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Abstract

The JAK2/STAT3 signal pathway is an important component of survivor activating factor enhancement (SAFE) pathway. The 
objective of the present study was to determine whether the JAK2/STAT3 signaling pathway participates in hydrogen sulfide (H2S) 
postconditioning, protecting isolated rat hearts from ischemic-reperfusion injury. Male Sprague-Dawley rats (230-270 g) were divided 
into 6 groups (N = 14 per group): time-matched perfusion (Sham) group, ischemia/reperfusion (I/R) group, NaHS postconditioning 
group, NaHS with AG-490 group, AG-490 (5 µM) group, and dimethyl sulfoxide (DMSO; <0.2%) group. Langendorff-perfused rat 
hearts, with the exception of the Sham group, were subjected to 30 min of ischemia followed by 90 min of reperfusion after 20 
min of equilibrium. Heart rate, left ventricular developed pressure (LVDP), left ventricular end-diastolic pressure (LVEDP), and the 
maximum rate of increase or decrease of left ventricular pressure (± dp/dtmax) were recorded. Infarct size was determined using 
triphenyltetrazolium chloride (TTC) staining. Myocardial TUNEL staining was used as the in situ cell death detection method and 
the percentage of TUNEL-positive nuclei to all nuclei counted was used as the apoptotic index. The expression of STAT3, bcl-2 
and bax was determined by Western blotting. After reperfusion, compared to the I/R group, H2S significantly improved functional 
recovery and decreased infarct size (23.3 ± 3.8 vs 41.2 ± 4.7%, P < 0.05) and apoptotic index (22.1 ± 3.6 vs 43.0 ± 4.8%, P < 
0.05). However, H2S-mediated protection was abolished by AG-490, the JAK2 inhibitor. In conclusion, H2S postconditioning 
effectively protects isolated I/R rat hearts via activation of the JAK2/STAT3 signaling pathway.
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Acute myocardial infarction has become the leading 
cause of morbidity and mortality in the world. Re-establishing 
coronary blood flow with the rapid use of reperfusion 
strategies such as thrombolysis, percutaneous coronary 
angioplasty and coronary artery bypass graft are essen-
tial to salvage viable myocardium. However, reperfusion 
itself may result in damage to ischemic myocardial tissue, 
which is known as “reperfusion injury” (1). Thus, finding 
an effective way to reduce reperfusion injury has become 
a significant area of research in the field of cardioprotec-
tion. In 2003, Zhao et al. (2) first proposed that ischemic 
postconditioning (IPO), whereby brief episodes of ischemia/
reperfusion are applied at the onset of reperfusion, could 
limit reperfusion injury by activation of intrinsic prosurvival 

signaling cascades. 
The Janus kinase-signal transducer and activator of 

transcription (JAK-STAT) pathway is an important intracel-
lular signaling pathway, which can transduce cellular signals 
from the plasma membrane to the nucleus, resulting in the 
regulation of gene expression. The JAK-STAT pathway has 
been shown to play an important role in multiple processes 
within the heart (3,4), including hypertrophy (5,6), apoptosis 
(7,8), ischemia-reperfusion (I/R) injury (9,10), precondition-
ing (11), and postconditioning (12). Previous studies about 
the mechanism of cardioprotection offered by postcondition-
ing have focused mainly on the reperfusion injury salvage 
kinases (RISK) pathway, which includes prosurvival kinase 
Akt and extracellular regulated kinase 1/2 (ERK1/2) (13), 
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However, recent studies have demonstrated that protection 
offered by IPO could occur independently of the activation 
of the RISK pathway, therefore confirming the existence 
of multiple protective pathways (14,15). In 2009, Lecour 
(16) first reported that, in addition to the RISK pathway, the 
survivor activating factor enhancement (SAFE) pathway 
should be an alternative pathway involved in IPO-activated 
signaling events.

H2S is now recognized as a novel gaseous transmitter 
together with nitric oxide and carbon monoxide. In the heart, 
H2S is produced in the myocardium, fibroblasts and blood 
vessels from L-cysteine by the enzyme cystathionine γ-lyase 
(CSE) and exerts an important effect on physiology and 
pathophysiology processes (17). Convincing evidence has 
shown that H2S has a negative inotropic effect on the heart 
and regulates vascular tone by opening ATP-sensitive K+ 
(KATP) channels (18). Previous studies have demonstrated 
that PI3K/Akt, ERK1/2 (19), and protein kinase C (PKC) (20) 
mediate the cardioprotection offered by H2S preconditioning. 
These various actions highlight the potential importance 
of endogenous H2S for the physiological regulations of 
cardiovascular system function. Whether the JAK2/STAT3 
signaling pathway participates in H2S postconditioning 
protecting isolated rat hearts against I/R injury is unknown. 
In the present study, we blocked the JAK2/STAT3 signal-
ing pathway with AG-490 (a specific inhibitor of JAK2) to 
determine if the JAK2/STAT3 signaling pathway participates 
in the cardioprotection of H2S postconditioning. 

Material and Methods

Material 
All animal care and experimental protocols complied 

with the guidelines of the Animal Care and Use Committee 
of the University of Xuzhou Medical College. Adult, male 
Sprague-Dawley rats weighing 230-270 g were provided by 
the Experimental Animal Center of Xuzhou Medical College 
(Xuzhou, China). Rats were maintained in an air-filtered, 
temperature-conditioned (20-22) and light-controlled (12-h 
light/dark cycle) room with a relative humidity of 50-52%. 
Rats had free access to standard commercial pellets and 
water. 

Isolated, perfused heart preparation 
Sprague-Dawley rats (230-270 g) were anesthetized 

with sodium pentobarbital (60 mg/kg) and anticoagulated 
with an intraperitoneal injection of heparin (500 IU/kg). 
After a midline sternotomy, the hearts were rapidly ex-
cised and perfused retrogradely at a constant perfusion 
pressure of 100 cmH2O (≈75 mmHg) with a modified 
Krebs-Hanseleit (K-H) buffer containing 118.5 mM NaCl, 
24.8 mM NaHCO3, 11 mM D-glucose, 4.7 mM KCl, 1.2 mM 
MgSO4·7H2O, 1.2 mM KH2PO4, 2.25 mM CaCl2·2H2O, 
pH 7.4. The perfusate buffer was saturated with a 95% 
O2 and 5% CO2 gas mixture at 37°C before use. A latex 

balloon was inserted into the left ventricle via the left 
atrium, inflated with distilled water and then connected 
to the Maclab System (Maclab, AD Instruments Ltd., 
USA). The left ventricular end-diastolic pressure (LVEDP) 
was set between 4 and 7 mmHg. The balloon volume 
remained unchanged for the rest of the experiment. The 
left ventricular function index was monitored continuously 
with a computer-based system for the acquisition of data 
regarding LVEDP, left ventricular developed pressure 
(LVDP), positive and negative LV dp/dt (+dp/dtmax, -dp/
dtmax), and heart rate (HR). Before each experimental 
protocol was initiated, the isolated hearts were allowed 
to stabilize at 37°C for 20 min. Hearts were excluded 
from further study if after stabilization they failed to 
develop steady sinus rhythm or their LVDPs were less 
than 50 mmHg.

Experimental protocol 
The whole procedure lasted 140 min. After equilibration 

for 20 min, the isolated heart underwent 30-min of global 
ischemia followed by 90 min of reperfusion. Rats were 
randomly divided into 6 groups as follows (N = 84, 14 per 
group; Figure 1): 1) Sham group = perfusion for 140 min 
in K-H buffer; 2) I/R group = global ischemia (reperfusion 
rate = 0 mL/min) for 30 min and then 90 min of reperfusion; 
3) sodium hydrosulfide (NaHS) postconditioning group = 
four cycles of NaHS postconditioning (15 s of reperfusion 
with K-H buffer containing 10 µM NaHS followed by 15 s 
of reperfusion with K-H buffer) at the onset of reperfusion; 
4) NaHS+AG-490 group = in addition to NaHS postcondi-
tioning, administration of the selective JAK2 inhibitor AG-
490 (5 µM) in DMSO for 10 min at the end of equilibration 
and 5 min at the onset of reperfusion; 5) AG-490 group = 
administration of 5 µM AG-490 in DMSO for 10 min at the 
end of equilibration and 5 min at the onset of reperfusion; 
6) DMSO group = administration of the AG-490 vehicle 
DMSO (<0.2%) for 10 min at the end of equilibration and 
5 min at the onset of reperfusion.

Determination of myocardial infarct size 
At the end of the experiment, the hearts were frozen at 

-20°C for 2 h and then thawed and cut into 2-mm transverse 
slices. After incubation with 1% tetrazolium chloride (TTC) 
in PBS, pH 7.4, for 30 min (37°C), the sections were fixed 
for 10-14 h in 10% formaldehyde. The slices were then 
photographed with a digital camera and the pictures were 
fed into a computer. Total area and infarct area were de-
termined by computerized planimetry (Adobe Photoshop, 
version 7.0). The infarct size was expressed as a percent-
age of total ventricular area (%).

Apoptosis assay
Cardiomyocyte apoptosis was assessed by the terminal 

deoxynucleotidyl transferase-mediated dUTP-biotin nick-
end labeling (TUNEL) assay. Briefly, apoptotic cells were 
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identified using an in situ cell death detection kit (Roche, 
Germany) following manufacturer instructions. Nuclei with 
brown staining indicated TUNEL-positive cells. Eighteen 
randomly selected fields (6 hearts per group, three fields per 
heart) were observed for each group. The apoptotic index 
(AI), or the percentage of apoptotic nuclei (TUNEL-positive) 
vs total number of nuclei was determined.

Western blot analysis 
The left ventricular tissue was taken and immediately 

frozen in liquid nitrogen at -70°C after 90 min of reper-
fusion. Tissues were homogenized with a Teflon-glass 
homogenizer in 1:10 (w/v) ice-cold homogenization buffer 
consisting of 50 mM 3-(N-morpholino) propanesulfonic 
acid (MOPS), pH 7.4, 50 mM NaF, 20 mM NaPPi, 20 mM 
β-glycerophosphate, 1 mM EDTA, 1 mM EGTA, 1 mM 
phenylmethyl sulfonyl fluoride, 10 µg/mL leupeptin, 10 
µg/mL aprotin, and 10 µg/mL pepstatin A. This step was 
followed by centrifugation at 800 g for 15 min at 4°C and 
the supernatants were used. The nuclear pellets were 
extracted with extraction buffer containing 20 mM HEPES, 
pH 7.9, 20% glycerol, 420 mM NaCl, 0.5 mM MgCl2, 1 mM 
EDTA, 1 mM EGTA, 1 mM DTT, and enzyme inhibitors for 
30 min at 4°C with constant shaking. After centrifugation 
at 15,000 g for 15 min at 4°C, supernatants containing 
nuclear proteins were collected and samples were stored 
at -80°C until use. The protein concentrations were de-
termined by the method of Lowry et al. (21) with bovine 
serum albumin as standard. After the determination of 
protein concentration, 100 µg protein of each sample was 
denatured at 100°C for 5 min with SDS-PAGE sample 
loading buffer and then separated by SDS-PAGE using 
10-15% acrylamide gels, and transferred to nitrocellulose 
membranes. The membranes were incubated overnight 
at 4°C with the primary antibody, washed three times with 
Tris-buffered saline Tween-20 for 5 min each time, and 
incubated for 2 h with the secondary anti-
body conjugated with alkaline phosphatase 
at room temperature. Immune complexes 
were detected using an NBT/BCIP assay 
kit. The scanned images were imported 
into Adobe Photoshop software (Adobe, 
USA). Scanning densitometry was used for 
semiquantitative analysis.

Reagents
NaHS and TTC were purchased from Sig-

ma-Aldrich Company Ltd. (USA). Anti-STAT3 
(No. 21045-1) and anti-phospho-STAT3 (No. 
11045-1) antibodies were obtained from Sig-
nalway Antibody (USA). Anti-bcl-2 (SC-492) 
and anti-bax (SC-526-a) antibodies were ob-
tained from Santa Cruz Biotechnology (USA). 
Cell death detection kits for apoptosis assay 
were purchased from Roche, and the sec-

ondary antibody conjugated with alkaline phosphatase was 
purchased from Zhongshan Goldenbridge Biotechnoiogy 
(China). AG-490, SDS-PAGE sample loading buffer (5X), 
SDS-PAGE gel preparation kit and BCIP/NBT 5-bromo-4-
chloro-3-indolyl phosphate/nitroblue tetrazolium alkaline 
phosphatase color development kit were all purchased from 
Beyotime Institute of Biotechnology (China). 

Statistical analysis 
Data are reported as means ± SD. For hemodynamic 

data, repeated-measures analysis of variance was used 
to evaluate differences over time between groups. The 
unpaired t-test was used to compare groups at identical 
time points, and the paired t-test was used to compare 
data within groups over time. For all other data, one-way 
analysis of variance was used, followed by the post hoc 
Tukey test for multiple comparisons. P < 0.05 was consid-
ered to be statistically significant. All statistical analyses 
were performed using the SPSS 13.0 software (SPSS 
Inc., USA).

Results

Effect of NaHS postconditioning on systemic 
hemodynamics 

No differences in baseline hemodynamics were observed 
among the experimental groups (P > 0.05). At 30, 60, and 90 
min of reperfusion, with the exception of the Sham group, all 
other groups showed a significant decrease (P < 0.05) in HR, 
+dp/dt, -dp/dt, and LVDP, and a large increase (P < 0.05) in 
LVEDP compared to baseline values. All experimental groups 
showed a significant decrease (P < 0.05) in HR, +dp/dt,  
-dp/dt, and LVDP, and a large increase (P < 0.05) in LVEDP 
compared to the Sham group. Compared to the I/R group, 
the NaHS group showed a significant increase (P < 0.05) in 
HR, +dp/dtmax, -dp/dtmax, and LVDP, and a large decrease  

Figure 1. Schematic diagram depicting the experimental protocol (N = 14). Sham 
= Time-matched reperfusion; I/R = ischemia/reperfusion; NaHS = sodium hydro-
sulfide postconditioning; AG-490 = specific inhibitor of JAK2; DMSO = dimethyl 
sulfoxide.
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(P < 0.05) in LVEDP. There was 
no significant difference in the 
NaHS+AG-490, AG-490, DMSO, and 
I/R groups (Table 1).

Effect of NaHS postconditioning 
on myocardial infarct size

As shown in Figure 2, infarct size 
was significantly reduced in the NaHS 
group (23.3 ± 3.8%, P < 0.05) com-
pared to the I/R group (41.2 ± 4.7%) 
at the end of reperfusion. Infarct size 
was 37.1 ± 5.2, 41.7 ± 4.1, and 40.1 ± 
5.8% in the NaHS+AG-490, AG-490, 
and DMSO groups, respectively, with 
no significant differences compared to 
the I/R group (P > 0.05).

Effect of NaHS postconditioning 
on apoptosis 

Figure 3 shows that the AI was 
10.1 ± 2.6, 43.0 ± 4.8, 22.1 ± 3.6, 40.5 
± 4.5, 39.6 ± 5.2, and 41.1 ± 4.1% in 
the Sham, I/R, NaHS, NaHS+AG-490, 
AG-490, and DMSO groups, respec-
tively, with the values for the various 
groups being significantly increased 
compared to the Sham group (P < 
0.05). Compared to the I/R group, 
AI was obviously decreased in the 
NaHS group (P < 0.05); compared to 
the NaHS group, AI was increased in 
the DMSO, AG-490, NaHS+AG-490 
groups (P < 0.05).

Effect of NaHS postconditioning 
on the expression of p-STAT3, 
bcl-2 and bax 

As illustrated in Figure 4, Western 
blotting showed the phosphorylated 
state of STAT3 (Tyr 705) at the end of 
reperfusion. Compared to the Sham 
group, the expression of p-STAT3 
was significantly increased in the I/R 
group (P < 0.05). Compared to the I/R 
group, the expression of p-STAT3 was 
further increased in the NaHS group 
(P < 0.05). Compared with the NaHS 
group, the expression of p-STAT3 in 
the NaHS+AG-490 and AG-490 groups was decreased (P 
< 0.05). There were no statistical differences between the 
DMSO and I/R groups. 

Compared to the Sham group, bcl-2 was decreased 
and bax was increased in the other groups (P < 0.05). 
Compared to the I/R group, bcl-2 was increased and bax 

was decreased (P < 0.05) in the NaHS group. Compared 
to the NaHS group, bcl-2 was decreased and bax was 
increased in the NaHS+AG-490 and AG-490 groups (P < 
0.05). There were no significant differences between the 
I/R and NaHS+AG-490 groups or the AG-490 and DMSO 
groups.

Table 1. Left ventricular hemodynamics. 

Group Baseline Reperfusion

30 min 60 min 90 min

HR (bpm)
Sham 269 ± 11 262 ± 19 260 ± 18 261 ± 19
I/R 263 ± 12 201 ± 20*+ 207 ± 28*+ 210 ± 26*+

NaHS 269 ± 13 238 ± 19*+# 241 ± 18*+# 240 ± 20*+#

NaHS+AG-490 276 ± 15 211 ± 20*+ 218 ± 18*+ 220 ± 19*+

AG-490 272 ± 16 206 ± 17*+ 212 ± 15*+ 215 ± 16*+

DMSO 264 ± 20 210 ± 14*+ 214 ± 11*+ 220 ± 13*+

LVEDP (mmHg)
Sham 5.0 ± 0.6 5.4 ± 0.7 5.2 ± 0.7 5.3 ± 0.6
I/R 4.9 ± 0.4 33.1 ± 7.3*+ 34.2 ± 7.3*+ 33.3 ± 7.1*+

NaHS 5.0 ± 0.5 26.7 ± 6.1*+# 24.2 ± 6.4*+# 25.1 ± 6.3*+#

NaHS+AG-490 5.2 ± 0.5 35.6 ± 5.5*+ 35.3 ± 6.1*+ 36.0 ± 5.9*+

AG-490 4.9 ± 0.5 32.0 ± 5.1*+ 32.4 ± 5.9*+ 32.5 ± 5.8*+

DMSO 5.1 ± 0.6 33.1 ± 6.5*+ 35.2 ± 6.2*+ 34.5 ± 6.0*+

LVDP (mmHg)
Sham 102 ± 10 98 ± 8 99 ± 7 100 ± 9
I/R 103 ± 9 56 ± 7*+ 57 ± 9*+ 57 ± 10*+

NaHS 97 ± 7 73 ± 12*+# 75 ± 12*+# 74 ± 11*+#

NaHS+AG-490 99 ± 8 60 ± 9*+ 59 ± 9*+ 60 ± 9*+

AG-490 101 ± 11 61 ± 10*+ 62 ± 10*+ 61 ± 9*+

DMSO 97 ± 8 58 ± 9*+ 58 ± 10*+ 60 ± 10*+

+dp/dtmax (mmHg/s)
Sham 2731 ± 228 2810 ± 180 2791 ± 181 2800 ± 179
I/R 2829 ± 239 1205 ± 240*+ 1220 ± 236*+ 1219 ± 230*+

NaHS 2790 ± 184 1737 ± 177*+# 1786 ± 180*+# 1801 ± 191*+#

NaHS+AG-490 2780 ± 235 1136 ± 263*+ 1135 ± 272*+ 1152 ± 268*+

AG-490 2858 ± 302 1223 ± 235*+ 1226 ± 247*+ 1220 ± 233*+

DMSO 2845 ± 182 1180 ± 213*+ 1195 ± 204*+ 1201 ± 211*+

-dp/dtmax (mmHg/s)
Sham 2098 ± 191 2014 ± 192 2068 ± 183 2072 ± 181
I/R 2003 ± 197 892 ± 195*+ 895 ± 190*+ 890 ± 191*+

NaHS 2001 ± 264 1305 ± 204*+# 1314 ± 200*+# 1318 ± 201*+#

NaHS+AG-490 2133 ± 168 940 ± 176*+ 938 ± 181*+ 945 ± 177*+

AG-490 1998 ± 250 952 ± 203*+ 946 ± 205*+ 965 ± 207*+

DMSO 2083 ± 176 908 ± 188*+ 900 ± 190*+ 912 ± 192*+

Data are reported as means ± SD (N = 14 for each group). Sham = time-matched rep-
erfusion; I/R = ischemia/reperfusion; NaHS = sodium hydrosulfide postconditioning; AG-
490 = specific inhibitor of JAK2; DMSO = dimethyl sulfoxide; HR = heart rate; LVEDP = 
left ventricular end-diastolic pressure; LVDP = left ventricular developed pressure; +dp/
dt = intropy; -dp/dt = lusitropy. *P < 0.05 vs baseline (intragroup comparison). +P < 0.05 
vs Sham; #P < 0.05 vs I/R (intergroup comparison) (repeated measures ANOVA).
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Figure 2. Percent infarct size of the myocardium at the end of rep-
erfusion. Infarct size was determined using 1% triphenyltetrazolium 
chloride staining. Eight hearts were used in each group. Data are re-
ported as means ± SD. *P < 0.05 vs Sham; +P < 0.05 vs I/R (one-way 
ANOVA). For abbreviations of groups, see legend to Figure 1.

Figure 3. Percentage of TUNEL-positive cells in various groups. 
Six hearts were used in each group. Data are reported as means 
± SD. *P < 0.05 vs Sham; +P < 0.05 vs I/R (one-way ANOVA). For 
abbreviations of groups, see legend to Figure 1.

Figure 4. Western blot analysis. The 
phosphorylation status of STAT3 (86 
kDa) (A), bcl-2 (26 kDa) and bax (21 
kDa) (B) was analyzed by Western blot 
with specific phospho-STAT3 (Tyr705), 
bcl-2 and bax antibodies at the end of 
reperfusion. Four hearts were used 
in each group. Data are reported as 
means ± SD. *P < 0.05 vs Sham; +P < 
0.05 vs I/R; ‡P < 0.05 vs NaHS (one-
way ANOVA). For abbreviations of 
groups, see legend to Figure 1.
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Discussion

In the heart, H2S is produced in the myocardium, fibro-
blasts and blood vessels from L-cysteine by the enzyme 
CSE and exerts an important effect on physiological and 
pathophysiological processes. A pharmacological and 
patch-clamp study demonstrated that H2S increased 
KATP-dependent current and induced hyperpolarization 
in isolated vascular smooth muscle cells (22), indicating 
that H2S was the unique gasiform KATP channel opener. 
Our previous studies also found that postconditioning with 
NaHS could contribute to the recovery of myocardial injury 
mediated by opening of the KATP channel (23). Previ-
ous studies have demonstrated that preconditioning and 
postconditioning with H2S could activate PI3K/Akt, ERK1/2 
and PKC to protect the myocardium against ischemia 
and reperfusion injury (19). In the present study, we used 
NaHS as a source of H2S to investigate whether JAK2/
STAT3 participated in the cardioprotection of exogenous 
application of NaHS during early reperfusion in an in vitro 
rat model. Zhao et al. (18) reported that brief episodes of 
ischemia/reperfusion applied at the onset of reperfusion 
could reduce infarct size, preserve vascular endothelial 
function, decrease polymorphonuclear neutrophil ac-
cumulation, and reduce apoptosis, termed as “ischemic 
postcondition”. Since then, numerous studies have been 
done to clarify the definite mechanism of IPO. So far most of 
these studies have reached the conclusion that IPO could 
have a protective effect via activation of the RISK pathway 
(13). However, Lecour et al. (24) observed that inhibition of 
PI3K/Akt and ERK1/2 did not abolish the cardioprotection 
induced by TNF-α postconditioning. Moreover, ischemic 
postconditioning in pigs is associated with phosphorylation 
of the RISK protein kinases (Akt, ERK and P70S6K), but 
inhibiting these kinases with pharmacological agents did 
not abolish the infarct-sparing effect of IPO (14). In 2009, 
Lecour (16) first reported that the novel SAFE pathway 
that involves the activation of JAK and STAT-3 was com-
parable to the RISK pathway in delineating the potential 
signal transduction pathway involved in IPO. The growing 
evidence has convinced the scientific community that H2S 
could exert cardioprotective effect via activation of the RISK 
pathway; however, whether H2S postconditioning could 
also activate the SAFE pathway is still unknown. 

The present results showed that H2S postconditioning 
significantly improved HR, +dp/dt, -dp/dt, and LVDP, and 
reduced LVEDP in the left atrium of the isolated rat heart 
after reperfusion, indicating that H2S postconditioning 
could improve the contractile and diastolic functions of the 
ischemic-reperfused myocardium. Reduction in infarct size 
is considered to be the “gold standard” for the evaluation 
of the efficacy of interventions tested. The large reduction 
of infarct size at the end of reperfusion indicated that H2S 
postconditioning had a significant effect on cardioprotec-
tion.

By examining the Western blot, we observed that H2S 
postconditioning can cause a significant increase in STAT3 
activity, and AG-490, as an inhibitor of JAK2, shut down its 
activity and offset the protection of H2S postconditioning, 
confirming that the JAK2/STAT3 pathway plays a crucial role 
in the cardioprotection induced by H2S postconditioning.

In the heart, the JAK2/STAT3 pathway has been 
implicated in hypertrophy (5,25), apoptosis and inflam-
mation (26,27). The activation of STAT-3 following acute 
myocardial infarction was first demonstrated in 2001, when 
increased phosphorylation of STAT-3 was observed up to 
24 h after ligation of the left coronary artery of rats (28). 
Mice engineered to express cardiac-specific STAT3 showed 
a 60% reduction in infarct size following I/R injury (28,29). 
Although STAT3-dependent target genes are numerous, 
these studies suggest that STAT3-mediated cardiopro-
tection might be due to specific up-regulation of the free 
radical scavengers manganese superoxide dismutase and 
metallothionein. Hattori et al. (30) reported that inhibition 
of the JAK2/STAT3 pathway with AG-490 abolished the 
effect of ischemic preconditioning-induced up-regulation 
of the antiapoptotic gene bcl-2 and down-regulation of the 
pro-apoptotic gene bax in an in vitro rat model. Negoro et 
al. (31) suggested that blocking STAT3 activity with the 
JAK2 inhibitor AG-490 resulted in increased numbers of 
TUNEL-positive cells and increased caspase-3 activity in 
an in vivo rat model of myocardial infarction. It has been 
suggested in other studies that, in addition to regulating 
transcription and translation, phosphorylated STAT3 can 
inhibit apoptosis by phosphorylating the pro-apoptotic pro-
tein BAD (24). Moreover, Gross et al. (32) reported that the 
JAK2/STAT3 pathway participates in opioid-induced cardio-
protection via phosphorylation and inactivation of glycogen 
synthase kinase 3β (GSK-3β), while phosphorylation and 
inactivation of GSK-3β are acquired for postconditioning to 
prevent opening of the mitochondrial permeability transition 
pore during reperfusion (33). In the present study, after 60 
min of reperfusion, we observed that the activity of STAT3 
increased in both the I/R and NaHS groups. However, this 
increase was much more pronounced in the H2S postcon-
ditioning group, and AG-490 offset the protection induced 
by H2S postconditioning, which indicated that JAK2/STAT3 
was an important signal path in cardioprotection induced 
by H2S postconditioning. 

A large number of studies indicate that apoptosis plays 
an important role in myocardial infarction after ischemia (34-
36). Reduction of apoptosis is achieved by up-regulation 
of several anti-apoptotic factors including the bcl-2 gene 
and down-regulation of pro-apoptotic genes such as p53 
and bax (37,38). Several studies have suggested that an 
increase in the bcl-2/bax protein ratio may be important 
in preventing apoptosis in the myocardium after ischemia 
and reperfusion (39,40). In the present study, AG-490 
was used to inhibit the JAK2/STAT3 pathway in order to 
examine the physiological function of this pathway in the 



904 Heng-Fei Luan et al.

www.bjournal.com.brBraz J Med Biol Res 45(10) 2012

anti-apoptotic effect of H2S postconditioning. Treatment 
with AG-490 reduced the phosphorylation of STAT3, and 
resulted in a significant increase in myocardial apoptosis, 
as demonstrated by the TUNEL assay. Meanwhile, the 
up-regulation of bcl-2 and down-regulation of bax induced 
by H2S postconditioning were abolished by AG-490. Thus, 
our results demonstrated that the JAK2/STAT3 pathway 
participated in the anti-apoptotic effect of H2S postcondi-
tioning, and this effect may be achieved by up-regulating 
the antiapoptotic protein bcl-2 and down-regulating the 
pro-apoptotic protein bax. Our results are consistent with 
the conclusion reached by Hattori et al. (30).

Although JAK2/STAT3 played a very important role in 
myocardial protection in our study, the mechanisms medi-
ating myocardial protection are unclear. The results also 
require clarification, because we did not specifically examine 
the expression of other proteins, which were regulated by 
activated STAT3, nor did we explore the activities of certain 
proteins, which were phosphorylated by activated STAT3 in 
the rat myocardium exposed to ischemia and reperfusion, 
and the exact components of this signaling pathway need 
to be clarified. Whether activation of the RISK and SAFE 
pathways provides an additive effect to maximize cardiopro-
tection needs further research. It is also unknown whether 
these two pathways converge on the same targets such as 
the mitochondrial permeability transition pore. 

The current results confirm that H2S postconditioning 
can reduce myocardial infarct size, improve construction 
and relaxation of the myocardium and reduce the apoptosis 
index of myocardium in isolated Sprague-Dawley rat hearts 
with acute myocardial I/R injury. A selective pharmacologi-

cal inhibitor of JAK2 abolished the cardioprotection of H2S 
postconditioning, which revealed that the cardioprotective 
effect of H2S postconditioning was mediated by the JAK2/
STAT3 signaling pathway. The cardioprotective mechanism 
of H2S is complex, and requires further research.

Study limitations
In our study, the infarct size in the Sham group was 13.3 

± 2.8%, which was a little larger than the sizes obtained by 
other laboratories. This may have been due to differences 
in the skill of the operator, the composition of the perfusion 
fluid and the temperature at which the studies were carried 
out. Another explanation for this result might be the fact that 
the isolated heart was removed when the animal was alive, 
which means that the sympathetic and vagal stimulations no 
longer existed. In addition, the absence of other peripheral 
factors such as catecholamines or other neurotransmitters 
must always be taken into account. However, compared 
to the Sham group, infarct size in the I/R group was sig-
nificantly increased (41.2 ± 4.7%), so we could consider 
the possibility that the effect noted in the I/R group was not 
accounted for by the global ischemia itself. However, this 
does not influence the conclusion that H2S postconditioning 
protects isolated rat hearts subjected to I/R via activation 
of the JAK2/STAT3 signaling pathway.
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