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Abstract

Background: The present study investigates the effects and mechanisms of a-Lipoic acid (LA) on myocardial infarct size,
cardiac function and cardiomyocyte apoptosis in rat hearts subjected to in vivo myocardial ischemia/reperfusion (MI/R)
injury.

Methodology/Principal Findings: Male adult rats underwent 30 minutes of ischemia followed by 3, 24, or 72 h of
reperfusion. Animals were pretreated with LA or vehicle before coronary artery ligation. The level of MI/R- induced LDH and
CK release, infarct size, cardiomyocyte apoptosis and cardiac functional impairment were examined and compared. Western
blot analysis was performed to elucidate the mechanism of LA pretreatment. The level of inflammatory cytokine TNF-
a released to serum and accumulated in injured myocardium as well as neutrophil accumulation in injured myocardium
were also examined after MI/R injury. Our results reveal that LA administration significantly reduced LDH and CK release,
attenuated myocardial infarct size, decreased cardiomyocytes apoptosis, and partially preserved heart function. Western
blot analysis showed that LA pretreatment up-regulated Akt phosphorylation and Nrf2 nuclear translocation while
producing no impact on p38MAPK activation or nitric oxide (NO) production. LA pretreatment also increased expression of
HO-1, a major target of Nrf2. LA treatment inhibited neutrophil accumulation and release of TNF-a. Moreover, PI3K
inhibition abolished the beneficial effects of LA.

Conclusions/Significance: This study indicates that LA attenuates cardiac dysfunction by reducing cardiomyoctyes necrosis,
apoptosis and inflammation after MI/R. LA exerts its action by activating the PI3K/Akt pathway as well as subsequent Nrf2
nuclear translocation and induction of cytoprotective genes such as HO-1.
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Introduction

Restoring coronary blood flow (reperfusion) using pharmaco-

logical or mechanical interventions following acute myocardial

ischemia is essential for the salvation of viable myocardium.

Paradoxically, reperfusion itself causes cell damage and cell death

mostly by initiating a localized oxidative burst and regional

inflammatory response, referred to as ‘‘reperfusion injury’’ [1].

Myocardial reperfusion injury, which is defined as myocardial

injury caused by restoration of coronary blood flow after an

ischemic episode, culminates in the death of cardiomyoctyes that

were viable immediately before reperfusion [2]. In animal studies,

reperfusion injury is suggested to be responsible for up to 50% of

the final infarct size. A number of strategies and pharmacological

agents are shown to ameliorate reperfusion injury in these animal

models. However, translation of these strategies and agents to the

clinical setting has been disappointing [3]. To improve clinical

outcomes in acute myocardial infarction, it is of pivotal

importance to develop new pharmacological agents for limiting

reperfusion injury and preserving heart function.

a-Lipoic acid (LA) is a thiol antioxidant which can be found in

food such as broccoli, spinach, and tomatoes. LA is recognized as

a complement of a-keto acid dehydrogenase complexes of

mitochondria and therefore plays a fundamental role in metab-

olism [4]. LA and its reduced form, dihydrolipoic acid (DHLA) are

considered ideal antioxidants because they have a low redox

potential so they not only directly scavenge ROS but also

regenerate endogenous antioxidants such as glutathione and

vitamins E and C [5]. LA also has diverse biodistribution, it is

both water and lipid soluble and is widely distributed in cellular

membranes, cytosol and extracellular spaces. LA is clinically

approved and widely used for the treatment of diabetic
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polyneuropathy [6]. LA has also been described as a therapeutic

agent for a number of conditions related to cardiovascular disease,

including lipid abnormality [7], diabetes [8] and stroke [9]. In

animal studies, LA has been shown to reduce cell damage and

oxidative stress in organs subjected to ischemia/reperfusion (I/R)

[10,11]. The protection of LA is largely attributed to its

antioxidant property, however, LA also exhibits distinct regulatory

action on signal transduction processes involved in tissue damage

and protection [12]. Multiple cell signaling pathways including

PI3K/Akt/Nrf2 [13], p38MAPK [14], and nitric oxide (NO)

singaling [15] have been shown to be activated by LA and mediate

its pharmacological effects. Of note, these pathways also play

pivotal roles in cardiomyocyte survival after I/R injury. However,

the role of these signaling pathways in LA-mediated protection

against MI/R is unclear. In the present study, we investigated 1)

whether LA protects rat myocardium from I/R injury in vivo and

2) the possible role of PI3K/Akt/Nrf2, p38MAPK, and nitric

oxide (NO) in LA protection against MI/R.

Methods

Animals
The experiments were performed in adherence with the

National Institutes of Health Guidelines on the Use of Laboratory

Animals and were approved by the Fourth Military Medical

University Ethic Committee on Animal Care (Approval ID:

2009055). Adult male Sprague-Dawley (SD) rats, weight 220 to

250 g were purchased from the animal center of the Fourth

Military Medical University. A total number of 120 rats were used

in this study. Sodium pentobarbital (Sigma, 40 mg/kg, IP ) was

used for anesthesia. In the first phase of the study, different

dosages of LA were administered to determine the optimal dosage

for protection. Thirty rats were randomly divided into 6 groups

and given saline or 5,10,15,25 or 50 mg/kg of LA before MI/R.

The extent of protection was determined by infarct size reduction.

After determining 15 mg/kg as the optimal dosage, rats were

randomly divided into the following groups (n = 10): (1) sham

operation group (sham I/R); (2) I/R+vehicle group (I/R+ V); (3)

I/R+ a-Lipoic acid group (I/R+LA); and (4) a-Lipoic acid +I/
R+wortmannin group (I/R+LA+W). LA (99%, Sigma, USA,

15 mg/kg) was given by tail vein injection 30 min before ischemia.

Wortmannin (Sigma, USA, 15 mg/kg) was injected via tail vein

5 min before LA injection. In the latter phase of the study, in order

to verify the role of PI3K/Akt pathway, LY294002 (0.3 mg/kg,

IV), another PI3K/Akt specific inhibitor, was administered 5 min

before LA injection.

LDH and CK Release Evaluation
After 3 h of reperfusion, blood samples were collected from the

right ventricle and centrifuged at 3000 g for 10 min to isolate

serum. Myocardial cellular damage was evaluated by measuring

lactate dehydrogenase (LDH) and creatinine kinase (CK) activity

in plasma using commercially available assay kits (Jianchen,

Nanjing, China).

Construction of MI/R Animal Model
The MI/R animal model was constructed by left anterior

descending coronary artery (LAD) ligation. In brief, rats were

anesthetized with sodium pentobarbital (Sigma, 40 mg/kg, IP ).

After intubation, the chest was opened through a left thoracic

incision to expose the heart. A 6–0 silk suture slipknot was placed

around the LAD. After 30 min of ischemia, the slipknot was

released, allowing the myocardium to be reperfused. Sham-

operated rats underwent the same surgical procedure except that

the suture placed around LAD was not tied.

Measurement of Myocardial Infarct Size
Myocardial infarct size was evaluated by Evans Blue/2,3,5-

triphenyl-2H-tetrazolium chloride (TTC) staining as previously

described [16]. TTC is enzymatically reduced to red 1,3,5-

triphenylformazan in viable tissues due to the activity of various

dehydrogenases. Hearts were reperfused for 24 h to clear

dehydrogenases from necrotic tissue. After 24 hours of reperfusion,

the LAD was religated, and 1 ml of 2% Evans Blue dye was

injected into aorta. The heart was quickly excised, frozen at

220uC before being cut transversally into 1 mm thick slices, and

incubated in 1% TTC (Sigma, USA) at 37uC for 10 min. The

Evans Blue-stained blue area is the area not at risk (ANAR). The

area stained red by TTC represents ischemic but viable tissue.

Infarcted myocardium was not stained by either TTC or Evans

Blue and is more pale than TTC stained area. The area of infarct

size (IS) and area at risk (AAR) were measured digitally using

Image Pro Plus software (Media Cybernetics). IS and AAR were

expressed as percentages of the left ventricular area (IS/LV and

AAR/LV respectively).

Determination of Myocardial Apoptosis
Myocardial apoptosis was determined by terminal deoxynu-

cleotidyl transferase-mediated dUTP-biotin nick end labeling

(TUNEL) staining and caspase-3 activity after 3 h of reperfusion.

TUNEL staining was performed with fluoresceindUTP (In Situ

Cell Death Detection Kit; Roche Diagnostics) for apoptotic cell

nuclei and 49,6-diamidino-2-phenylindole (DAPI) (Sigma, USA)

for all cell nuclei as previously described [17]. The apoptotic index

(AI) was determined as the number of TUNEL-positive nuclei

divided by the total number of nuclei stained with DAPI from

a total of 40 fields per heart (n = 5). Cardiac caspase-3 activity was

determined using a caspase-3 colorimetric assay kit (Chemicon,

Temecula, CA) following the manufacturer’s instructions. Heart

tissue samples for determination of myocardial caspase-3 activity

were obtained from the margin of infarct (peri-infarct) areas.

Cleaved caspase-3 levels were examined with western blot.

Determination of Cardiac Function
To avoid interference of acoustic signal by residual air trapped

inside the chest cavity, echocardiography was conducted after 72 h

of reperfusion, by which time most of the residual air has been

absorbed. Baseline echocardiography was obtained 30 min before

ischemia. Rats were sedated with 3% isoflurane inhalation.

Cardiac dimensions and function were studied by M-mode

echocardiography using an echocardiography system with a 15-

MHz linear transducer (VisualSonics Vevo 2100, Canada). Left

ventricular end-diastolic diameter (LVEDD) and left ventricular

end-systolic diameter (LVESD) were measured on the parasternal

left ventricular long axis view. All measurements represent the

mean of 5 consecutive cardiac cycles. Left ventricular end-systolic

volume (LVESV), left ventricular end-diastolic volume (LVEDV)

and left ventricular ejection fraction (LVEF) were calculated by

computer algorithms. All of these measurements were performed

in a blinded manner.

Western Blot Evaluation
Western blot samples were extracted from the myocardium

after 3 h or 24 h of reperfusion. For detection of changes in kinase

phosphorylation, a fast, transient post-translational modification

that can be dramatically changed in the acute phase of
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reperfusion, samples were extracted after 3 h of reperfusion.

Samples extracted after 24 h of reperfusion were used for

detection of proteins that were induced by MI/R, such as iNOS

and HO-1. Nuclear and cytoplasm protein are isolated using an

isolation kit (pierce, USA) according to the manufacturer’s

instructions. In another set of samples, whole heart protein was

extracted from total homogenous of heart tissue. In brief, heart

tissue was first groond to power in liquid nitrogen and then lysed

in ice-cold RIPA buffer containing 1% protease inhibitor cocktail

(Sigma, USA). The homogenate was then incubated on ice for

30 min before centrifugation at 12,000 g for 20 min at 4uC. The
supernatant was transferred, aliquoted and stored at 280uC. After
protein concentration measurement with the modified Bradford

assay (Bio-Rad Laboratories, Hercules, USA), proteins were

separated by electrophoresis on SDS-PAGE and transferred to

nitrocellulose membranes and probed with primary antibodies

against HO-1 (1:500), Nrf2 (1:500), iNOS (1:200Santa Cruz,

USA), Akt (1:1000), phospho-Akt (Ser-473) (1:1000), p38-MAPK

(1:1000), phospho-p38-MAPK (1:1000), eNOS (1:1000), phospho-

eNOS (1:1000, Cell Signaling, USA), overnight at 4uC followed by

incubation with the corresponding secondary antibodies at room

temperature for 1 h. The blots were visualized with ECL-Plus

reagent (GE Healthcare, USA).

Determination of Tissue Myeloperoxidase (MPO) and
Tumor Necrosis Factor-alpha (TNF-a) Level
After 3 h of reperfusion, myocardial samples were taken from

the AAR zones for MPO activity analysis and TNF-a level

measurement. The activity of MPO was measured using

a commercially-available kit (Jianchen, Nanjing, China) and

expressed as units per 100 mg of tissue. Myocardial and serum

contents of TNF-a were measured using enzyme-linked immuno-

sorbent assay kits (R&D Systems, USA) according to the

manufacturer’s instructions. Blood samples were draw from the

right ventricle and centrifuged at 3000 g for 10 min to isolate

serum samples. The protein concentration of samples was

measured using the Bio-Rad Protein Assay (Bio-Rad Laboratories,

Hercules, CA) and bovine serum albumin was used as the

standard.

Measurement of NOx Content in Myocardium
The myocardial NOx concentration was measured as previously

described [18]. In brief, after 3 h or 24 h of reperfusion,

myocardial samples from the AAR were rinsed and homogenized

in deionized water (1:10, wt/vol) before centrifugation at 3,000 g

for 5 min. NOx concentrations in the supernatant were quantified

using a NO detection kit (Jianchen, Nanjing, China) following the

manufacturer’s instruction.

Statistical Analysis
One-way ANOVA was conducted across all groups first

followed by a Bonferroni post-hoc correction between all group

comparisons. Data are expressed as mean6SEM. Significance was

accepted at p,0.05. GraphPad Prism-5 statistical software (La

Jolla, CA) was used for data analysis.

Results

15 mg/kg of LA Produces Potent Protection
15, 25 or 50 mg of LA all significantly reduced infarct size

compared to control. However, 5 mg or 10 mg of LA did not

decrease infarct size compared to control. Additionally, 25 mg or

50 mg of LA did not enhance protection beyond that of 15 mg

(Figure S1a,b). We chose 15 mg/kg as the dosage for the rest of

our study.

LA Reduces CK and LDH Release After I/R Injury
LA significantly decreased the serum levels of the necrotic cell

death markers, lactate dehydrogenase (LDH) and creatinine kinase

(CK), compared with the I/R+V group (CK: 114.9611.07 vs

163.167.648 U/g protein, P=0.005; LDH: 113.369.775 vs

170.267.087 U/L, P=0.0015). However, this effect was largely

alleviated by the PI3K inhibitor wortmannin (CK: 151.669.623 vs

114.9611.07 U/g protein, P=0.031; LDH: 151.569.962 vs

113.369.775 U/L, P= 0.026) (Figure 1a,b). This reduction of

cardiac enzyme release by LA was also abolished by LY294002,

another specific PI3K inhibitor (Figure S3a,b).

Decreases Infarct Size and Cardiomyocytes Apoptosis
After I/R Injury
As shown in Figure 2, LA administration significantly decreased

infarct size (26.7762.653 vs 42.0662.101, P= 0.002) after 24 h of

reperfusion compared with the I/R+V group. This effect was

abolished by wortmannin treatment (35.9762.65 in wortmannin

group vs 26.7762.653 in LA group, P=0.002) (Figure 2a,b). No

significant difference in the size of the AAR was found between

groups (Figure 2c). This reduction of infarct size by LA was also

abolished by LY294002 (Figure S3c).

Cardiomyocytes apoptosis was evaluated by TUNEL/DAPI

dual staining, caspase-3 activity and cleaved caspase-3 level.

Quantitative analyses demonstrated that the percentage of

TUNEL-positive cardiomyocytes was significantly lower in the

LA group than in the I/R+V group (10.861.64 vs 21.6861.548,

P=0.0013). However, this effect was largely alleviated by

wortmannin (21.0862.139 vs 10.861.64, P= 0.0051) (Figure 3a,

b). Compared with the vehicle treated I/R group, LA-treated

hearts had suppressed caspase-3 activity (1.68960.3167 vs

2.94260.2367, P=0.013), indicating lower pro-apoptotic enzyme

activity in this group. This effect was abolished by wortmannin

(2.61260.1706 vs 1.68960.3167, P=0.033) (Figure 3c). Western

blot analysis also demonstrated lower cleaved caspase-3 levels, in

the LA group as compared with both the I/R+V group and the

wortmannin group (Figure 3d, 3e). This reduction of cardiomyoc-

tye apoptosis by LA was also abolished by LY294002 (Figure

S3d,e).

LA Partially Preserved Left Ventricular Function After I/R
Injury
Left ventricular function was evaluated with echocardiography

after 30 min ischemia and 72 h of reperfusion. No significant

difference in baseline echocardiography was observed between

groups (Figure S2a,b,c). Compared to the sham I/R group, I/R

injury caused a significant decrease of LVEF (81.5361.747 vs

47.4264.775, P,0.001) and a dramatic increase of LVESV

(0.169460.0247 vs 0.414860.0166, P,0.001) and LVEDV

(1.01560.0735 vs 1.35960.0755, P=0.011). LA administration

significantly blunted the reduction of LVEF caused by I/R injury

(66.2263.989 vs 47.4264.775, P=0.017) while wortmannin

alleviated this effect (52.5863.064 vs 66.2263.989, P=0.027)

(Figure 4a, 4b). LA significantly inhibited the increase of LVESV

compared with the I/R+V group (0.2860.044 vs

0.414860.017 ml, P=0.021) and the wortmannin group

(0.2860.044 vs 0.41760.032 ml, P= 0.036) (Figure 4c). The LA

group showed a trend toward LVEDV decrease compared with

both the I/R+V group (1.18360.103 vs 1.35960.075 ml,

P= 0.206) and the wortmannin-treated group (1.18360.103 vs

LA Preserves Cardiac Function in Rat I/R Injury
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1.34260.076 ml, P = 0.251) (Figure 4d), however, no statistical

significance was observed.

LA Treatment Inhibits Neutrophil Infiltration and TNF-
a Level After I/R Injury
After 3 h of reperfusion, the activity of MPO was significantly

increased in the I/R+V group compared to the sham I/R group

(23.361.211 vs 4.38960.786 U/100 mg, P,0.001). LA reduced

MPO activity in the I/R group compared with the I/R+V group

(15.1561.738 vs 23.361.211 U/100 mg, P=0.0085) and the

wortmannin group (15.1561.738 vs 22.8361.829 U/100 mg,

P=0.023) (Figure 5a), indicating a decrease of neutrophil

accumulation in LA treated heart. ELISA analysis demonstrated

that I/R resulted in a dramatic increase of TNF-a in both serum

(1.84960.135 vs 0.23960.0368 pg/mg protein, P,0.001) and the

injured myocardium (29.6461.851 vs 5.45360.854 pg/mg pro-

tein, P,0.001) compared with sham group (Figure 5b,5c). LA

inhibited the increase of TNF-a in both serum (1.84960.135 vs

Figure 1. LA reduces LDH and CK release. LA reduced CK and LDH level after I/R injury in rat serum. PI3K inhibitor wortmannin cotreatment
statistically increased the release of LDH and CK compared with LA treated alone. The columns and errors bars represent means and SEM. *p,0.05 vs
sham I/R, #p,0.05 vs I/R+V, yP,0.05 vs I/R+LA.
doi:10.1371/journal.pone.0058371.g001

Figure 2. LA decreases infarct size in rats subjected to I/R injury. Representative illustrations of infarct size as stained by Evans Blue and TTC
(a). LA decreased infarct size compared with I/R+V group and wortmannin pretreated group (b). The area at risk showed no statistical difference
between groups (c). The columns and errors bars represent means and SEM. *p,0.05 vs sham I/R, #p,0.05 vs I/R+V, yP,0.05 vs I/R+LA.
doi:10.1371/journal.pone.0058371.g002
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Figure 3. LA decreases cardiomyocyte apoptosis in rats subjected to MI/R injury. Representative photomicrograph showed that TUNEL-
positive cardiomyocytes were more frequently observed in I/R+V group and the wortmannin-pretreated group compared with the LA group (a). The
number of TUNEL-positive cardiomyocytes (in green, DAPI in blue) was significantly reduced in the LA group compared to the I/R+V group and the
wortmannin pretreated group (b). LA treatment also significantly decreased caspase-3 activity compared with I/R+V group and wortmannin-
pretreated group (c). LA decreased cleaved caspase-3 expression as compared with the I/R+V group and the wortmannin-pretreated group (d, e). The
columns and errors bars represent means and SEM. *p,0.05 vs sham I/R, #p,0.05 vs I/R+V, yP,0.05 vs I/R+LA.
doi:10.1371/journal.pone.0058371.g003
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0.83960.167 pg/mg protein, P=0.0033) and the myocardium

(29.6461.851 vs 19.1162.044 pg/mg protein, P=0.0088). Re-

ductions of TNF-a in both serum and the myocardium were

abolished by wortmannin administration (serum: 0.83960.167 vs

1.75160.106 pg/mg protein, P=0.0037; myocardium:

19.1162.044 vs 27.9361.782 pg/mg protein, P=0.017)

(Figure 5b,5c).

LA does not Affect Activation of p38 MAPK
Due to a previous report that LA exerts cardioprotection by

modulating JNK1/2 and ERK1/2, two members of MAPK family

[19], we examined the impact of LA on phosphorylation of

p38MAPK, the other important member of MAPK family.

However, pretreatment with LA exerted no significant effect on

phosphorylation of p38 MAPK (Figure 6a, 6b) in rat myocardium

subjected to 30 min of ischemia and 3 h of reperfusion. LA

preconditioning appears not to activate p38 MAPK, and therefore

p38MAPK is less likely to play important role in LA induced

cardioprotection in this model of rat myocardial I/R injury.

Increases Phosphorylation of Akt
The PI3K/Akt pathway was a potential cell signaling pathway

mediating the protective effect of LA [20]. Phosphorylation of Akt

was examined by western blot. Compared to the I/R+V group,

LA significantly increased phosphorylation of Akt. This increase of

Akt phosphorylation was abolished by co-administration of

wortmannin (Figure 6c, 6d). Cotreatment with LY294002 also

blocked the LA-induced activation of Akt (Figure S3f).

LA has No Effect on Nitric Oxide Production
Among potential cytoprotective downstream targets of Akt,

phosphorylation of eNOS and the subsequent production of NO

have been shown to play a pivotal role in Akt-mediated protection.

We examined whether LA increased eNOS phorsphorylation and

NO production in the acute phase of reperfusion. After 3 h of

reperfusion, eNOS phosphorylation and NO production were

both reduced by MI/R, however, LA produced no effect on either

eNOS phosphorylation(Figure 6c,e) or NO production(Figure 6h).

LA is known to generate protection by preventing the induction of

iNOS gene expression [21,22], which can generate toxic amounts

of NO in the late phase of reperfusion injury. After 24 h of

reperfusion, NOx level were significantly elevated by MI/R injury,

probably by induction of iNOS [23], however, LA did not produce

any effect on the elevation of NOx or iNOS (Figure 6f, 6g, 6i).

These results suggest that NO is unlikely to mediate LA-induced

protection.

Figure 4. LA partially preserved left ventricular function evaluated by echocardiograpy. Representative image of echocardiography
showed that the LA group has better left ventricular free wall motion compared with the I/R+V group and the wortmannin-pretreated group (a). LA
administration significantly enhanced LVEF as compared with the I/R+V group and the wortmannin-pretreated group (b). LA significantly inhibited
the increase of LVESV compared with the I/R+V group and the wortmannin pretreated group (c,d). LVEF: Left ventricular ejection fraction; LVESV: Left
ventricular end-systolic volume; LVEDV: Left ventricular end-diastolic volume. The columns and errors bars represent means and SEM. *p,0.05 vs
sham I/R, #p,0.05 vs I/R+V, yP,0.05 vs I/R+LA.
doi:10.1371/journal.pone.0058371.g004
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LA Increases Nrf2 Nuclear Translocation
It is known that the redox-sensitive transcription factor 2 (Nrf2)

plays an important role in cell survival following I/R. LA has been

shown to induce Nrf2 nuclear translocation and activation. Nrf2

nuclear translocation in LA treated hearts was examined by

nuclear protein extraction followed by western blot. Nrf2 levels in

cardiomyocyte cytoplasm and nucleus were examined by western

blot following nuclear and cytoplasmic protein isolation. Com-

pared with the I/R+V group, the LA group showed no significant

change in Nrf2 levels in cytoplasmic protein. In contrast, the Nrf2

levels in nuclear protein from the LA group was significantly

elevated, indicating an increase of Nrf2 nuclear translocation

(Figure 6i, 6j). Interestingly, this increase of Nrf2 nuclear

translocation was completely abolished by Wortmannin. These

observations indicate that LA promotes Nrf2 nuclear translocation

at least partially through activating PI3K/Akt pathway.

LA Increases HO-1 Gene Transcription and Expression
Having demonstrated that LA increased Nrf2 nuclear trans-

location, we set to identify the major target gene of Nrf2. Nrf2

nuclear translocation can upregulate expression of several

antioxidative enzymes, such as HO-1, glutathione S-transferase,

superoxide dismutase and NADPH-regenerating enzymes, all of

which are recognized to play important role in combating

oxidative stress. However, HO-1 promoter is known to have

a larger number of antioxidant response elements (ARE) sequences

that Nrf2 can bind to and induce its expression in a preferential

manner [24]. In addition, increase of HO-1 expression has been

shown to make the heart more resilient to I/R injury [25].

Therefore, we hypothesized that LA induced Nrf2 nuclear

translocation increases HO-1 gene expression. After 24 h of

reperfusion. HO-1 protein levels were significantly increased in the

myocardium. This effect was blocked by co-administration of

wortmannin(Figure 6k, 6l). These observations indicated that LA

promotes HO-1 gene transcription and expression in myocardium

subjected to MI/R. This effect is probably secondary to Nrf2

nuclear translocation caused by PI3K/Akt pathway activation.

Discussion

In the present study, using an in vivo rat model of MI/R, we

evaluated the protective effect of LA against MI/R and explored

the mechanisms involved. Our results show that MI/R leads to

necrosis and apoptosis of cardiomyocytes, myocardium inflamma-

tion and eventually myocardial infarct and heart function loss.

Pretreatment with 15 mg/kg of LA significantly attenuated I/R-

induced cardiomyocyte death, inflammation and most important-

ly, infarct size and cardiac dysfunction (decrease in LVEF,

elevation in LVESV) concomitantly with an increase in Akt

phosphorylation, Nrf2 nuclear translocation and HO-1 expression.

All these effects were abolished by PI3K inhibition. Unexpectedly,

LA did not influence p38MAPK activation or NO production. To

the best of our knowledge, this is the first study demonstrating that

Figure 5. LA alleviates neutrophil infiltration and TNF-a levels elevation. LA reduced the MPO activity in I/R compared with vechicle and the
wortmannin group (a). LA reduced serum levels of TNF-a compared with the I/R+V group and the wortmannin-pretreated group (b). LA reduced
cardiac levels of TNF-a compared with the I/R+V group and the wortmannin-pretreated group (c). The columns and errors bars represent means and
SEM. *p,0.05 vs sham I/R, #p,0.05 vs I/R+V, yP,0.05 vs I/R+LA.
doi:10.1371/journal.pone.0058371.g005
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LA pretreatment in vivo partially preserves heart function by

reducing cardiomyocyte death and inflammation secondary to

MI/R, and this protection is mediated, at least in part, by PI3K/

Akt activation and subsequent Nrf2 nuclear translocation.

LA can be derived from almost all foods or synthesized by

human organs like the liver. LA functions as a cofactor for multiple

metabolic enzymes, such as pyruvate dehydrogenase and a-keto-
glutarate dehydrogenase [26,27]. Due to its property as a safe,

powerful antioxidant, LA is widely used and well tolerated in the

treatment of diabetic polyneuropathy [6]. However, the beneficial

effects of LA seem to be only partially derived from its antioxidant

properties. Since the finding of Konrad et al [28] first suggested

that LA increases glucose uptake by specifically activating

p38MAPK and GLUT4, abundant evidence has connected LA

with cell signaling modulation [12].

Due to its antioxidant properties, LA has potential implications

in treating oxidative injuries [12]; however, the mechanism of LA

protection was poorly understood. Recently, LA has been reported

to reduce myocardial I/R injury in vitro [29]. Using an in vivo

model, we showed that pre-ischemic treatment with LA reduced

infarct size, decreased cardiomyoctyes apoptosis, and most

importantly, partially preserved heart function in rat myocardial

I/R.

LA also reduced myocardial I/R induced inflammation, which

could also contribute to its protective effect against I/R.

Inflammatory processes including neutrophil infiltration and

proinflammatory cytokines production, play a major role in the

extension of myocardial damage after I/R, while anti-inflamma-

tory therapies reduce myocardial reperfusion injury [30]. LA has

been well documented to inhibit inflammation in multiple disease

processes [31,32,33]. We therefore hypothesize that LA inhibits

inflammation caused by I/R and this anti-inflammatory effect

contributes to the protection against I/R. Our results from the

present study show that in an in vivo model of myocardial I/R,

LA pretreatment significantly reduces both serum and cardiac

TNF-a production and blocks neutrophil accumulation in I/R

myocardium, both of which are key elements of post-I/R

inflammation.

To clarify the mechanism of LA preconditioning, we first

investigated the activation of p38 MAPK. LA was shown to exert

its protective effect against heart I/R by activating ERK1/2 and

inhibiting JNK1/2, both of which are members of the MAPK

family [19]. In the present study, we chose to study the impact of

LA on p38MAPK, another member of the MAPK family.

p38MAPK is also the first cell signaling molecule demonstrated

to be involved in LA-induced protective effect [28], However, LA

did not activate p38 MAPK in our model of myocardial I/R. This

difference observed between our study and the aforementioned

previous report might be due to differences in protein types and

experimental protocols. Though ERK1/2, JNK1/2 and

p38MAPK belong to one family, they do not necessarily work

together. On the other hand, in the aforementioned study

reporting the role of ERK1/2 and JNK1/2 in LA protection,

the authors employed a protocol of 45 min of ischemia and

10 min of reperfusion, which is drastically different from our

protocol of 30 min of ischemia and 3 h of reperfusion. This

difference between protocols might explain the different results we

observed regarding the role of MAPK family proteins in LA

protection against MI/R.

PI3K/Akt is well documented to be protective in heart I/R

injury [34]. PI3K/Akt is reported to be activated by LA and to

mediate LA-induced protection against I/R in the liver [20]. We

therefore hypothesize that the cardioprotection produced by LA is

mediated, at least partially, by PI3K/Akt activation. In the present

study, compared with the control group, the LA group showed

significant increase of Akt phosphorylation, indicating its activa-

tion. More importantly, protection of LA was abolished by PI3K

inhibition, indicating that LA-induced activation of Akt is pivotal

for LA-mediated cardioprotection.

Among potential cytoprotective downstream targets of Akt,

phosphorylation of eNOS [35] with subsequent production of NO

was shown to play a key role in PI3K/Akt mediated protection,

especially the anti-apoptotic effect of Akt [36]. Therefore, we

examined the impact of LA pretreatment on eNOS activity and

NO production. Surprisingly, even though LA did reduce

cardiomyocyte apoptosis, eNOS phosphorylation was not in-

creased in LA-treated hearts. No increase of NO was observed

either. A possible explanation for this discrepancy is that LA might

directly inhibit NO synthesis [37]. In the late phase of reperfusion,

iNOS induction produces detrimental amounts of NO, but LA has

been shown to inhibit endotoxin induced iNOS expression [21]. In

the present study, LA did not inhibit iNOS induction and

subsequent NO production in the late phase of reperfusion injury.

This observation suggests a new mechanism by which LA exerts

anti-apoptotic action during I/R injury other than modulating

NO production.

Nrf2 is a key regulator of endogenous antioxidant defense.

Under physiological conditions, Nrf2 is bound by its cytosolic

inhibitor, Keap1, and resides in the cytoplasm before it is targeted

for proteosomal degradation. During oxidative stress, Nrf2 is

liberated from Keap1 and enters the nucleus, where it induces

expression of genes for proteins that function as antioxidants and

anti-inflammatory modulators. Phosphorylation of serine/threo-

nine residues of Nrf2 is considered to be an important mechanism

mediating Nrf2 dissociation from Keap1 [38]. Among others

kinases, PI3K is shown to modulate Nrf2 dissociation from Keap1

and subsequent nuclear translocation, probably through phos-

phorylation of its serine/threonine residues [38,39]. Nrf2 is shown

to play an important cytoprotective role in cell injuries like I/R

[40] and inflammation [41]. In the present study, compared to the

I/R group, LA-treated hearts have a significantly higher level of

nuclear Nrf2. This observation indicates that LA induced Nrf2

nuclear translocation in I/R myocardium. LA possesses the ability

to increase Nrf2 nuclear translocation and activity in various cell

culture models, supporting our data [42,43]. Given that Nrf2

nuclear translocation can induce multiple cytoprotective gene

expression, this Nrf2 nuclear translocation might mediate the

cardioprotective effect of LA we observed in this study. For the

first time, we also observed increased transcription and expression

of the HO-1 gene in hearts treated with LA. HO-1 is preferentially

inducted by Nrf2 due to the large number of APRE sequencenes

which Nrf2 can bind to in its promotor [24]. In addition, HO-1 is

Figure 6. Western blot analysis.Western blot analysis showed no difference of phosphorylated p38MAPK level between the LA and the I/R group
(a,b). LA treatment increased the level of phosphorylated Akt as compared with the I/R+V group and the wortmannin pretreated group (c, d). No
difference of phosphorylated eNOS or NOx level was observed between the LA and the I/R group after 3 h of reperfusion(e, f). After 24 h of
reperfusion, no difference of iNOS or NOx level between the LA and the I/R group was observed(g, h). LA enhanced nuclear Nrf2 protein level but did
not significantly change the level of Nrf2 in the cytoplasm. Wortmannin abolished the effect of LA on nuclear Nrf2 level (i, j). LA increased HO-1 gene
transcription and expression, detected by Real Time PCR and western blot respectively, compared to the I/R+V and I/R+LA+W groups(k,l). The
columns and errors bars represent means and SEM. *p,0.05 vs sham I/R, #p,0.05 vs I/R+V, yP,0.05 vs I/R+LA.
doi:10.1371/journal.pone.0058371.g006

LA Preserves Cardiac Function in Rat I/R Injury

PLOS ONE | www.plosone.org 9 March 2013 | Volume 8 | Issue 3 | e58371



a strong cytoprotective gene. Increased HO-1 expression is known

to make hearts more resilient to I/R injury [25].Therefore, HO-1

could be an important target of Nrf2 nuclear translocation induced

by LA and may mediate the cardioprotection of LA. Interestingly,

PI3K inhibition abolished this increase of Nrf2 nuclear trans-

location and HO-1 gene expression expression, indicating that this

effect is at least partially PI3K/Akt signaling pathway dependen-

t.In future studies, we plan to use HO-1 knockout mice or HO-1

inhibitors to further determine its contribution in LA cardiopro-

tection.

In summary, we demonstrated for the first time that LA

preconditioning partially preserves heart function by reducing

myocardial infarct size, cardiomyocytes apoptosis and inflamma-

tion in rat MI/R injury. The clinical relevance of our findings is

supported by the fact that LA can produce protection in vivo. This

protective effect is possibly dependent on PI3K/Akt activation

with subsequent Nrf2 nuclear translocation and expression of HO-

1. Given that Nrf2 activation can coordinately upregulate

expression of several antioxidative enzymes playing important

roles in combating oxidative stress, further research of the

mechanism of LA preconditioning-induced protection are war-

ranted.

Supporting Information

Figure S1 Dosage dependent cardioprotection of LA.
Compared to saline-treated control, 15, 25 or 50 mg/kg of LA

pretreatment significantly reduced infarct size after 30 min of

ischemia and 24 h of reperfusion. No difference of infarct size was

observed among these 3 groups. 5 or 10 mg/kg of LA pre-

treatment did not reduced infarct size (a). All groups have similar

AAR/LV % (b). The columns and errors bars represent means

and SEM. *p,0.05 vs saline.

(TIF)

Figure S2 Baseline heart function data. Before ischemia,

baseline heart function of rats was obtained via echocardiography.

No differences of LVEF (a), LVESV (b) or LVEDV (c) was

observed between groups.

(TIF)

Figure S3 LY294002 abolished the protection of LA.
Compared to LA alone, co-treatment of LY294002 significantly

elevated serum CK and LDH level (a,b), and increased infarct size

(c) and cardiomyocyte apoptosis (d,e). LY294002 also reduced Akt

phosphorylation (f), indicating its successful inhibition of PI3K.

The columns and errors bars represent means and SEM. *p,0.05

vs I/R+LA. (LY: LY294002).
(TIF)
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