects [8]. We have reported that p38
contributed to increased glycolysis and inhibition of glycogen syn-
thesis during ischemia [9]. However, the mechanisms by which
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modulation of TLR4-mediated signalling protects the myocardium
from ischemic injury remain unclear.

The AMP-activated protein kinase (AMPK) is an energy-sensing
enzyme that can be activated by ischemia [1, 9, 10], and we have
found that AMPK plays an important role in cardioprotection
against ischemic injury [11, 12]. AMPK mediates several 
metabolic changes such as decreasing fatty acid and cholesterol
synthesis, inhibiting hepatic glucose production and increasing
fatty acid oxidation and muscle glucose uptake [13, 14]. In cardiac
muscle, AMPK activity is increased by stimuli such as exercise,
hypoxia, ischemia and stress [11]. It plays a central role in moni-
toring the cellular energy status and controlling energy production
and consumption [13, 15, 16]. Intriguingly, it has been reported
that AMPK protects cardiomyocytes against hypoxic injury by
attenuation of endoplasmic reticulum (ER) stress [17]. In eukary-
otic cells, the ER plays a vital role in the maturation, processing
and transporting secretory- and membrane-associated proteins
[8]. The ER is exquisitely sensitive to alteration in homeostasis,
with perturbations in the environment resulting in a condition
known as ER stress [18].

Here we examined whether the cardioprotection of TLR4-mutated
hearts against ischemic injury is mediated by AMPK signalling 
pathways and what’s the role of TLR4 downstream, the MAPK sig-
nalling pathway in the cardioprotective effect. We also try to
address the relationship between ischemic stress and ER stress in
the heart. Interestingly, the TLR4-mutated C3H/HeJ hearts dis-
played resistance to ischemic stress than wild-type (WT) C3H/HeN
hearts, which is linked to higher AMPK and ERK activation and
lower p38 and JNK activation. C3H/HeJ hearts also demonstrated
less ER stress status than C3H/HeN hearts, as indicated by ER
stress markers such as GRP78, Gadd153 and IRE1� up-regulation
in response to ischemic stress. Moreover, the adaptive abilities of
single cardiomyocyte isolated from C3H/HeJ hearts were signifi-
cantly improved compared to that of cardiomyocytes from
C3H/HeN hearts in the hypoxic condition. C3H/HeJ cardiomy-
ocytes displayed greater hypoxic activation of AMPK and ERK 
signalling pathways, and better intracellular Ca2� handling than
C3H/HeN cardiomyocytes.

Materials and methods

Animals and surgical procedures

Male WT (C3H/HeN) mice and TLR4-mutated mice (C3H/HeJ, naturally
occurring mutations in the TLR4 gene) were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). All animal procedures used in this
study were approved by the Animal Care and Use Committees at the
University of Wyoming (Laramie, WY, USA). All animals were kept in our
institutional animal facility at the University of Wyoming with free access
to standard laboratory chow and tap water. C3H/HeN and C3H/HeJ Mice
were anesthetized with ketamine (95 mg/kg) and xylazine (40 mg/kg)
intraperitoneally, incubated and ventilated with a respirator [9]. After 

thoracotomy, a suture was placed to ligate the proximal left anterior
descending coronary artery for different time. Control mice underwent
sham thoracotomy. Hearts were then rapidly excised, and the ischemic
region of the left ventricle was freeze clamped in liquid nitrogen.

Myocardial infarct size measurement

Mice were anesthetized, intubated and ventilated with respirator [9, 19].
The body temperature was maintained at 37�C with a heating pad. After left
lateral thoracotomy, the left anterior descending was occluded for 20 min.
with an 8–0 nylon suture and polyethylene tubing to prevent arterial injury,
and then reperfused for 3 hrs. Electrocardio gram (ECGs) confirmed the
ischemic hallmark of ST-segment elevation during coronary occlusion
(ADInstruments, Colorado Springs, CO, USA). The heart was then excised
and stained to delineate the extent of myocardial necrosis as a percentage
of non-perfused ischemic area at risk. Viable tissue in the ischemic region
was stained red by 2,3,5,-triphenyltetrazolium chloride (TTC) and the non-
ischemic region was stained blue with Evan’s blue dye. Hearts was fixed
and sectioned into 1-mm slices, photographed using a Leica microscope
(Wheat Ridge, CO, USA) and analyzed using NIH Image software.

Isolation of mouse cardiomyocytes

Cardiomyocytes were enzymatically isolated as described previously [20]. In
brief, hearts were removed and perfused with oxygenated (5% CO2/95% O2)
Krebs-Henseleit bicarbonate (KHB) buffer containing (in mmol/l) 118 NaCl,
4.7 KCl, 1.25 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 10 HEPES and 11.1
glucose. Hearts were then perfused with a Ca2�-free KHB containing Liberase
Blendzyme 4 (Hoffmann-La Roche, Inc., Indianapolis, IN, USA) for 10 min.
After perfusion, left ventricles were removed and minced to disperse 
cardiomyocytes in Ca2�-free KHB buffer. Extracellular Ca2� was added incre-
mentally back to 1.25 mmol/l. Only rod-shaped myocytes with clear edges
were selected for mechanical and intracellular Ca2� transient studies.

Cardiomyocyte shortening/relengthening 
measurement

The mechanical properties of cardiomyocytes were assessed using a
SoftEdge MyoCam system (IonOptix Corporation, Milton, MA, USA) [21].
In brief, left ventricular myocytes were placed in a chamber mounted on
the stage of an inverted microscope (Olympus, IX-70, Center Valley, PA, USA)
and superfused at 25�C with a buffer containing (in mmol/l): 131 NaCl, 
4 KCl, 1 CaCl2, 1 MgCl2, 10 glucose and 10 HEPES, at pH 7.4. The cells were
field stimulated with suprathreshold voltage at a frequency of 0.5 Hz, 
3 msec. duration, using a pair of platinum wires placed on opposite sides
of the chamber and connected to an electrical stimulator (FHC, Inc.,
Brunswick, NE, USA). The myocyte being studied was displayed on a com-
puter monitor using an IonOptix MyoCam camera. An IonOptix SoftEdge
software was used to capture changes in cell length during shortening and
relengthening. Cell shortening and relengthening were assessed using the
following indices: peak shortening (PS), the amplitude myocytes short-
ened on electrical stimulation, indicative of peak ventricular contractility;
time-to-PS (TPS), the duration of myocyte shortening, an indicative of sys-
tolic duration; time-to-90% relengthening (TR90), the duration to reach
90% relengthening, an indicative of diastolic duration (90% rather 100%
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relengthening was used to avoid noisy signal at baseline concentration);
and maximal velocities of shortening/relengthening, maximal slope (deriv-
ative) of shortening and relengthening phases, indicative of maximal veloc-
ities of ventricular pressure increase/decrease.

Intracellular Ca2� transient measurement

Myocytes were loaded with fura-2/AM (0.5 �mol/l) for 10 min. and fluores-
cence measurements were recorded with a dual-excitation fluorescence pho-
tomultiplier system (IonOptix). Myocytes were placed on an Olympus IX-70
inverted microscope and imaged through a Fluor (St. Louis, MO, USA) �40
oil objective. Cells were exposed to light emitted by a 75 W lamp and passed
through either a 360 or a 380 nm filter, while being stimulated to contract at
0.5 Hz. Fluorescence emissions were detected between 480 and 520 nm by
a photomultiplier tube after first illuminating the cells at 360 nm for 0.5 sec.
then at 380 nm for the duration of the recording protocol (333 Hz sampling
rate). The 360 nm excitation scan was repeated at the end of the protocol and
qualitative changes in intracellular Ca2� concentration were inferred from the
ratio of fura-2 fluorescence intensity at two wavelengths (360/380).
Fluorescence decay time was measured as an indication of the intracellular
Ca2� clearing rate. Both single and bi-exponential curve fit equations were
applied to calculate the intracellular Ca2� decay constant [22].

AMPK activity and phosphorylation

AMPK activity was measured with the synthetic SAMS peptide [9, 19] after
immuno-isolation with AMPK-� subunit antibody [9, 19, 23] coupled to
protein G/A sepharose. AMPK phosphorylation was assessed by
immunoblotting with an antibody to � subunits containing phosphorylated
Thr172 (Cell Signaling, Beverly, MA, USA) [9, 19].

Immunoblotting

Immunoblots were performed as previously described [19, 24]. Heart
homogenate or cell lysis proteins were resolved by SDS-PAGE and 
transferred onto polyvinylidene difluoride membranes. For reprobing, mem-
branes were stripped with 50 mmol/l Tris-HCl, 2% SDS and 0.1 mol/l �-
mercaptoethanol (pH6.8). Rabbit polyclonal antibodies against phosphor-
AMPK, total AMPK-�, phosphor-p38, total p38, phosphor-ERK, total ERK,
phosphor-JNK, total JNK, IRE-1�, eIF2� and GAPDH were purchased from
Cell Signaling. Goat polyclonal antibodies against GRP78, Gadd153, IRE1�,
TLR4 and �-tubulin were from Santa Cruz (Santa Cruz, CA, USA). Rabbit poly-
clonal antibodies against phosphor-acetyl-CoA carboxylase (p-ACC) and total
ACC were from Millipore (Billerica, MA, USA). The intensity of bands was
measured with a scanning densitometer (model GS-800; Bio-Rad, Hercules,
CA, USA) coupled with Bio-Rad personal computer analysis software.

Hypoxia treatment

Isolated mouse cardiomyocytes were subjected to two groups. Hypoxic
groups were kept at 37�C in a humidified sealed chamber under a
humidified atmosphere of 5% CO2 and 95% N2 for 15 min. Normoxic
groups were placed into a water-jacketed incubator at 37�C during 
the same period.

Analysis of myocyte apoptosis

The degree of apoptotic activity was assessed by measuring caspase-3
activity in tissue homogenates using a commercially available fluorimetric
assay (Calbiochem, Madison, WI, USA). In addition, TUNEL staining using
fluorescein-labelled dUTP (Roche Applied Science, Indianapolis, IN, USA)
and counterstaining with 0.5 �g/ml propidium iodide was performed on 5-�m
sections from hearts fixed by paraformaldehyde as previously described
[12]. Slides were examined in a blinded fashion for apoptotic nuclei using a
Leica TSC SP2 confocal microscope. To determine the percentage of apop-
totic cells, the TUNEL� nuclei and TUNEL– cells were counted using the
ImagePro image analysis software (Media Cybernetics, Bethesda, MD, USA).

Statistical analysis

Data were mean � S.E.M. difference among groups were assessed using
ANOVA followed by Newman–Keuls post hoc test. A P-value less than 0.05
was considered statistically significant.

Results

Deficiency in TLR4 signalling reduces infarct size
after ischemia/reperfusion

The immunoblotting results demonstrated the dramatically
decreased cardiac TLR4 expression level in TLR4-mutated
C3H/HeJ mice compared to WT C3H/HeN mice (Fig. 1A), and
ischemic treatment did not affect the TLR4 expression in both
C3H/HeN and C3H/HeJ hearts (Fig. 1A). In order to examine
whether deficiency in TLR4 signal transduction affects the cardiac
tolerance to ischemia/reperfusion injury, C3H/HeN and C3H/HeJ
mice were subjected to a 20-min. ligation of the left coronary
artery followed by 3 hrs reperfusion (Fig. 1B). The extent of
myocardial infarction was measured with dual staining to define
the degree of necrosis within the ischemic region at risk [19, 25].
C3H/HeJ hearts demonstrated significantly smaller infarct size
than C3H/HeN hearts (Fig. 1B). These results indicate that defi-
ciency in TLR4 signalling leads to a cardioprotective effect to pre-
vent ischemic injury.

Augmented AMPK activation in TLR4-mutated
mice during ischemia

To assess whether AMPK signalling pathway is involved in the
resistance to ischemic injury in C3H/HeJ mice, we first examined
the AMPK phosphorylation of C3H/HeJ and C3H/HeN hearts dur-
ing in vivo regional ischemia. The phosphorylation at Thr172 and
activation of AMPK was significantly augmented in C3H/HeJ
hearts as compared to that in C3H/HeN hearts (Fig. 2A and B).
Moreover, the phosphorylation of the AMPK downstream targets,
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ACC and eukaryotic elongation factor 2 (eEF2), were also enhanced
in C3H/HeJ hearts compared to C3H/HeN hearts (Fig. 2C and D).

Impaired activation of MAPK signalling 
in C3H/HeN versus C3H/HeJ during ischemia

In order to determine the role of the TLR4 downstream effectors,
such as MAPKs, in ischemic injury, we measured the activation of
p38, JNK and ERK. The results demonstrated that ischemia time-
dependently stimulated p38, JNK and ERK activation in both
C3H/HeN and C3H/HeJ hearts as manifested by phosphorylation
immunoblots (Fig. 3A–C). Intriguingly, p38 and JNK signalling
were blunted in C3H/HeJ hearts compared to C3H/HeN hearts dur-
ing ischemia (Fig. 3A and B). In contrast, ERK signalling was

enhanced in C3H/HeJ hearts compared to C3H/HeN hearts during
ischemia (Fig. 3C).

Resistance to cardiac ER stress in TLR4-mutated
heart during ischemia

It has been reported that ischemia leads to the accumulation of
misfolded proteins in the ER, causing ER stress [17]. Under
conditions of ER stress, inhibition of protein synthesis and 
up-regulation of ER chaperone expression reduce the misfolded
proteins in the ER. It has been shown that AMPK activation is
associated with inhibition of protein synthesis via phosphoryla-
tion of eEF2 and attenuation of hypoxia-induced ER stress 
in cardiomyocytes [17]. We therefore examined whether
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Fig. 1 Deficiency in  TLR4 signal transduction mitigates cardiac injury caused by ischemia/reperfusion. (A) The expression levels of TLR4 in WT
C3H/HeN and TLR4-mutated C3H/HeJ hearts. Immunoblots were performed with antibodies for TLR4 or �-tubulin. The graph shows TLR4 relative to
�-tubulin. Values are mean � S.E.M. for five experiments. *P 	 0.01 versus C3H/HeN sham and ischemia, respectively. (B) Myocardial infarction
induced by 20 min. of left coronary occlusion in vivo followed by 3 hrs of reperfusion. Viable myocardium stained red with TTC; infracted tissue, white
and normal non-ischemic tissue, blue. The infarct area was quantified and expressed as a per cent of the ischemic  area at risk. *P 	 0.05 versus
C3H/HeN. n 
 6 hearts per genotype. Values are mean � S.E.M.
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deficiency in TLR4 signalling affected ischemia-induced ER
stress in the hearts. The results demonstrated that ischemic
treatment promoted ER stress, as shown by up-regulation of the
ER chaperone, Gadd153/CHOP andGrp78/BiP and the integral
protein of ER membrane, IRE-1� (Fig. 3D), while up-regulation
in all these ER stress makers was blunted in C3H/HeJ hearts
during ischemia (Fig. 3D).

TLR4-mutated mitigates ischemic contractile 
dysfunction of cardiomyocytes

To explore whether the augmented AMPK signalling in C3H/HeJ
hearts contributes to the resistance of C3H/HeJ hearts to ischemic
injury, we determined the single cardiomyocyte contractile function
in response to hypoxic treatment. Isolated cardiomyocytes from

© 2009 The Authors
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Fig. 3 Effects of TLR4 functional deficiency on ischemia-induced mitogen-activated protein kinases (MAPKs) and cardiac ER stress. Time course of p38
(A), JNK (B) and ERK (C) phosphorylation induced by in vivo regional ischemia or sham operation, in C3H/HeN and C3H/HeJ hearts. Immunoblots were
performed with antibodies for phosphor-p38 (Thr180/Tyr182) (p-p38), total p38 (p38), phosphor-JNK (Thr183/Tyr185) (p-JNK), total JNK (JNK), phos-
phor-ERK (Thr202/Tyr204) (p-ERK) or total ERK (ERK). The graph shows phosphorylated p38 MAPK (A), phosphorylated JNK (B) and phosphorylated
ERK (C) relative to the total amount of respective kinases. (D) The representative immunoblots show that ischemic stress (30 min.) stimulated the up-
regulation of ER chaperons, Grp78/BiP and Gadd153/CHOP and ER integral membrane protein, IRE-1�. Immunoblots were performed with antibodies
for Grp78/BiP, Gadd153/CHOP, IRE-1� or GAPDH. The graph shows the relative expression levels of Grp78/BiP, Gadd153/CHOP or IRE-1� to the GAPDH
expression. Values are mean � S.E.M. for five experiments. *P 	 0.05 versus sham, †P 	 0.05 versus C3H/HeN ischemic time-points, respectively.

Fig. 2 Differential cardiac AMPK activation in C3H/HeN versus C3H/HeJ mice during ischemia. (A) Time course of AMPK phosphorylation induced by
in vivo regional ischemia or control sham operation. Immunoblots were performed with antibodies for phosphor-AMPK (Thr172) (p-AMPK) or pan-�
AMPK (AMPK-�). The graph shows phosphorylated AMPK relative to the total amount of kinase. (B) AMPK activity in C3H/HeN and C3H/HeJ hearts
after sham operations or in vivo regional ischemia. (C) Phosphorylation of AMPK downstream ACC and (D) Phosphorylation of AMPK downstream eEF2
induced by in vivo regional ischemia or control sham operation. Values are mean � S.E.M. for five experiments. *P 	 0.05 versus sham, †P 	 0.05
versus C3H/HeN ischemic time-points, respectively. Immunoblots were performed with antibodies for phosphor-ACC (Ser212) (p-ACC), total ACC
(ACC), phosphor-eEF2 (Thr56) or total eEF2 (eEF2).
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C3H/HeN and C3H/HeJ hearts were subjected to an anoxic envi-
ronment to mimic the ischemic condition. Mechanical properties
were evaluated under an extracellular Ca2� concentration of 
1.0 mmol/l and a stimulus frequency of 0.5 Hz [20]. Our results
demonstrated comparable resting cell length in cardiomyocytes
among all four groups (Fig. 4A). However, cardiomyocytes from
C3H/HeN hearts displayed significantly reduced PS (Fig. 4B) and
maximal velocity of shortening/ relengthening (�dl/dt) (Fig. 4C
and D) in response to hypoxia compared with those from C3H/HeJ
hearts. Reduced �dl/dt was associated with prolonged duration of
shortening/relengthening duration (TPS90 and TR90) in C3H/HeN
cardiomyocytes (Fig. 4E and F). Interestingly, the hypoxia-induced
mechanical dysfunction in C3H/HeN cardiomyocytes was 
significantly attenuated by TLR4 mutation in C3H/HeJ cardiomy-
ocytes (Fig. 4), suggesting a beneficial role of TLR4 deficiency in
cardiac protection against hypoxia-induced cardiac dysfunction.

Augmented hypoxic activation of AMPK and ERK
in C3H/HeJ cardiomyocytes

To assess whether AMPK and ERK signalling pathways are also
involved in resistance to hypoxic contractile dysfunction of

C3H/HeJ cardiomyocytes, we examined the hypoxic phosphoryla-
tion of AMPK and ERK in C3H/HeJ and C3H/HeN cardiomyocytes.
The phosphorylation of both AMPK and ERK were significantly
augmented in C3H/HeJ cardiomyocytes as compared to those in
C3H/HeN cardiomyocytes (Fig. 5A and B), which indicated that
AMPK and ERK signalling may also play a role in resistance to
hypoxic contractile dysfunction in cardiomyocytes.

The intracellular Ca2� properties of C3H/HeN 
and C3H/HeJ cardiomyocytes

To explore the potential mechanism(s) involved in TLR4 defi-
ciency-elicited protection against hypoxic cardiomyocyte contrac-
tile defect and augmented hypoxic activation of AMPK signalling,
intracellular Ca2� homeostasis was evaluated using the fluores-
cence dye fura-2/AM [21]. The results revealed that hypoxia elevated
the resting intracellular Ca2� levels in cardiomyocytes from both
C3H/HeN and C3H/HeJ groups (Fig. 6A), with a greater response
in C3H/HeJ cardiomyocytes (Fig. 6A). Hypoxia reduced intracellular
Ca2� clearance (both single and bi-exponential decays, Fig. 6C
and D) associated with unchanged electrically stimulated rise in
intracellular Ca2� levels (Fig. 6B) in C3H/HeN cardiomyocytes, the
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Fig. 3 Continued
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effect of which was ablated in C3H/HeJ group (Fig. 6C and D).
Moreover, TLR4 deficiency itself did not elicit any overt effect on
intracellular Ca2� properties in non-hypoxic conditions, suggesting
that genetic modification of the TLR4 gene does not affect the
innate intracellular Ca2� handling (Fig. 6). The greater resting
intracellular Ca2� levels in hypoxic C3H/HeJ cardiomyocytes may
contribute to the stronger hypoxic AMPK activation (Fig. 5A) via
activation of calcium/calmodulin-dependent protein kinase kinase 2
[26–30], while the increase of ischemic AMP concentrations, one
of the regulators for AMPK activation [11, 13, 31–35], does not
appear to be a contributor of this difference of AMPK activation
between C3H/HeN and C3H/HeJ hearts (data not shown). The
reduced intracellular Ca2� clearing rate of C3H/HeN cardiomy-
ocytes might be a factor leading to prolonged TR90 in these car-
diomyocytes (Fig. 4F).

Reduced apoptosis in TLR4-mutated hearts 
during ischemia

To determine whether impaired contractile function of cardiomy-
ocytes from C3H/HeN hearts as opposed to C3H/HeJ hearts dur-
ing ischemia/hypoxia was due to more damage in C3H/HeN
hearts, caspase-3 activity and TUNEL staining assays were per-
formed. The data clearly demonstrated that ischemia facilitated
caspase-3 activity (Fig. 7A) in both C3H/HeN and C3H/HeJ hearts
with a greater caspase-3 activity in C3H/HeN hearts (Fig. 7A).
TLR4 mutation did not affect the baseline caspase-3 activity in the
absence of ischemic injury. In addition, data using confocal
microscopy revealed a greater number of TUNEL� nuclei follow-
ing ischemia in C3H/HeN hearts compared with C3H/HeJ hearts
(Fig. 7B and C). Therefore, TLR4 mutation leads to cardiac 
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Fig. 4 Contractile properties of cardiomyocytes from C3H/HeN and C3H/HeJ hearts during hypoxia (30 min.). (A) Resting cell length; (B) Peak shortening
(PS, normalized to cell length)l; (C) and (D), Maximal velocity of shortening (�dl/dt) and relengthening (–dl/dt); (E) Time-to-PS (TPS); (F) Time-to-90%
relengthening (TR90). Values are mean � S.E.M., n 
 60–90 cells per group, *P 	 0.05 versus control, respectively, †P 	 0.05 versus C3H/HeN hypoxia.
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Fig. 5 Effects of TLR4 functional deficiency on hypoxia-induced phosphorylation of AMPK and ERK in cardiomyocytes. The representative immunoblots
show that hypoxia (30 min.) stimulated phosphorylation of AMPK (A) and ERK (B) in C3H/HeN and C3H/HeJ cardiomyocytes. Immunoblots were per-
formed with antibodies for phosphor-AMPK (Thr172) (p-AMPK), pan-� AMPK (AMPK-�), phosphor-ERK (Thr202/Tyr204) (p-ERK) or total ERK (ERK).
The graph shows phosphorylated AMPK (A), phosphorylated ERK (B) relative to the total amount of respective kinases. Values are mean � S.E.M. for
four experiments. *P 	 0.05 versus control, †P 	 0.05 versus C3H/HeN hypoxia.

resistance to ischemic injury via improvement of intracellular
Ca2� handling, and augmentation of AMPK and ERK signalling
pathways.

Discussion

In this study, we found a significantly augmented activation of the
cellular fuel gauge AMPK following ischemia in TLR4-mutated
C3H/HeJ hearts compared to WT C3H/HeN hearts, which may be
a contributor for the resistance to ischemic injury of C3H/HeJ
hearts. Mechanical function analysis of isolated cardiomyocytes
from C3H/HeN and C3H/HeJ hearts suggested that TLR4 defi-
ciency protected against hypoxia-/ischemia-induced cardiac dam-
age. Interestingly, TLR4 deficiency significantly blunted ischemic
activation of p38 and JNK inflammatory-associated signalling
pathways [7], while it enhanced ischemic activation of the ERK
survival signalling pathway [7]. Moreover, TLR4 deficiency also
decreased ischemia-triggered ER stress status, as shown by

down-regulation of ER chaperons in C3H/HeJ hearts versus
C3H/HeN hearts. Caspase-3 activity, TUNEL staining and myocar-
dial infarct analysis clearly demonstrated that TLR4-deficient
hearts restrained the hearts from ischemic injury. The improve-
ment of intracellular Ca2� handling in the hypoxic C3H/HeJ car-
diomyocytes may enhance the capacity of AMPK signalling in
response to ischemic stress. These data favour the notion of an
involvement of AMPK and MAPK in TLR4 mediated responses to
ischemic stress and tend to establish an important role for TLR4
signalling in ischemia-induced myocardial injury.

The results also revealed that cardiomyocytes from C3H/HeN
exhibited depressed PS, reduced maximal velocity of shortening/
relengthening, and prolonged duration of contraction in response
to hypoxia treatment. These data are somewhat consistent with
the previous findings using Langendorff apparatus on whole heart
function after ischemia [36]. Cardiomyocytes from C3H/HeJ
hearts displayed significantly improved PS, and maximal velocity
of shortening/relengthening compared with C3H/HeN mice.
Nonetheless, TLR4 deficiency failed to fully restore hypoxia-
induced cardiomyocyte mechanical impairment, indicating that a
cardiac remodelling process was initiated in response to hypoxia.
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Fig. 6 Intracellular Ca2� properties of cardiomyocytes from C3H/HeN and C3H/HeJ hearts. (A) The intracellular Ca2� levels; (B) The rise in intracellular
Ca2� levels in response to electrical stimulus; (C) The first exponential decay constant of intracellular Ca2� and (D) The bi-exponential decay constant of
intracellular Ca2� of C3H/HeN and C3H/HeJ in response to hypoxia (30 min.). Values are mean � S.E.M. for six experiments, *P 	 0.05 versus control,
respectively. †P 	 0.05 versus C3H/HeN hypoxia.

The explanation of mechanical defects observed in our study may
be the impaired intracellular Ca2� handling in C3H/HeN hearts.
The reduction of intracellular Ca2� clearance is likely responsible
for prolonged relaxation duration (TR90) and reduced PS in
C3H/HeN hypoxic cardiomyocytes.

It has been shown that TLR4 signalling may play an important
role in the development of heart failure after acute myocardial
infarct [37]. Our group and others have reported that ischemic

activation of p38, one of the TLR4 downstream effectors, plays an
important role in regulation of glucose uptake [9] and cardiopro-
tection against ischemic injury [38, 39]. Though there were sev-
eral studies support the view that p38 is a downstream of AMPK
signalling [9, 11], controversy of their relationship also can be
considered [40]. There were studies which demonstrated that
although AMPK and p38 were both activated during myocardial
ischemia, the activation of p38 occurs independently of AMPK
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Fig. 7 Myocardial apoptotic activity following in vivo regional ischemia. (A) Caspase-3
activity in hearts from C3H/HeN and C3H/HeJ mice. (B) Representative composite con-
focal photomicrographs of sections from C3H/HeN and C3H/HeJ hearts following
ischemia. Hearts underwent TUNEL staining with fluorescein-labelled dUTP and coun-
terstaining with propidium iodide. TUNEL� nuclei are stained yellow (arrows). (C) The
graph shows the quantification of apoptotic nuclei from C3H/HeN and C3H/HeJ hearts
following ischemia. Values are mean � S.E. for four experiments, *P 	 0.05 versus
control. †P 	 0.05 versus C3H/HeN.

[40]. It has also been shown that p38 is not a downstream com-
ponent involved in AMPK-mediated signalling pathway in mouse
skeletal muscle [41]. Capano et al. reported that ischemia lead to
rapid activation of AMPK which then phosphorylates and activates
p38 MAPK [42]. FR167653, a highly specific inhibitor of p38
MAPK, selectively inhibits p38 activation during regional myocar-
dial ischemia-reperfusion injury and significantly reduces infarct
size [38]. The potential linkage between AMPK and p38 during
ischemia needs to be addressed in the future.

Our previous studies have shown that activation of JNK is
linked to ER stress mediated apoptosis and caspase-12 cleavage
[18, 24]. JNK activation has a pro-apoptotic effect under various
cell death-inducing stimuli, such as oxidative stress and DNA
damaging agents [43, 44]. Also, using a highly specific peptide
inhibitor of JNK, Milano et al. [45] showed that inhibition of JNK
reduces myocardial ischemic-reperfusion injury and infarct size in
anesthetized rats in vivo. On the other hand, ERK activation is anti-
apoptotic in most tissues [46]. Our data showed the lower activa-
tion of p38 and JNK, but higher ERK activation in TLR4-deficient

C3H/HeJ hearts compared to WT C3H/HeN hearts during
ischemia, which indicates that MAPKs may contribute to the 
cardioprotection of TLR4 deficiency. However, further studies are
needed to investigate the pathophysiological significance and
complex interactions among the various apoptotic and anti-
apoptotic pathways.

Recently, ER was reported as a third compartment that partic-
ipates in apoptosis, in addition to the two known apoptotic path-
ways, the death receptor and the mitochondrial pathways [8].
Accumulated evidence have indicated that ER stress contributes to
several diseases such as neurodegenerative disorders, diabetes
and ischemia reperfusion-induced heart damage [47]. Our result
revealed that cardiac ER stress was induced in both ischemic
C3H/HeN and C3H/HeJ hearts, but C3H/HeJ hearts appears to be
resistant to ischemia-induced ER stress, which may be associated
with the augmentation of AMPK activation and downstream eEF2
phosphorylation. This is in line with a study that activation of
AMPK contributes to the protection of heart against hypoxic injury
through attenuation of ER stress and of protein synthesis via eEF2
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