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Abstract—–Prevention and management of myocardial ischemia/reperfusion (I/R) injury 
is a key step in coronary heart disease surgery. Luteolin is a falconoid compound that has 
an antioxidant effect, but its mechanism in I/R injury in vivo and in vitro is still under 
explored. This study attempted to reveal the role of luteolin (Lut) in I/R through mediation 
of the Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1)/Signal 
transducer and activator of transcription 3 (STAT3) pathway. To establish I/R rat models, 
the left anterior descending artery (LAD) was ligated for 30 min and re-perfused for 1 h 
in Lut-pretreated or nude rats. Comparisons between infarct area, cardiac dysfunction, 
and myocardial cell death and inflammatory reaction were performed in I/R-induced rats. 
Hypoxia/reoxygenation (H/R) cell models were established by stimulating H9c2 cells 
with 95% nitrogen and 5% carbon dioxide. Simultaneously, H/R-related cell death and 
inflammatory reactions were investigated following Lut treatment. The target protein of 
Lut was identified using western blotting. Pro-inflammatory cytokines were also meas-
ured in serum or Lut-pretreated cell culture medium. The results revealed that compared 
with the I/R group, Lut treatment could significantly decrease myocardial infarction (MI) 
area, increase left ventricular ejection fraction (LVEF), and decrease cell death and pro-
inflammatory cytokines in the serum. Decreased apoptosis and inflammatory cytokines 
were also observed in H/R cells after Lut treatment. Lut treatment downregulated SHP-1 
expression and subsequently upregulated STAT3 phosphorylation in both I/R rat heart tis-
sue and H9c2 cells. The findings of the current study suggest that Lut can protect the heart 
and reduce MI area, cell apoptosis rate, and inflammatory level in I/R models.
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BACKGROUND

Ischemic heart disease (IHD), a main contributor 
to mortality in patients with cardiovascular problems, is  
responsible for up to 42% of all deaths [1]. Ischemia/ 
reperfusion injury (I/R) prevention and management are 
leading clinical problems associated with IHD treatment 
[2] as crucial factors in cardiovascular surgeries [3]. The 
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mechanisms underlying I/R are complex and may be related 
to metabolic energy, free radicals, calcium overload, neu-
trophil infiltration, and dysfunctional vascular endothelial 
cell (VEC) [4], finally leading to dead or necrotic cells.

Inflammation in the myocardium is believed to be an 
important marker for myocardial I/R. Reduction of inflam-
matory reactions was found to be beneficial in the recovery 
of patients with I/R-induced myocardial infarction (MI) in  
previous research [5]. Increasing evidence shows that cell 
death is critical in myocardial I/R [6]. Protecting myo-
cardial cells from I/R-induced apoptosis could principally  
promote the survival of myocardial cells, thereby providing 
current and future benefits to MI cells. Hence, myocardial 
inflammatory reactions and cell death may represent under-
lying targets for treating MI and I/R.

Luteolin (Lut), a sickle-like complex present in some 
medical herbs, has anti-inflammatory [7, 8], anti-oxidant 
[9], and anti-cancer [10–12] properties. Recently, Lut 
was used pharmacologically in clinical trials to prevent 
ischemic heart disease and I/R [13]. A recent study has also 
demonstrated that Lut at different dose had an inhibitory 
efficiency on the cardiomyocyte apoptosis in the myocardial  
I/R-tread rat through TLR4/NF-kappaB/NLRP3 pathway 
[5, 14]. However, identifying the molecular targets uti-
lized to prevent and treat I/R requires additional research.  
In addition, Lut greatly increased left ventricular pseudoa-
neurysm and global and regional coronary flow reserve in 
Langendorff-perfused rabbits with recurrent MI [15].

Src homology region 2 domain-containing  
phosphatase-1 (SHP-1) contains an SH region 2 domain 
and is the non-transmembrane protein tyrosine phos-
phatase (PTP) primarily produced in hematopoietic pro-
genitor cells (HPC) [16]. SHP-1, a negative-regulator of 
signaling transduction through receptor phosphorylation, 
acts as a crucial factor in cell death and/or the repres-
sion of survival factors [17]. In mouse models featuring 
a locally ischemic brain, SHP-1 protein was increased, 
reaching a peak at 7 days after cerebral ischemia and reg-
ulating the multiplication of nerve cells in the ischemic 
central nervous system (CNS) [18]. Notably, SHP-1 can  
repress the Janus kinase (JAK)/Signal transducer and  
activator of transcription (STAT) pathway through the 
dephosphorylation and inactivation of STAT3 [19], which 
is widely considered to be the signaling pathway of cell 
apoptosis and inflammatory reactions [20]. SHP-1-induced  
STAT3 activation was related to Y-box binding protein 1 
(YB1) knockdown in inhibiting hypoxia/reoxygenation 
(H/R)-mediated myocardial cell death. In I/R mouse mod-
els, inactivating SHP-1-induced STAT3 was also highly 

correlated with improving acute myocardial infarction, 
reduction of MI area, myocardial cell death, and oxidative 
stress response.

Based on the abovementioned reports, Lut is indicated 
as exerting cardioprotective effects on I/R rats by promoting 
the inactivation of SHP-1-induced STAT3. Using an in vivo 
I/R model with left anterior descending artery (LAD) liga-
tion and an in vitro model with H/R-induced H9c2 damage, 
we investigated the protective functions of Lut in myocar-
dial I/R injury. Lut exerted a myocardial protective role in 
I/R rats and H/R-treated cells, through mediating SHP-1/
STAT3 signal axis. The gain of function experiments with 
SHP-1 overexpression showed that SHP-1 was involved in 
the anti-inflammation and anti-apoptosis effect of Lut.

METHODS

Materials
In this research, Lut (pure: 99%, Sigma-Aldrich, 

stored at concentration of 20 mM) and ELISA kits (Nan-
jing KeyGEN Biotech, China) were used for detecting 
IL-1β, IL-18, and TNF-α.

Animals

Adult SD rats (male, 220–250 g) provided by Vital-
river (Beijing, China) were fed in animal houses using a 
standard configuration requirement for 5 days before this 
study. All rats could freely drink water and eat standard 
food. Every procedure was approved by the Animal Care 
and Use Committee of the First Affiliated Hospital of 
Zhengzhou University.

Drug Treatment in in I/R Models

Rats were randomly assigned to three groups 
(n = 10): sham group, I/R group, and I/R + Lut group. 
Seven-day intragastric administration was performed in 
the Lut group using Lut (qd, per 40 mg/kg) [21] after 
operation. Details on the surgery performed are men-
tioned above [22]. The injury models were established by 
24-h myocardial reperfusion following 30-min treatment.  
After establishing the models, all rats were killed, blood 
specimens were obtained for biochemical tests, and car-
diac tissue specimens were obtained for studying the mor-
phology, biochemistry, and individual molecules.
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Tissues and Serum Preparations

Blood specimens (500 μl) taken retro-orbitally were 
subjected to centrifugation at 1500 g for 10 min at 4 °C. 
Serum specimens after centrifugation were stored in Eppen-
dorf tubes at − 80 °C for downstream analysis [23]. One part 
from the heart tissue samples (around 1  mm3) underwent cell 
fixation with 2.5% glutaraldehyde for ultrastructural examina-
tion; another part underwent cell fixation with 4% paraformal-
dehyde and was embedded in paraffin; the remainder under-
went tissue wrapping with AF and was deeply frozen in LIN.

Detection of MI Area

Twenty-four hours after I/R, all rats were killed. The 
heart was evenly cut into 5 pieces below the ligation and 
along a line parallel to coronary sulcus after being kept at 
20 °C for 15 min. Total sections were weighed again and cul-
tured for 15 min with 2% 2,3,5-triphenyltetrazolium chloride 
(TTC) (Sigma, USA) at 37 °C in darkness for pathologic 
analysis. The MI proportion of total cardiac tissue, including 
non-infarct size (red, staining part) and infarct size (white/
pale, non-stained part), was calculated using the IPP image 
software (Version 4.1, Media Cybernetics, USA).

Heart Function Test

The size and function of the heart were evaluated by 
M-mode echocardiography. Left ventricular end-diastolic 
diameter (LVEDD) and left ventricular end-diastolic and end-
systolic diameter (LVESD) were obtained from the results of 
a left parasternal long-axis section. The mean of 5 continuous 
cardiac cycles is expressed in our results. Left ventricular end 
systolic volume (LVESV), left ventricular end-diastolic vol-
ume (LVEDV), and left ventricular ejection fraction (LVEF) 
were obtained using an algorithm. All analysis was blinded.

Cell Culture and H/R Injury Model 
Establishment

Mouse H9c2 cardiomyocytes were provided by the 
ATCC (Manassas, USA). H9c2 cells were stored in 10% (v/v) 
FBS high glucose DMEM (Gibco/Invitrogen), with 100 U/
ml penicillin and 100 μg/ml streptomycin (Gibco/Invitrogen) 
under humid conditions including 5% carbon dioxide at 37 °C.

After H9c2 cells were cultured until 70–80% conflu-
ence, 20 mM Lut for the treatment group was solubilized 
in medium containing DMSO and 5% FBS to reach the 
final concentration of 30 μM, Lut in the control and H/R 

groups underwent the same operation in 5% FBS medium 
for 24 h. Afterward, the above operations in all groups were 
performed in Krebs–Ringer bicarbonate buffer; pH 7.4). 
After that, the cells were incubated in oxygen-deficient 
conditions including 95% nitrogen and 5% carbon dioxide 
for 6 h, then cultured in DMEM containing 10% FBS and 
kept in an environment containing 5%  CO2 and 95% air for 
5 h to induce reoxygenation damage [24].

The full-length ORF of SHP-1 was cloned into 
pcDNA3.1( +) to construct SHP-1 express vectors (pcDNA-
SHP-1). Transfection of pcDNA-SHP-1/pcDNA-Empty was 
performed using Lipofectamine 2000 Reagent (Invitrogen, 
USA).

ELISA

The IL-1β, IL-18, and TNF-α content in serum and 
supernatant was measured using ELISA kits in accordance 
with manufacturer instructions. The absorbance at 450 nm 
was measured using a microplate spectrophotometer. In the 
end, sample content was calculated using a standard curve.

WB

Proteins were separated from evened heart tissues and 
cells lysed using Trizol reagent (Invitrogen, Carlsbad, Calif) 
in accordance with a standard Invitrogen protocol. After 
quantitative analysis of protein content using the improved 
Bradford assay (Bio-Rad Laboratories, Calif), proteins were 
utilized downstream for WB with primary and secondary 
antibodies. Spots were observed by a chemiluminescence 
system (Amersham Bioscience, UK). Signal quantifica-
tion was performed using Image Pro Plus software (Media 
Cybernetics).

Q‑PCR

Total RNA was separated from homogenous cardiac 
tissues and lysed cells using TRIzol reagent (Invitrogen, 
USA), then evaluated using a Nanodrop2000 (OD260). The 
MMLV First-Strand Kit (Invitrogen, USA) and Oligo (dT) 
20 primer were utilized in reverse transcription to prepare 
cDNA. Q-PCR was conducted on cDNA prepared by SYBR 
Select Master Mix (Invitrogen, USA). mRNA was detected 
by Q-PCR using the corresponding kits. All operations were 
carried out according to the manufacturer’s instruction. PCR 
conditions included an initial 10-min denaturation at 95 °C s, 
then 40-cycles of 15-s denaturation at 95 °C and 40 s of 
extension at 60 °C. GAPDH mRNA was used as an internal 
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reference. Target mRNA levels were calculated using the 
 2–ΔΔCT method. All tests were conducted in triplicate.

Cell Death Assay

Cell death was assessed using FC and Annexin V-FITC/
PI apoptosis detection kits (BD Pharmingen™). Preparation 
of cell suspensions was performed with 20 µL BB, and then 

treatment with 10 µL Annexin V-FITC and 5 µL PI. Cell mor-
tality rate was assessed using flow cytometry (FCMs).

Statistical Analyses

All data were analyzed USING SPSS 10.0. Data are 
represented as M ± SD. One-way ANOVA was applied in 
multi-group comparisons (significant, P < 0.05); Scheffe’s 

Fig. 1  Cardiac MI area in I/R. Myocardial necrosis was evaluated by TTC staining. A Sham group, B model group, C Lut group; bar chart represents 
the ratio of cardiac MI area. N = 3. Data are expressed as M ± SD. Compared with indicated group, the differences were significant (p < 0.05; p < 0.01).

Fig. 2  Lut enhances left ventricular function. A Lut treatment significantly increased LVEF, compared to the I/R group. B, C Lut treatment signifi-
cantly repressed the increase in LVESV and LVEDV, compared to I/R group. LVEF left ventricular ejection fraction; LVESV left ventricular end-
systolic volume; LVEDV left ventricular end-diastolic volume. N = 3. Data are expressed as M ± SD. Compared with indicated group, the difference 
was significant (p < 0.05).
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test was performed between individual groups (signifi-
cant, P < 0.05).

RESULTS

Effect of Lut Treatment on MI Area and Left 
Ventricular Failure in I/R Rat Models

To indicate the efficiency of Lut on the I/R-
induced MI and left ventricular failure in I/R rats, TTC 
staining and electrocardiograph were used. First, myo-
cardial TTC staining results showed that I/R injury was 
closely related with the progression of I/R-induced 

irreversible myocardial damage. TTC staining showed 
no infarct existed in the sham group, and the incidence 
of MI area in the model group was obviously larger 
than in the sham group. Meanwhile, MI area expansion 
was significantly abrogated by Lut treatment (40 mg/
kg) (Fig. 1).

The electrocardiograph monitoring of hemody-
namic parameters such as LVEF, LVESV, and LVEDV 
was performed. LVEF was evidently reduced (Fig. 2A), 
whereas LVESV and LVEDV were greatly increased 
compared to the sham group (Fig. 2B, C), indicating that 
the left ventricular failure in the I/R group was inhibited. 
However, compared to the I/R group, LVEF in the Lut 
group was obviously higher, while LVESV and LVEDV 

Fig. 3  Effects of Lut on inflammation and apoptosis in I/R-induced rats and H/R-induced cells. A Effects of Lut on serum IL-1β, IL-18 and 
TNF-α (ELISA assay). N = 3. B Effects of Lut on IL-1β, IL-18 and TNF-α in the supernatant of H/R treated H9c2 cells. N = 3. C Caspase-3 level 
and caspase-3 cleavage in heart tissue of rats (WB assay). N = 3. D Caspase-3 level and caspase-3 cleavage in H/R-induced treated H9c2 cells (WB 
assay). N = 3. E Cell mortality of H/R treated H9c2 cells with/without Lut treatment (FCM assay). N = 3. Data are expressed as mean ± SD. Com-
pared with indicated group, the differences were significant (p < 0.05, p < 0.01; p < 0.001).
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were obviously lower, indicating that Lut could repress 
left ventricular failure in I/R rats.

Effect of Lut on Inflammatory Response 
Factors and Cell Death in I/R Rats 
and H/R‑Mediated H9c2 Cells

Inflammatory cytokines are reported to be an 
important factor in I/R [25]. To verify the role of Lut 
on the generation of inflammatory cytokines in MI rats, 
serum levels of IL-1β, IL-18, and TNF-α were meas-
ured. ELISA results showed that I/R treatment could sig-
nificantly increase the expression of IL-1β, IL-18, and 

TNF-α, while Lut administration could obviously reduce 
serum content of these cytokines (Fig. 3A). The level of 
inflammatory cytokines in the supernatant of H9c2 cells 
affected by H/R was measured. H/R stimulation could 
increase the levels of IL-1β, IL-18, and TNF-α, while 
Lut treatment (30 μM) [21] could obviously decrease 
the expression of inflammatory cytokines (Fig. 3B). The 
above results indicate that regulation of inflammatory 
cytokines may be beneficial in the protective effects of 
Lut on the heart.

The mechanism of myocardial I/R is very complex, 
but it eventually contributes to myocardial apoptosis [26]. 
To assess the role of H/R-mediated apoptosis in H9c2 

Fig. 4  Effects of Lut on SHP-1/STAT3 pathway activation in I/R-induced rats and H/R-induced cells. A Q-PCR detected SHP-1 mRNA level in 
the heart tissue of rats. N = 3. B WB analysis of SHP-1 and STAT3 levels, and STAT3 phosphorylation, in the heart tissue of rats. N = 3. C Q-PCR 
detected SHP-1 mRNA expression in H/R-induced H9c2 cells. N = 3. D WB analysis of SHP-1 and STAT3 levels, and STAT3 phosphorylation, 
in H/R-induced H9c2 cells. N = 3. Values are presented as M ± SD. Compared with indicated group, the differences were significant (p < 0.05; 
p < 0.01).

93



Liu, Luo and Qiao 

cells, WB and FCM assays were conducted. The cleav-
age level of caspase-3 in the I/R group was obviously 
increased compared to sham, while Lut administration 
greatly inhibited the expression of cleaved caspase-3 
(Fig. 3C). Meanwhile, we also observed a similar pheno-
type for caspase-3 cleavage in H/R-induced H9c2 cells 
(Fig. 3D). FCM data revealed that the apoptotic cell pro-
portion of H9c2 cells was significantly increased after 
H/R treatment, while Lut treatment repressed the apop-
totic level of H9c2 cells (Fig. 3E).

Effects of Lut on Activation of the SHP‑1/
STAT3 Pathway

As previous observations indicated that the SHP-1/
STAT3 pathway was highly relevant to apoptosis and 
inflammation [27], we therefore tried to investigate 
whether the SHP-1/STAT3 pathway is mediated by Lut 
treatment and acts as an important factor in promoting 
cell inflammation and viability. We measured the levels of 
SHP-1 and STAT3, and level of phosphorylated STAT3, in 
I/R-mediated heart tissue and H/R-mediated H9c2 cells. In 
I/R-treated heart tissue, we observed that SHP-1 was nota-
bly increased and phosphorylated STAT3 was decreased 
in the I/R treatment group, while Lut treatment caused a 

decrease in SHP-1 level and increase of STAT3 phospho-
rylation (Fig. 4A, B). In addition, a similar phenomenon 
was observed in H/R-induced H9c2 cells. Finally, STAT3 
phosphorylation was decreased by H/R induction and 
increased after Lut administration (Fig. 4C, D).

Effects of SHP‑1 on Lut‑Mediated 
Inflammatory Reactions and Mortality 
of H/R‑Mediated H9c2 Cells

To assess the role of SHP-1 in Lut-ameliorated 
inflammation and apoptosis in H/R-treated cells, SHP-1 
was overexpressed in Lut-treated H/R-mediated H9c2 
cells, while empty vector was also transfected as control 
group. The results of Q-PCR and WB showed that trans-
fection with pcDNA-SHP-1 could increase the intra-
cellular content of SHP-1, compared to H/R-induced 
H9c2 cells (Fig. 5A, B). Meanwhile, phosphorylation 
of STAT3 was significantly impaired after SHP-1 over-
expression as assessed by WB (Fig. 5B).

ELISA was then performed to detect the secretion 
of inflammatory cytokines from Lut-treated H/R-induced 
H9c2 cells with or without SHP-1 overexpression. Our 
findings indicated that SHP-1 overexpression reduced  
the production of secreted inflammatory cytokines in the  

Fig. 5  Overexpression of SHP-1 in Lut-treated H/R treated cells. H9c2 cell transfection was performed with pcDNA-SHP-1/pcDNA-Empty, fol-
lowed by Lut and H/R treatment. A Q-PCR detected SHP-1 mRNA content in H/R-induced H9c2 cells. N = 3. B WB analysis of SHP-1 and STAT3 
levels, and STAT3 phosphorylation, in H/R treated H9c2 cells. N = 3. Results are presented as M ± SD. Compared with indicated group, the differ-
ence was significant (p < 0.05).
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cell supernatant (Fig. 6A), suggesting that SHP-1 exerts 
a positive role on H/R-induced inflammation.

WB then showed that cleavage of caspase-3 was 
obviously improved in the SHP-1 overexpression group, 
comparing to Lut-treated H/R-induced H9c2 cells without 
overexpression (Fig. 6B). FCM data further indicated an 
upregulation in apoptotic cell proportion after SHP-1 over-
expression, indicating that SHP-1 is a key modulator of 
H/R-induced apoptosis (Fig. 6C).

DISCUSSION

Lut, a naturally occurring polyphenol flavonoid, 
has demonstrated to exert myocardial protection effects. 
Due to the newly emerged COVID-19 threat, Lut has 
been found as a dietary molecular to inhibit the SARS-
COV-2 [28]: corticosteroid dexamethasone can reduce 
mortality of severe COVID-19 patient through limiting 
the production and damaging effect of the cytokines and 
inhibiting the protective function of T cells and block 
B cells from making antibodies [29]. Dexamethasone 
could be given together with the Lut due to its antiviral 
and anti-inflammatory properties, especially its abil-
ity to inhibit Mast cell activation syndrome, which are 
the main source of cytokines in the lungs of COVID-
19 patients [29, 30]. The in vitro study in the present 
study demonstrated that myocardial I/R injury activated 
myocardial SHP-1/STAT3 signal transduction pathways 
and induced inflammatory reactions and apoptotic death, 
but Lut treatment decreased inflammatory cytokines and 
apoptotic cell proportion and affected the SHP-1/STAT3 
pathway. In vivo experiments confirmed that Lut admin-
istration ameliorated the I/R-induced MI lesion and left 
ventricular failure through mediating SHP-1/STAT3 
pathway. In brief, the protection provided by Lut in I/R 
injury may be due to inhibiting inflammatory reactions 
and cell apoptosis by modulating the SHP-1/STAT3 
pathway.

A major indicator of I/R is the large production of 
inflammatory cytokines. Ischemic damage is generated 

by temporary insufficiency of blood supply in the tis-
sues, but reperfusion damage is caused by rapid inflam-
mation after blood reperfusion [31]. The production of 
inflammatory cytokines is an important process for the 
progression of inflammatory reactions in the heart [32]. 
For instance, TNF-α had a negative inotropic effect on 
myocardium contraction and blood pressure control. 
TNF-α could also expand the MI area during I/R injury 
and is involved in adverse ventricular remodeling [33]. 
IL-18 also participated in the pathophysiological process 
of I/R-associated inflammatory diseases by abrogating 
myocyte necrosis and immunity reactions [34]. IL-1β 
is an important and early inflammatory mediator in I/R 
injury [35]. Our results confirmed that IL-1β, IL-18, 
TNF-α, and other inflammatory cytokines were obvi-
ously increased in I/R models and H/R-treated H9c2 
cells. However, significant inhibition of the cardiac 
inflammatory response in vivo and in vitro was found 
after Lut treatment, due to the inhibition of these three 
inflammatory cytokines in I/R-mediated rats and H/R-
mediated H9c2 cells.

Cardiomyocyte apoptosis is another important 
representation in heart failure during MI. Inhibition 
of cell death represses damage in contractile cells, 
reduces I/R injury-induced heart injuries, and thus 
attenuates the incidence of heart failure [36, 37]. A 
recent study has demonstrated that Lut at different 
dose had an inhibitory efficiency on the cardiomyo-
cyte apoptosis in the myocardial I/R-tread rat [14]. The 
present study indicates an elevation in I/R-induced cell 
death in the I/R treated rats, which was evidenced by 
the cleavage of caspase-3. In vitro results also showed 
that H/R obviously promoted the apoptotic death of 
H9c2 cells. Apoptosis in both in vivo and in vitro 
model was inhibited in the Lut treatment.

The non-receptor PTPs, SHP-1 (aka PTPN6), and 
SHP-2 (aka PTPN11) play crucial regulatory roles in 
basic cellular processes, including cell proliferation, 
cell death, cell migration, cytodifferentiation, inflam-
matory reactions, and intermediate metabolisms [38]. 
The expression of SHP-1 in hematopoietic and epi-
thelial cells is extensively considered to play a role in  
the negative regulation of inflammatory reactions [39]. 
SHP-1 is also closely related to cell death and can 
bind with tumor necrosis factor receptor 1, Fas recep-
tor, and other death receptors to block anti-apoptosis 
signals in neutrophils. Therefore, SHP-1 is believed to 
act as a crucial factor in cell death and/or the block-
ing of survival-related factors. STAT3 is an oncogenic 

Fig. 6  Effect of SHP-1 on inflammation and cell death in Lut-induced 
rats or H/R-induced cells. A Effects of Lut on IL-1β, IL-18, and 
TNF-α in supernatant fluid from H/R treated H9c2 cells. N = 3. B WB 
detection of caspase-3 level and caspase-3 cleavage in H/R-induced 
H9c2 cells. N = 3. C Cell mortality of H/R-induced H9c2 cells with/
without Lut treatment (FCM assay). N = 3. Results are presented as 
M ± SD. Compared with the indicated group, the differences were sig-
nificant (p < 0.05; p < 0.01).

◂
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transcription factor that could play a significant role 
through the phosphorylation dimerization of tyrosine 
residues and translocation to the nucleus [40, 41]. Con-
stitutive activation of STAT3 in various malignancies is 
closely related to disease progress [42, 43]. Phosphoryl-
ated STAT3 was involved in inflammatory reactions and 
cell death in rat models with Cd-induced testis toxicity 
[44]. Various evidences have shown that SHP-1 protein  
level is upregulated in rats with cerebral ischemia and 
MI, resulting in the increase of cerebral ischemia and 
MI [45]. The mechanism regarding how SHP-1 regu-
lated STAT3 phosphorylation is well-documented in  
many previous studies [35, 46–51]; however, the influ-
ence and mechanism of SHP-1/STAT3 axis in MI 
was not elucidated. As far as we know, this is the first 
attempt to assess the role of SHP-1/STAT3 axis in MI. 
In this study, our findings showed that the expression 
of SHP-1 in cardiac tissue and cells was upregulated in 
rats after I/R and H9c2 cells with H/R treatment, with 
deactivated STAT3 sensor. Lut treatment significantly 
reduced SHP-1/STAT3 signal transduction by inhibit-
ing the expression of SHP-1. SHP-1 overexpression 
restored both inflammation and apoptosis which were 
downregulated accompanying SHP-1 upregulation in 
Lut-treated and H/R-induced H9c2 cells. These data 
suggest that the SHP-1/STAT3 axis is highly associated 
with Lut-mediated inflammation and apoptotic death in 
an H/R cell model, as well as I/R rats.

CONCLUSIONS

In conclusion, this research indicates that Lut 
provides myocardial protection during I/R by improv-
ing myocardial contraction function and inhibiting 
inflammatory reactions and cell death. Meanwhile, 
activating the SHP-1/STAT3 signaling pathway is 
related to the protective effects of Lut on the MI-
injured heart tissue.
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