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Phosphorylation of endothelial NOS contributes to 
simvastatin protection against myocardial no-reflow 
and infarction in reperfused swine hearts: partially 
via the PKA signaling pathway
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Aim: The cholesterol-lowering drugs statins could enhance the activities of endothelial nitric oxide synthase (eNOS) and protect myo-
cardium during ischemia and reperfusion.  The aim of this study was to examine whether protein kinase A (PKA) was involved in statin-
mediated eNOS phosphorylation and cardioprotection. 
Methods: 6-Month-old Chinese minipigs (20–30 kg) underwent a 1.5-h occlusion and 3-h reperfusion of the left anterior descending 
coronary artery (LAD).  In the sham group, the LAD was encircled by a suture but not occluded.  Hemodynamic and cardiac function 
was monitored using a polygraph.  Plasma activity of creatine kinase and the tissue activities of PKA and NOS were measured spectro-
photometrically.  p-CREB, eNOS and p-eNOS levels were detected using Western blotting.  Sizes of the area at risk, the area of no-reflow 
and the area of necrosis were measured morphologically.
Results: Pretreatment of the animals with simvastatin (SIM, 2 mg/kg, po) before reperfusion significantly decreased the plasma activ-
ity of creatine kinase, an index of myocardial necrosis, and reduced the no-reflow size (from 50.4%±2.4% to 36.1%±2.1%, P<0.01) and 
the infarct size (from 79.0%±2.7% to 64.1%±4.5%, P<0.01).  SIM significantly increased the activities of PKA and constitutive NOS, and 
increased Ser133 p-CREB protein, Ser1179 p-eNOS, and Ser635 p-eNOS in ischemic myocardium.  Intravenous infusion of the PKA inhibitor 
H-89 (1 μg·kg-1·min-1) partially abrogated the SIM-induced cardioprotection and eNOS phosphorylation.  In contrast, intravenous infu-
sion of the eNOS inhibitor L-NNA (10 mg·kg-1) completely abrogated the SIM-induced cardioprotection and eNOS phosphorylation during 
ischemia and reperfusion, but did not affect the activity of PKA.  
Conclusion: Pretreatment with a single dose of SIM 2.5 h before reperfusion attenuates myocardial no-reflow and infarction through 
increasing eNOS phosphorylation at Ser1179 and Ser635 that was partially mediated via the PKA signaling pathway.
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Introduction
Timely reopening of the occluded coronary artery after acute 
myocardial infarction rescues the ischemic myocardium and 
reduces mortality.  However, impaired regional perfusion and 
microvascular or endothelial dysfunction within the previ-
ously ischemic myocardium after revascularization therapy 
also produce the no-reflow phenomenon, which may lead 

to increased infarct size, contractile dysfunction, higher inci-
dence of complications, and poor clinical outcome[1–4].  Preven-
tion and treatment of the no-reflow phenomenon have been a 
worldwide challenge in this reperfusion times.

Statins are cholesterol-lowering drugs that inhibit 
3-hydroxy-3-methylglutaryl coenzyme A reductase, a key 
enzyme in the cholesterol synthesis pathway.  Previous studies 
have demonstrated that chronic and early pretreatment with 
statins can improve coronary circulation and reduce the sizes 
of no-reflow and infarct after ischemia-reperfusion injury by 
enhancing endothelial (e-)nitric oxide synthase (eNOS) activ-
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ity through the phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (Akt) signaling cascade[4–10].  

According to the European Society of Cardiology (ESC) 
guidelines, the optimal revascularization time is within 3 h 
after the onset of acute myocardial infarction[11].  In almost 
all of the existing studies, statins were delivered several days 
before myocardial reperfusion.  It is not clinically practical 
to pre-treat patients undergoing acute post-infarct percuta-
neous coronary intervention with high-dose statins several 
days before the procedure.  In addition, recent studies have 
reported that the cyclic adenosine monophosphate (cAMP)/
protein kinase A (PKA) pathway plays a role in cardioprotec-
tion during ischemic preconditioning and in the cardiopro-
tection provided by Tongxinluo, a traditional Chinese medi-
cine[12–14], but it is unclear whether PKA is associated with the 
cardioprotective effects of statins.  Therefore, in this study, 
we tested the hypothesis that acute pretreatment with single-
dose statins before reperfusion exerts a cardioprotective effect 
against myocardial no-reflow and infarction by enhancing 
eNOS activity in a PKA-dependent manner.  

Materials and methods
Animal experimental protocols 
The animal experimental protocols and procedures were 
approved by the Care of Experimental Animals Committee of 
Fu Wai Hospital, National Center for Cardiovascular Diseases, 
Chinese Academy of Medical Sciences and Peking Union 
Medical College, China.  All animals received humane care 
in compliance with the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health, USA.  

As described previously[4, 14], 6-month-old Chinese Minipigs 
weighing 20 to 30 kg were anesthetized with a mixture of 700 
mg ketamine hydrochloride and 30 mg diazepam adminis-
tered intramuscularly and were continuously infused with 
this mixture (2 mg/kg per hour) intravenously to maintain the 
anesthesia.  Minipigs were assigned to 1 of 7 groups (n=7–8 
in each group): control, simvastatin (SIM), SIM coadminis-
tered with H-89 (SIM+H-89), H-89, SIM coadministered with 
Nω-nitro-L-arginine (L-NNA; SIM+L-NNA), L-NNA, and sham 
group.  All pigs except for the sham group underwent a 1.5-h 
occlusion and 3-h reperfusion of the left anterior descending 
coronary artery (LAD).  The LAD of the sham animals was 
encircled by a suture but not occluded.  

The control pigs underwent no intervention either before 
or after reperfusion.  SIM (2 mg/kg, Merck & Co, USA) was 
gavaged 2.5 h before myocardial reperfusion; the SIM dos-
age was determined based on the loading dose (80 mg) before 
acute percutaneous coronary intervention and was converted 
to the pig dose according to body surface area[15].  H-89 (1.0 
µg·kg-1·min-1, Alexis, USA), a PKA inhibitor, was intrave-
nously and constantly infused throughout the procedure to 
inhibit PKA activity[13].  L-NNA (10 mg/kg, Aldrich, USA), an 
arginine derivative that can nonselectively and competitively 
inhibit NOS, was intravenously infused and maintained until 
the end of reperfusion to inhibit eNOS activity[16].  Although 
L-NNA inhibits both constitutive (cNOS) and inducible 

(iNOS), the effect of L-NNA inhibition on cNOS is 300 fold 
greater than that on iNOS, and this effect is rapidly reversible.  
Furthermore, the predominantly expressed isoform of cNOS 
in the myocardium is eNOS[17].  Therefore, we chose to use 
L-NNA as a selective inhibitor of eNOS in the present study.  

Hemodynamic and cardiac function studies
Heart rate (HR) was monitored by surface limb lead electro-
cardiograph.  A 6F pigtail catheter was inserted into the right 
femoral artery though an arterial sheath for real time measure-
ments of mean arterial pressure (MAP), left ventricular end-
diastolic pressure (LVEDP), and maximum and minimum 
rates of left ventricular pressure development (dp/dtmax and 
dp/dtmin, respectively).  Hemodynamic data were recorded on 
a polygraph (Biopac Systems, MP-150, USA) at baseline, after 
1.5 h of ischemia, and after 3 h of reperfusion and analyzed 
with Acqknowledge v3.8.1 software.

Analysis of myocardial area at risk (AAR), area of no-reflow (ANR), 
and area of necrosis (AN)
Myocardial AAR, ANR, and AN were measured according 
to previous methods[4, 14].  In brief, the area of impaired perfu-
sion was delineated by a bolus of 4% fluorescent thioflavin S 
(1 mL/kg, Sigma, USA) into the left atrium.  Approximately 
30 s later, the LAD was religated at the original site, and AAR 
was outlined by perfusion with a bolus of 2% Evans blue dye 
(1 mL/kg, Sigma, USA) into the left atrium.  The heart was 
then excised, and the blood was washed out.  In ice-cold saline 
solution, the extra-left ventricular tissue was removed, and the 
left ventricular tissue was transversely cut into six or seven 
slices made parallel to the atrioventricular groove.  The AAR, 
or the area unstained by Evans blue, was traced and pictured 
in visible light.  The ANR, or the area not perfused by thiofla-
vin S, was photographed under ultraviolet light (365 nm).  The 
area between the AAR and ANR was the area of reflow (AR).  
Then, tissue samples were collected from ANR, AR, and non-
ischemic area (NA) on the reverse side of the traced slices and 
immediately placed in liquid nitrogen for the next examina-
tion.  Finally, tissue slices were weighed and incubated in 1% 
triphenyltetrazolium chloride (TTC, pH 7.4) at 37 °C for 15 min 
to identify the AN.  AAR was expressed as a percentage of 
the left ventricular mass (AAR/LV), and ANR and AN were 
expressed as percentages of the AAR (ANR/AAR and AN/
AAR, respectively), with the mass of each area determined 
gravimetrically.

Determination of plasma creatine kinase (CK) activity 
Plasma CK activity, an index of myocardial necrosis, was 
measured spectrophotometrically at baseline, after 1.5 h of 
ischemia, and after 3 h of reperfusion according to the manu-
facturer’s instructions (Nanjing JianCheng Bioengineering 
Institute, China).  

Tissue PKA activity assay
PKA activity was measured according to the method 
described previously using a nonradioactive PKA assay kit 
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(Promega, USA)[14, 18].  Tissue samples from NA, AR, and ANR 
were homogenized on ice in PKA extraction buffer containing 
25 mmol/L Tris-HCl (pH 7.4), 0.5 mmol/L EDTA, 0.5 mmol/L 
EGTA, 10 mmol/L β-mercaptoethanol, 1 μg/mL leupeptin, 
and 1 μg/mL aprotinin.  The homogenate was centrifuged at 
20 000×g for 5 min at 4 °C, and the supernatant was assayed 
for PKA activity according to the manufacturer’s instructions.  
The reaction products were separated on a 0.8% agarose gel 
at 100 V for 15 min.  The phosphorylated species migrated 
toward the positive electrode, whereas the non-phosphory-
lated substrates migrated toward the negative electrode.  The 
fluorescence intensity of the phosphorylated peptides, which 
reflects the PKA activity, was quantified by spectrophotom-
etry at 570 nm.  One unit of kinase activity is defined as the 
number of nanomoles of phosphate transferred to a substrate 
per minute per milliliter.

Western blotting analysis 
The expression of Ser133 phosphorylated (pcAMP) response 
element-binding protein (CREB), eNOS, Ser1179 p-eNOS and 
Ser635 p-eNOS was detected by Western blotting, as described 
previously[19].  Rabbit polyclonal p-CREB (Ser133; 1:100 dilution, 
Santa Cruz, USA), rabbit polyclonal eNOS (1:250 dilution, 
Cell Signaling, USA), rabbit monoclonal p-eNOS (Ser1179; 1:250 
dilution, Invitrogen, USA), rabbit polyclonal p-eNOS (Ser635; 
1:200 dilution, Upstate, USA), or mouse monoclonal β-actin 
(1:10 000 dilution, Proteintech, USA) antibodies were applied.  
The immunoreactive bands were visualized using a chemilu-
minescence reagent.  The intensity ratio of the target band to 
the β-actin band corresponded to the relative amounts of the 
target protein.

Analysis of tissue NOS activity
Tissue samples from NA, AR, and ANR were homogenized 
and centrifuged at 3000 r/min for 10 min.  The activity of total 
(t-)NOS, iNOS, and cNOS (the predominantly expressed iso-
form of cNOS in myocardium is eNOS[17]) in the supernatant 
was measured spectrophotometrically at 530 nm according to 
the manufacturer’s instructions (Nanjing KeyGen, China).  The 
activities were expressed as units per milligram of myocardial 
protein (IU/mg prot).  

Statistical analysis 
All data are expressed as the mean±SEM.  Data from all stages 
were compared by repeated measures analysis of variance fol-
lowed by post-hoc analysis with the Student-Newman-Keuls 
multiple comparisons test.  Differences in a single variable 
data, such as the no-reflow and infarct areas, and the activities 
of PKA and NOS were compared among groups by ANOVA 
followed by the Duncan’s post hoc test.  P<0.05 was considered 
statistically significant.  

Results
Cardiac performance in SIM-treated and -untreated hearts 
Physiological examination revealed that there were no signifi-
cant differences in cardiac hemodynamics between any of the 

groups at baseline (P>0.05).  However, under the conditions of 
ischemia and reperfusion, HR and LVEDP were increased in 
the untreated, control hearts (P<0.05).  The effects of ischemia 
and reperfusion were partially diminished when the animals 
received SIM pretreatment, as HR and LVEDP were decreased 
in the SIM group (P<0.05).  The effects of SIM appeared to 
depend on the activation of PKA and eNOS because combined 
treatment with SIM and the PKA inhibitor H-89 or the eNOS 
inhibitor L-NNA did not have the same effect as treatment 
with SIM alone (Table 1).

Sizes of no-reflow and infarction after ischemia and reperfusion 
Pathological studies revealed that the area at risk (AAR) 
per left ventricle (LV) was comparable in the control, SIM, 
SIM+H-89, H-89, SIM+L-NNA, and L-NNA groups, averaging 
between 26.1% and 30.4% (P>0.05) (Figure 1A and 1B).  SIM 
pretreatment significantly attenuated the area of no-reflow 
(ANR/AAR, 36.1%±2.1%) and the area of necrosis (AN/AAR, 
64.1%±4.5%) compared to the control group (50.4%±2.4%; 
79.0%±2.7%) (P<0.01).  The PKA inhibitor H-89 alone reduced 
the no-reflow size (29.5%±4.2%) relative to the control group 
(P<0.01), but it partially abolished the SIM effect on no-reflow 
size and completely abolished the SIM effect on infarct size, 
indicated by the increased no-reflow (40.4%±6.1%) and infarct 
(77.4%±1.2%) sizes, respectively, in the SIM+H-89 group.  
However, the eNOS inhibitor L-NNA completely counter-
acted the effects of SIM on myocardial no-reflow and infarc-
tion; the no-reflow and infarction sizes in the SIM+L-NNA 
group reverted to the control levels (52.3%±2.8%; 83.9%±2.5%) 
(P<0.01).  These data indicate that the cardioprotective effects 
of SIM against no-reflow and infarction are completely eNOS-
dependent but partially PKA-dependent.  

After 1.5 h of ischemia and 3 h of reperfusion, plasma CK 
activity, a standard enzymatic marker of cardiac injury, was 
significantly increased in the control group (2.97±0.45 IU/
mL; 4.73±0.14 IU/mL) compared to the sham group (1.05±0.09 
IU/mL; 1.59±0.25 IU/mL) (P<0.01) but was lowered in the 
SIM group (1.66±0.13 IU/mL; 3.53±0.29 IU/mL) compared to 
the control group (P<0.01).  However, the addition of H-89 
inhibited the SIM effect after 3 h of reperfusion, and L-NNA 
inhibited the SIM effect after 1.5 h of ischemia and 3 h of rep-
erfusion (Figure  1C).  

Myocardial PKA activity in the reflow and no-reflow areas after 
ischemia and reperfusion 
Figure 2A shows that the PKA activity was dramatically 
induced in the reflow and no-reflow areas in the control group 
(9.57±0.56 IU/mL; 12.18±0.88 IU/mL) compared with that 
in the sham group (6.04±0.62 IU/mL) (P<0.01).  Myocardial 
PKA activity in the reflow and no-reflow areas were further 
activated in the SIM group (12.24±0.76 IU/mL; 14.47±0.44 IU/
mL) compared to that in the control group (P<0.05).  However, 
SIM-induced PKA activity was inhibited by H-89 but not by 
L-NNA.  

To evaluate the inhibition effect of H-89 on the PKA signal-
ing pathway, Western blotting analysis was performed to 
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detect the expression of Ser133 p-CREB, which acts downstream 
of PKA and is thus an indicator of PKA activity[13] (Figure 2B, 
2C, and 2D).  In the non-ischemic area (Figure 2B), the expres-
sion of Ser133 p-CREB was reduced in the SIM and H-89 groups 
compared to the control group (P<0.05).  In the reflow and 
no-reflow myocardium (Figure 2C and 2D), Ser133 p-CREB 
was up-regulated in the control group compared to the sham 
group (P<0.05) and was further activated in the SIM group 
compared to the control group (P<0.05).  The induction effect 
of SIM on Ser133 p-CREB expression was abolished by H-89 
but not by L-NNA (P<0.05).  These data suggest that the PKA 
pathway was activated during ischemia and reperfusion and 
was further stimulated by SIM pretreatment.  

Myocardial NOS activities in the reflow and no-reflow areas after 
ischemia and reperfusion
In the non-ischemic area (Figure 3A), cNOS activity was 
increased in the control group (0.68±0.15 IU/mg prot) rela-
tive to the sham group (0.26±0.08 IU/mg prot) (P<0.01).  In 
the reflow and no-reflow areas (Figure 3B and 3C), tNOS 
activity was decreased in the SIM+H-89 (0.63±0.09 IU/mg 
prot; 0.59±0.05 IU/mg prot) and SIM+L-NNA (0.73±0.06 

IU/mg prot; 0.73±0.05 IU/mg prot) groups relative to the 
SIM group (0.97±0.13 IU/mg prot; 0.94±0.06 IU/mg prot) 
(P<0.05); iNOS activity was decreased in the control group 
(0.37±0.08 IU/mg prot; 0.32±0.09 IU/mg prot) relative to the 
sham group (0.76±0.11 IU/mg prot) (P<0.01); and cNOS activ-
ity was increased in the SIM group (0.67±0.15 IU/mg prot; 
0.6±0.08 IU/mg prot) relative to the control group (0.4±0.11 
IU/mg prot; 0.41±0.08 IU/mg prot) (P<0.05) but decreased in 
the SIM+H-89 (0.3±0.08 IU/mg prot; 0.31±0.07 IU/mg prot) 
and SIM+L-NNA (0.28±0.07 IU/mg prot; 0.2±0.04 IU/mg prot) 
groups compared to the SIM group (P<0.01).  

To investigate the mechanism by which PKA mediates 
eNOS activity, the expression of eNOS and p-eNOS (Ser1179 
and Ser635) was detected by Western blotting analysis (Figure 
2B, 2C, and 2D).  In the non-ischemic area (Figure 2B), the 
expression of eNOS and Ser635 p-eNOS was increased in the 
control group compared to that in the sham group (P<0.05); 
the eNOS expression in the SIM and SIM+H-89 groups was 
decreased, and the Ser635 p-eNOS expression in the H-89 
group was increased, compared to that of the control group 
(P<0.05).  In the reflow area (Figure 2C), the expression of 
eNOS and Ser635 p-eNOS was increased in the control group 

Table 1.  Hemodynamic data at baseline, at the end of ischemia, and after reperfusion.  Mean±SEM.  n=7–8 animals/group.  bP<0.05 vs Sham.   
eP<0.05 vs Control.  hP<0.05 vs SIM at the same time point.

                                                         HR                           MAP                              RPP                             LVEDP                    dp/dtmax                         dp/dtmin

                                                   (beats/min)               (mmHg)                (mmHg·beats/min)              (mmHg)                  (mmHg/s)                     (mmHg/s)
 
 Baseline      
 Sham group   95.4±4.4 87.8±7.5 8411.8±900.6   3.2±0.7 1689.8±220.1 -1309.7±225.5
 Control group 102.6±10.3 84.6±10.2 8308.7±1023.1   4.6±1.1 1966.2±168  -1574.1±121.8
 SIM group 101.9±8.4 93.5±7.6 9135.5±458.9   4.9±1.1 1857.1±183.4  -1581.8±242.0
 SIM+H-89 group 112.7±6.4 89.6±4.5 9973.1±475.9   3.9±0.6 2083.4±186.9   -1434.1±123.9
 H-89 group 112.9±6.9 76.1±7.4 8621.4±1028.7   5.1±1.1 1844.9±160.1 -1309.4±192.7
 SIM+L-NNA group   95.4±8 99.1±8.5 9371.7±1081.9      6±0.3 1569.3±192.5  -1512.2±205.4
 L-NNA group   93.5±5.5 102.2±6.9 9438.9±630.6   5.4±0.5 1928.8±157.2 -1832.2±165.6

 Ischemia 90 min      
 Sham group    89.4±7.7 74.7±5.2 6619.0±726.2   3.6±0.7 1820.7±198.0    -503.1±397.1
 Control group 126.0±6.2b 66.1±7.9 8544.7±1354.0 11.3±3.5b 1549.4±137.7    -876.7±108.2
 SIM group    85.6±13.8e 65.0±2.9 6808.0±968.2   6.7±1.5 1737.8±129.0  -1096.7±96.9
 SIM+H-89 group    90.3±11.6 61.5±3.2 4220.0±301.5h   9.8±2.8 1164.4±99.8h    -713.9±107.1
 H-89 group    89.8±7.3e 70.8±6.1 6585.0±1003.5   7.5±1.3 1389.5±91.2    -805.2±87.0
 SIM+L-NNA group 100.3±3.2  97.1±5.4h 9754.1±666.8h   8.3±1.3 1262.6±171.7h    -880.4±193
 L-NNA group 103.6±4.4 98.4±7.3e 9208.9±777.8    10±1.7 1733.1±89.5    -844.9±74.1

 Reperfusion 180 min      
 Sham group    69.4±4.9 75.4±4.3 5215.7±462   4.0±1.0 1650.3±231.7    -846.7±105.5
 Control group    80.2±7.8 67.0±9.0 5354.3±966.4 12.8±2.6b 1236.2±139.6    -691.9±70.5
 SIM group    80.3±7.1 76.0±4.6 6131.6±774.2   6.8±1.4e 1718.7±250.0    -949.1±112.7
 SIM+H-89 group    95.8±11.9 59.0±5.8h 5661.8±859.8    7.7±1.6 1397.7±183.6    -786.7±70.1
 H-89 group    84.3±3.4 70.4±3.8 5963.3±442.9   6.9±1.3e 1385.2±245.3    -790.3±192.6
 SIM+L-NNA group    79.4±5.3 79.3±6.4 6338.2±660.8   8.8±0.9 1013.6±111.9h    -684.2±57.2
 L-NNA group    85.8±5.7 82.1±5.3    6334±834.5   6.2±1.2e 1265.9±146.6    -886.7±205.1

Abbreviations: SIM=simvastatin; L-NNA=Nω-nitro-L-arginine; HR=heart rate; MAP=mean arterial pressure; RPP=rate-pressure product; LVEDP=left 
ventricular end-diastolic pressure; dp/dtmax and dp/dtmin=maximum and minimum rates of left ventricular pressure development, respectively.
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compared with that in the sham group (P<0.05); the Ser1179 
p-eNOS and Ser635 p-eNOS phosphorylation was increased in 
the SIM group compared to that in the control group (P<0.05); 
H-89 suppressed the induction effect of SIM on Ser635 p-eNOS 
(P<0.05), and L-NNA suppressed the induction effect of SIM 
on both Ser1179 p-eNOS and Ser635 p-eNOS (P<0.05).  In the no-
reflow area (Figure 2D), Ser1179 p-eNOS phosphorylation was 
higher in the control group than in the sham group (P<0.05).  
The level of Ser635 p-eNOS was increased in the SIM and 
H-89 groups compared to that of the control group (P<0.05), 
whereas the levels of Ser1179 p-eNOS and Ser635 p-eNOS were 
decreased in the SIM+L-NNA group (P<0.05).  

Discussion
The main findings of our study include the following: first, a 

single-dose SIM pretreatment just 2.5 hours before reperfu-
sion reduced the sizes of the no-reflow and necrosis areas and 
activated the PKA pathway and the phosphorylation of eNOS 
at Ser635 and Ser1179 in the reflow and no-reflow myocardium.  
Second, the PKA inhibitor H-89 blocked the SIM-induced PKA 
activation and partially abolished the SIM-induced cardiopro-
tection and eNOS phosphorylation, whereas the eNOS inhibi-
tor L-NNA completely blocked the SIM-induced cardiopro-
tection and eNOS phosphorylation without any influence on 
PKA activity, indicating that the cardioprotection of SIM after 
ischemia and reperfusion is in part mediated by the PKA/
eNOS pathway.

Previous studies have reported that a 3-day pretreatment 
with atorvastatin or SIM at 10 mg/kg per day decreased the 
infarct size in rat hearts, but this effect was not observed at 

Figure 1.  Sizes of area at risk (AAR), area of no-reflow (ANR), and area of necrosis (AN).  (A) A representative series of images of the ischemia, no-
reflow, and infarction areas at the level of the left ventricle papillary muscle.  In the upper panels, the myocardium unstained by Evans blue dye 
represents AAR.  In the middle slices, thioflavin S fluorescent dye negatively stained myocardium indicates the no-reflow area.  In the bottom slices, the 
triphenyltetrazolium chloride (TTC)-unstained white myocardium was identified as the infarct zone.  Simvastatin (SIM) pretreatment (4 to 6) decreased 
the areas of no-reflow and necrosis compared with the control (1 to 3), SIM+H-89 (7 to 9), and SIM+L-NNA (13 to 15) groups.  (B) AAR expressed as 
a percentage of left ventricular mass; ANR and AN expressed as percentages of AAR.  SIM significantly reduced the sizes of ANR and AN compared 
with the control, but these effects disappeared when SIM was coadministered with H-89 or L-NNA.  (C) Plasma CK activity assays revealed that SIM 
eliminated the ischemia-reperfusion-induced elevation of the plasma CK activity after 1.5 h of ischemia and 3 h of reperfusion, while H-89 and L-NNA 
diminished the effect of SIM treatment.  Mean±SEM.  n=7–8 animals/group.  cP<0.01 vs Sham.  fP<0.01 vs Control.  hP<0.05, iP<0.01 vs SIM at the 
same time point.
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2 mg/kg[4, 6, 20, 21].  Similarly, acute pretreatment with high-
dose SIM (10 μmol/L) was shown to attenuate the ischemia-

reperfusion injury in isolated rat hearts, but chronic treatment 
of low-dose SIM did not[22].  These data suggest that chronic 

Figure 2.  Myocardial PKA activity and the expression of Ser133 p-CREB, eNOS and p-eNOS (Ser1179 and Ser635) after ischemia and reperfusion.  
(A) Myocardial PKA activities in the reflow and no-reflow areas were stimulated by ischemia and reperfusion and were further increased by SIM 
pretreatment.  However, the SIM-induced activation of PKA was silenced by H-89 but not by L-NNA.  (B) In the non-ischemic area, the expression of 
eNOS and Ser635 p-eNOS was increased in the control group, and the expression of Ser133 p-CREB and eNOS was decreased in the SIM and H-89 
groups.  (C) In the reflow area, the expression of Ser133 p-CREB, eNOS, and Ser635 p-eNOS was stimulated by ischemia and reperfusion.  SIM promoted 
the phosphorylation of Ser133 p-CREB, Ser1179 p-eNOS, and Ser635 p-eNOS.  However, H-89 counteracted the effects of SIM on Ser133 p-CREB and Ser635 
p-eNOS, and L-NNA canceled the effects of SIM on Ser1179 p-eNOS and Ser635 p-eNOS.  (D) In the no-reflow area, ischemia and reperfusion induced the 
phosphorylation of Ser133 p-CREB and Ser1179 p-eNOS.  SIM pretreatment increased the phosphorylation of Ser133 p-CREB and Ser635 p-eNOS.  H-89 
blocked the effect of SIM on Ser133 p-CREB, and L-NNA inhibited the SIM effects on Ser1179 p-eNOS and Ser635 p-eNOS.  Mean±SEM.  n=7–8 animals/
group.  bP<0.05 vs Sham.  eP<0.05 vs Control.  hP<0.05, iP<0.01 vs SIM at the same time point.
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or acute pretreatment with high-dose statins can attenuate 
infarct size after ischemic reperfusion.  The effect of SIM on 
infarct size in this study is consistent with that found in previ-
ous studies because 2 mg/kg of SIM in pigs is approximately 
equivalent to 10 mg/kg in rats, after correction for body sur-
face area[15].  The infarct-limitation effect of statins in ischemia-
reperfusion is mainly attributed to its pleiotropic effects via 
the PI3K/Akt/eNOS pathway because the effects of the statins 
can be abolished by inhibiting PI3K or eNOS[5–9].  In this study, 
we further found that acute pretreatment with single-dose 
SIM not only decreased the infarct size but also attenuated the 
no-reflow area, and we showed that the PKA pathway was 
another important mediator in the cardioprotection of SIM 

that acts by modulating the phosphorylation of eNOS at Ser1179 
and Ser635.  

PKA seems to be activated by endogenous mechanisms 
because the PKA inhibitor H89 alone had almost the same 
effect as SIM on the no-reflow area in the presence of ischemia.  
The mechanism underlying the idiopathetic activation of PKA 
is considered to be that the decreased level of cyclic guanos-
ine monophosphate (cGMP) inhibits the activity of phospho-
diesterase III upon reperfusion, which in turn increases the 
cAMP concentration, subsequently leading to PKA activa-
tion[23].  The inhibition of PKA activity and Ser133 p-CREB by 
H-89 indicates that acute SIM treatment actually results in 
PKA activation.  Although it is presently unclear how statins 
activate PKA in ischemic myocardium, one probable explana-
tion is that statins may stimulate a cell surface receptor that 
activates small G proteins, which results in the sensitization 
of adenylate cyclase and the accumulation of myocardial 
cAMP[24] and eventually the activation of PKA in the ischemic 
myocardium.  It has been reported that 5'-nucleotidase and 
the adenosine A1, A2A, and A2B receptors are involved in 
atorvastatin-induced eNOS phosphorylation by stimulating 
phospholipase A2 and cyclooxygenase (COX) to generate pros-
tacyclin-2 (PGI2), leading to PKA activation and subsequent 
eNOS phosphoryla tion[5, 25].  

Enhancing Ser1177/1179 phosphorylation via the PI3K/Akt 
pathway is considered to be the main mechanism by which 
statins protect against ischemia-reperfusion injury[5–9].  How-
ever, several lines of evidence have shown that PKA also regu-
lates the phosphorylation of eNOS at Ser1179, Ser635, and Ser617 
in bovine eNOS (Ser1177, Ser633, and Ser615 in humans)[24, 26–29].  
Ser633/635 phosphorylation is critical in maintaining NO syn-
thesis after the initial sensitization by Ca2+ flux and Ser1177/1179 
phosphorylation[30], and it is stimulated via the PKA pathway 
in response to shear stress and acute statin treatment in aortic 
endothelial cells[24, 27], suggesting that PKA-mediated Ser633/635 
phosphorylation may be another mechanism by which statins 
protect against myocardial no-reflow and necrosis after isch-
emia and reperfusion.  Our study confirmed this hypothesis 
in reperfused swine hearts, demonstrating that the inhibition 
of PKA partially blocked the SIM-induced phosphorylation of 
eNOS at Ser1179 and Ser635 in the reflow and no-reflow myocar-
dium, as well as partially abrogated the effects of SIM against 
myocardial no-reflow and infarction.  Previous studies have 
reported that statin-induced eNOS activation involves the 
inhibition of the Rho GTPase and the modulation of Rho A 
membrane translocation[31, 32] and that the transient preisch-
emic activation of PKA by ischemic preconditioning reduces 
infarct size through Rho and Rho-kinase (ROCK) inhibition 
during sustained ischemia[13].  Therefore, it is plausible that 
PKA-Rho pathway is involved in the regulation of eNOS activ-
ity by statins, but the specific mechanism should be studied 
further.

Here, H-89 administered 30 min before ischemia attenu-
ated the no-reflow area, possibly by phosphorylating eNOS 
at Ser635, but partly inhibited the protective effects of SIM 
when infused 30 min after SIM administration.  This finding 

Figure 3.  Myocardial NOS activity in the injured and uninjured myo-
cardium after ischemia and reperfusion.  (A) After ischemia and reperfu-
sion, myocardial constitutive (cNOS) activities were increased in the non-
ischemic area in the control group.  (B and C) In the reflow and no-reflow 
myo cardium, inducible (iNOS) activity was suppressed in the control 
group.  SIM pretreatment significantly stimulated cNOS activity, but this 
effect was abolished by cotreatment with H-89 or L-NNA.  Abbreviation: 
tNOS=total nitric oxide synthase.  Mean±SEM. n=7–8 animals/group. 
bP<0.05 vs Sham.  eP<0.05, fP<0.01 vs Control.  hP<0.05, iP<0.01  vs SIM 
at the same time point.
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is somewhat contradictory to previous studies.  In isolated rat 
hearts, H-89 (2 μmol/L) improved postischemic function and 
decreased infarct size when injected 3 min before 30 min of 
global ischemia-reperfusion and further reduced the infarct 
size when administered 3 min prior to ischemic or forskolin (a 
cAMP-elevating agents) preconditioning[33].  However, when 
delivered at 1.35 μg/kg per minute in dogs or at 10 μmol/L in 
isolated rat hearts approximately 30 min before precondition-
ing, H-89 completely blunted the infarct-limitation effect of 
preconditioning[12, 34].  Therefore, the partial inhibition of H-89 
on SIM cardioprotection in our study most likely occurred 
because H-89 was delivered later than SIM, and the contradic-
tion between these studies might be explained by the differ-
ences in H-89 dosage, experimental protocols, and animal spe-
cies.  

Another mechanism underlying the bidirectional role 
of H-89 in ischemia and reperfusion may be the cross-talk 
between the PKA and PI3K/Akt pathways in the regulation of 
eNOS phosphorylation.  It has been reported that H-89 inhibits 
Akt, ROCK II, and 5’-AMP-activated protein kinase (AMPK)[35] 
and that the PKA pathway interacts with the PI3K/Akt path-
way in the regulation of gene expression[36].  Previous studies 
have shown that the forskolin-induced stimulation of PKA 
can inhibit Akt activity in human embryonic kidney cells[37], 
but epinephrine or forskolin-induced stimulation of PKA 
enhanced eNOS phosphorylation at Ser1177 by activating the 
Akt pathway in aortic or coronary endothelial cells[28, 38].  Inter-
estingly, in endothelial cells, PKA is mainly involved in eNOS 
phosphorylation during the early phase of preconditioning, 
whereas both PKA and Akt are required for late precondition-
ing-induced eNOS activation, and Akt is a substrate of PKA[39].  
Therefore, these reports indicate that PKA plays different roles 
in regulating eNOS phosphorylation in different cells and that 
cross-talk most likely exists between the PKA and PI3K/Akt 
pathways in the regulation of eNOS phosphorylation dur-
ing ischemia and reperfusion.  The inhibition of PKA may in 
turn cause the activation of the PI3K/Akt pathway and the 
subsequent phosphorylation of Ser635 p-eNOS.  This might 
be another explanation of why H-89 partially inhibited SIM-
induced cardioprotection in our study; the exact mechanism 
may be elucidated in the future when more selective PKA 
inhibitors are available.  

In summary, the present study suggests that acute pretreat-
ment with a single dose of SIM just 2.5 h before reperfusion 
can attenuate the size of the no-reflow and infarction areas 
by phosphorylating eNOS at Ser1179 and Ser635 in a partially 
PKA-dependent manner.  The observation that H-89 partially 
abolished the cardioprotective effects of SIM and decreased 
the no-reflow size when administered alone suggests a bidi-
rectional role for PKA in cardioprotection during ischemia and 
reperfusion.  Our results are helpful for understanding the 
mechanisms involved in statin-mediated protection against 
myocardial no-reflow and infarction, and may lead to the 
development of new criteria for treating patients undergoing 
acute post-infarct percutaneous coronary intervention.
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