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Abstract

Ischemic preconditioning (IPC) is the most powerful endogenous cardioprotective form of

cellular adaptation. However, the inhibitory or augmenting mechanism underlying cardiopro-

tection via IPC remains largely unknown. Suppressor of cytokine signaling-3 (SOCS3) is a

cytokine-inducible potent negative feedback regulator of the signal transducer and activator

of transcription-3 (STAT3) signaling pathway. Here, we aimed to determine whether cardiac

SOCS3 deficiency and IPC would synergistically reduce infarct size after myocardial ische-

mia reperfusion injury. We evaluated STAT3 activation and SOCS3 induction after ischemic

conditioning (IC) using western blot analysis and real-time PCR, and found that myocardial

IC alone transiently activated myocardial STAT3 and correspondingly induced SOCS3

expression in wild-type mice. Compared with wild-type mice, cardiac-specific SOCS3

knockout (SOCS3-CKO) mice showed significantly greater and more sustained IC-induced

STAT3 activation. Following ischemia reperfusion, IPC substantially reduced myocardial

infarct size and significantly enhanced STAT3 phosphorylation in SOCS3-CKO mice com-

pared to in wild-type mice. Real-time PCR array analysis revealed that SOCS3-CKO mice

after IC exhibited significantly increased expressions of several anti-apoptotic genes and

SAFE pathway-related genes. Moreover, real-time PCR analysis revealed that myocardial

IC alone rapidly induced expression of the STAT3-activating cytokine erythropoietin in the

kidney at 1 h post-IC. We also found that the circulating erythropoietin level was promptly

increased at 1 h after myocardial IC. Myocardial SOCS3 deficiency and IPC exert synergis-

tic effects in the prevention of myocardial injury after ischemia reperfusion. Our present

results suggest that myocardial SOCS3 is a potent inhibitor of IPC-induced cardioprotection,

and that myocardial SOCS3 inhibition augment IPC-mediated cardioprotection during ische-

mia reperfusion injury.
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Introduction

Among patients with acute myocardial infarction (MI), prognosis has been improved by the
development of reperfusion therapy via percutaneous coronary intervention or thromboly-
sis; however, the incidence of post-MI heart failure has been increasing [1–6]. After acute
MI, the infarct size determines the development of left ventricular remodeling and heart
failure. Timely reperfusion therapy is the most effective treatment of minimizing the infarct
size and improving clinical outcome [1–6]. However, paradoxically, reperfusion itself,
induces further myocardial injury—generally known as myocardial ischemia reperfusion
(I/R) injury. Thus, there is a need for new strategies to reduce infarct size during I/R in MI
patients.

Murry et al [7] first demonstrated that myocardial infarct size could be reduced by brief
episodes of nonlethal ischemia and reperfusion before sustained ischemia. This conditioning
phenomenon has been termed ischemic preconditioning (IPC), and is the most powerful
endogenous cardioprotective form of cellular adaptation that has been reproduced in numer-
ous species and demonstrated in noncardiac tissue, including liver, kidney, lung, and intestine
[1, 3, 8–10]. However, the inhibitory or augmenting mechanism underlying IPC-induced car-
dioprotection remains largely unknown.

The janus kinase (JAK)–signal transducer and activator of transcription-3 (STAT3) path-
way is a potent pro-survival signaling pathway during stress-induced myocardial injury,
including acute MI [11–17]. The survival activating factor enhancement (SAFE) pathway and
the reperfusion injury salvage kinase (RISK) pathway have been identified as major signal
transduction pathways that are causally involved in IPC’s cardioprotection. STAT3 is a central
element of SAFE pathway and AKT and ERK1/2 are central elements of RISK pathway [6, 8,
18]. Evidence from animal studies suggests that STAT3 signaling pathway activation is crucial
for achieving cardioprotection through IPC [12, 18–23]. Smith et al [22] reported that genetic
depletion of STAT3 in cardiomyocytes abolishes the capacity to activate IPC during I/R.
Heusch and colleagues [24] showed that myocardial STAT3 plays a causal role in IPC-based
cardioprotection in large animals, suggesting that the STAT3 signaling pathway is essential for
IPC-mediated cardioprotection during I/R.

Our group and others have identified suppressor of cytokine signaling (SOCS) family pro-
teins as cytokine-inducible highly specific and potent inhibitors of JAK–STAT signaling path-
ways [25–27]. We previously demonstrated that SOCS3 acts as a pseudosubstrate, strongly
inhibiting JAK–STAT-mediated cytokine signaling pathways by interacting with JAK and
inhibiting JAK activity [28, 29]. SOCS3 expression is induced by JAK–STAT-activating cyto-
kines including erythropoietin (EPO) and granulocyte colony-stimulating factor (G-CSF), and
by myocardial insults, such as viral infection, pressure overload, or ischemia [30–34]. We pre-
viously reported that the forced SOCS3 expression inhibits cytokine-promoted cardiomyocyte
survival in vitro [33], and that transgenic cardiac-specific SOCS3 expression facilitates cox-
sackievirus-induced cardiac injury in mice [32]. In contrast, myocardial SOCS3 deletion in
mice enhances the activation of multiple cardioprotective signaling pathways and prevents
post-MI heart failure and myocardial I/R injury [30, 31]. During I/R injury, cardiac-specific
SOCS3 knockout (SOCS3-CKO) mice exhibit sustained phosphorylation of STAT3, AKT, and
ERK1/2; prevention of myocardial apoptosis and injury; and augmented expression of the
anti-apoptotic myeloid cell leukemia-1 (Mcl-1) [30]. Therefore, we hypothesized that the myo-
cardial SOCS3 inhibition would augment IPC-mediated cardioprotection during I/R. To test
this hypothesis, we applied cardiac IPC in the myocardial I/R injury model using SOCS3-CKO
mice, and investigated the role of myocardial SOCS3 in the IPC-induced cardioprotection dur-
ing I/R injury.
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Methods

Ethics statement

All experimental protocols involving animal were approved by the Animal Experiments
Review Boards of Kurume University (Permit Number: 2017–075, 2018–156, 2019–107, 2020-
067-1). All procedures on the mice were performed under general anesthesia with isoflurane
(5% in 100% oxygen for induction; 1–2% in 100% oxygen for maintenance) using an animal
anesthesia machine (model TK-5, Bio Machinery, Chiba, Japan), and all efforts were made to
minimize suffering. At the end of experimental periods, mice were euthanized through deep
isoflurane anesthesia.

Cardiac-specific SOCS3 knockout mice

The mice were maintained with normal chow and freely available drinking water. This study
utilized 8- to 12-week-old male mice in a Balb/c background. To determine the tissue-specific
roles of SOCS3, we generated SOCS3-flox mice as previously described [35]. To investigate the
role of JAK–STAT signaling and its negative regulator SOCS3 in myocardial IPC, SOCS3-flox
mice were bred with mice harboring a transgene encoding Cre recombinase driven by the ċ-
myosin heavy chain (ċMHC)-promoter [31, 36]. We confirmed the marked reduction of
SOCS3 mRNA and protein in SOCS3-CKO hearts during myocardial I/R injury, as previously
described [30]. SOCS3-flox littermate mice lacking the ċMHC-Cre transgene served as wild-
type (WT) control animal.

In vivo mouse model of myocardial ischemia reperfusion injury

We used an open-chest in situ model to study I/R injury, as previously described [30, 37].
Briefly, mice were anesthetized using inhaled isoflurane administered via an endotracheal
tube, and were provided positive-pressure ventilation using a constant-volume ventilator
operating on the Starling principle (HSE MiniVent, Harvard Apparatus GmbH). After open-
ing the thoracic cavity by left thoracotomy, and then an 8–0 prolene suture was passed under
the left anterior descending (LAD) coronary artery at the inferior edge of the left atrium, and
then tied to produce an occlusion. Ischemia was confirmed based on blanching downstream
of the ligation, and persistent ST segment elevation on the electrocardiogram. Body tempera-
ture was maintained at 37˚C using a heating pad, and temperature was monitored using a
rectal thermometer. After 60 min of ischemia, the ligature was released. Reperfusion of the
LAD coronary artery reperfusion was confirmed based on color restoration in the ischemic
myocardium, and T-wave inversion on electrocardiogram. The chest was closed using con-
tinuous 6–0 prolene sutures, and the endotracheal tube was removed following resumption
of respiration.

IC or IPC induction

As was done for the in vivo myocardial I/R injury protocol, we anesthetized mice using inhaled
isoflurane, provided positive-pressure ventilation, opened the thoracic cavity, and visualized
the LAD coronary artery. Next, IC or IPC was induced by three cycles comprising 5 min of
coronary artery occlusion followed by 5 min of reperfusion. IC and IPC were performed fol-
lowing the exact same experimental procedure. Throughout the manuscript, we use the term
IC when describing experiments without 1-hour ischemia, and IPC when describing experi-
ments including 1-hour ischemia.
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Evans blue dye and triphenyltetrazolium chloride staining

At 24 hours post-reperfusion, each mouse was anesthetized as described above. Then chest
was re-opened, and the LAD coronary artery re-occluded. The heart was perfused with 5%
Evans blue dye, which stained the normally perfused area, such that an absence of staining
indicated the ischemic area—i.e., the area at risk (AAR). Next the heart was excised, and the
left ventricle (LV) was cut into five transverse slices from apex to base. These slices were incu-
bated in 1% triphenyltetrazolium chloride (TTC) solution at 37˚C for 10 min, photographed
with a digital camera (Leica, M165; Wetzlar, Germany), and weighed. On each image, we mea-
sured the infarct area (i.e., the area lacking TTC staining) and the AAR and LV areas, using a
planimeter with Image-Pro PLUS software (version 7.0J). For each slice, we determined the
ratios of infarct to LV area and AAR to LV area, and multiplied these ratios by the slice weight
to calculate net infarct area and AAR weights, respectively. We then summed these values for
all slices. The total infarct area weight was divided by the total AAR weight (infarct area/AAR)
to obtain infarct size, and total AAR weight was divided by the total LV weight (AAR/LV) to
obtain ischemic size [30, 37]. We compared the infarct size in the LV at 24 hours post reperfu-
sion among WT mice without IPC (n = 13), WT mice with IPC (n = 8), SOCS3-CKO mice
without IPC (n = 7) and SOCS3-CKO mice with IPC (n = 8).

Western blot analysis

At specific time-points after IC or after I/R, tissues were collected and homogenized in lysis
buffer containing 25 mM Hepes (pH 7.5), 1% Triton X100, 150 mM NaCl, 10% glycerol, 1
mM sodium orthovanadate, 50 mM NaF, 10 mM sodium pyrophosphate, and protease inhibi-
tor cocktail (Sigma Aldrich, St Louis, MO). Equal amounts of proteins were separated by
denaturing SDS-PAGE, and then transferred onto nitrocellulose membrane (Thermo Fisher
Scientific, Waltham, MA). These membranes were probed using primary antibody, and then
incubated with HRP-conjugated secondary antibody. Protein signals were detected using
the ECL plus system (GE Healthcare, Chicago, IL). Expression levels were determined from
band intensities using Bio-ID software (Vilber Lourmat, Collégien, France), and values were
expressed relative to GAPDH signals [30, 31, 37]. From Cell Signaling Technology (Beverly,
MA), we purchased antibodies against phosphorylated STAT3 (P-STAT3; #9145, D3A7, rabbit
monoclonal, 1:200 dilution), phosphorylated AKT (P-AKT; #4060, D9E, rabbit monoclonal,
1:200 dilution), and phosphorylated ERK1/2 (P-ERK1/2; #4370, D13.14.4E, rabbit monoclo-
nal, 1:200 dilution). The antibody against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; MAB374, 6C5, mouse monoclonal, 1:5000 dilution) was purchased from Merck
Millipore (Darmstadt, Germany).

Real-time PCR

Total RNA was isolated from heart and kidney tissues using TRIzol (Thermo Fisher Scientific,
Waltham, MA), as previously described [30, 31, 37], and 1 μg of total RNA was converted into
cDNA. Real-time polymerase chain reaction (PCR) assays were performed to assess the gene
expressions of mouse SOCS3, EPO and GAPDH, using the corresponding primer pairs
(#Mm00545913_s1, #Mm01202755_m1 and #Mm99999915_g1, respectively; Thermo Fisher
Scientific, Waltham, MA,) and the StepOnePlus Real-Time PCR System (Thermo Fisher Sci-
entific, Waltham, MA). We obtained apoptosis expression profiles using the RT2 Profiler PCR
array for murine apoptosis (Qiagen, Hilden, Germany), following the manufacturer’s instruc-
tions. PCR was performed using the StepOne real-time PCR system (Thermo Fisher Scientific,
Waltham, MA), and the ïïCt method was applied to analyze the expression levels of each
gene. We evaluated the dissociation curve for each gene, and excluded genes with nonspecific
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amplification or undetectable expression. The gene expression profiles were displayed as a
heat map created using the QIAGEN web portal at Gene Globe [31, 37].

ELISA for EPO

Mouse serum samples were analyzed for EPO using an enzyme-linked immunosorbent assay
(ELISA; R&D Systems, Minneapolis, MN), following the manufacturer’s instructions [38]. We
compared the serum level of EPO before and after IC (n = 6–7 per group).

Histological analysis

Freshly isolated hearts were fixed in 4% paraformaldehyde (PFA), dehydrated, embedded in
paraffin, and sectioned. Five-micrometer sections were stained with hematoxylin and eosin or
Mallory-AZAN staining.

Echocardiogram

Mice were placed under light anesthesia with isoflurane and subjected to echocardiography
as previously described [30, 31]. Transthoracic echocardiography was performed using a
Vevo770 ultrasound machine (VisualSonics Inc, Toronto, Canada) equipped with a 30-MHz
probe. Recording was performed as previously described [30, 31].

Statistics

Data are expressed as the mean ± standard error of the mean (SE). Statistical analyses were
performed using JMPpro12. We performed multiple group comparisons using the Kruskal–
Wallis test, followed by the Dunn’s test, and comparisons between two groups were performed
using the Wilcoxon rank-sum test. A P value of less than 0.05 was considered to indicate statis-
tical significance.

Results

Ischemic conditioning alone activates myocardial STAT3 and induces
SOCS3 expression

Before and during IC alone, we performed western blot analysis to assess the phosphorylation
of cardioprotective signaling molecules downstream of JAK in WT mice (Fig 1A and 1B).
Myocardial STAT3 phosphorylation was undetectable before IC, increased at 0 h, peaked 1 h
post-IC, and then significantly decreased at 6 h post-IC (Fig 1C). Myocardial ERK1/2 phos-
phorylation was faint before IC and peaked at 0 h post-IC (Fig 1D). Myocardial AKT phos-
phorylation was faint before IC and increased at 15 m after IC (Fig 1E). IC rapidly activated
the STAT3 signaling pathway, followed by significant decrease of these activation (Fig 1B and
1C), suggesting a mechanism that inhibits STAT3 activation during IC. Real-time PCR
revealed that, at 3 h post-IC, myocardial SOCS3 mRNA expression was markedly increased in
WT mice (Fig 1F).

Sustained activation of STAT3 in SOCS3-CKO mice during ischemic
conditioning

We next performed western blot analysis to compare the activation of cardioprotective signal-
ing pathways—including STAT3, ERK1/2, and AKT—during IC in WT mice and SOCS3-
CKO mice (Fig 2A and 2B). At 0 h and 15min after IC, myocardial STAT3 phosphorylation
levels were similar between WT and SOCS3-CKO mice. In WT mice, STAT3 phosphorylation
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Fig 1. Transient myocardial STAT3 activation and SOCS3 expression in WT mice after ischemic conditioning
alone. Western blot analysis of total cell lysates prepared from heart tissue of WT or SOCS3-CKO mice at the indicated
time-points after IC. (A) Schematic illustration depicting the experimental protocol. (B) Blots were probed using
antibodies against phosphorylated STAT3 (P-STAT3), total STAT3, phosphorylated ERK1/2 (P-ERK1/2), total ERK1/
2, phosphorylated AKT (P-AKT), total AKT, and GAPDH. (C), (D), and (E) Graphs display the quantitative
differences in expression between the ratios of P-STAT3 to total STAT3 (C), P-ERK1/2 to total ERK1/2 (D), and
P-AKT to total AKT (E) (n = 5 per group). ⇤p< 0.05, ⇤⇤⇤p< 0.01 (Dunn’s test). (F) Real-time PCR analysis of SOCS3
mRNA expression in mouse hearts pre-IC or 3 h after IC (n = 4–5 for each group). ⇤p<0.05 (Wilcoxon rank-sum
test). WT, wild-type; IC, ischemic conditioning; AU, arbitrary units; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.

https://doi.org/10.1371/journal.pone.0254712.g001
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Fig 2. Sustained activation of STAT3 in SOCS3-CKO mice after ischemic conditioning alone. Western blot
analysis of total cell lysates prepared from heart tissue of WT or SOCS3-CKO mice at the indicated time-points after
IC. (A) Schematic illustration depicting the experimental protocol. (B) Blots were probed using antibodies against
phosphorylated STAT3 (P-STAT3), total STAT3, phosphorylated AKT (P-AKT), total AKT, phosphorylated ERK1/2
(P-ERK1/2), total ERK1/2, and GAPDH. (C), (D), and (E) Graphs display the quantitative differences in the ratios of
the expression of P-STAT3 to total STAT3 (C), P-ERK1/2 to total ERK1/2 (D), and P-AKT to total AKT (E) (n = 5 per
group). ⇤p< 0.05, ⇤⇤p< 0.01 (Wilcoxon rank-sum test). WT, wild-type; IC, ischemic conditioning; AU, arbitrary
units; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

https://doi.org/10.1371/journal.pone.0254712.g002
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decreased from 3 to 6 h post-IC. In contrast, in SOCS3-CKO mice, STAT3 phosphorylation
from 1 to 6 h post-IC was significantly higher compared to in WT mice (Fig 2C). ERK1/2 and
AKT phosphorylation patterns were comparable between in WT and SOCS3-CKO mice (Fig
2D and 2E).

Substantial reduction of myocardial infarct size via ischemic
preconditioning during ischemia reperfusion in SOCS3-CKO mice

Next we investigated how myocardial SOCS3 deficiency affected IPC-induced cardioprotec-
tion during myocardial I/R injury. Myocardial IPC was elicited by three cycles of 5-min LAD
coronary artery occlusion and 5-min reperfusion, and myocardial injury was induced by 1-h
ligation of the LAD coronary artery. At 24 h post-reperfusion, heart tissues were double-
stained with Evans blue and TTC to determine the infarct area, AAR (indicating the ischemic
area), and normally perfused area of the LV (Fig 3A and 3B). The four groups were comparable
in terms of ischemic size (Fig 3C). In WT mice, IPC significantly reduced the myocardial
infarct size (Fig 3D). As we previously reported [30, 34], SOCS3-CKO mice without IPC exhib-
ited a significantly reduced myocardial infarct size compared to WT mice without IPC (Fig
3D). In SOCS3-CKO mice, IPC substantially reduced the myocardial infarct size (by approxi-
mately 90%) after I/R (Fig 3D).

Myocardial STAT3 activation by ischemic preconditioning in infarct hearts
after ischemia reperfusion in WT mice and SOCS3-CKO mice

We performed western blot analysis for phosphorylated STAT3, ERK1/2, and AKT in protein
samples collected at 3 h after I/R, from WT and SOCS3-CKO mice, with or without IC (Fig
4A). We detected greater STAT3 phosphorylation after IPC in the infarct hearts from
SOCS3-CKO mice compared to WT mice (Fig 4B and 4C). Additionally, in SOCS3-CKO
mice, the mean STAT3 phosphorylation level was higher with IPC than without IPC, although
this difference was not significant (Fig 4B and 4C). ERK1/2 phosphorylation was comparable
among the four groups (Fig 4B and 4D). Among both WT and SOCS3-CKO mice, AKT phos-
phorylation was lower with IPC than without IPC. (Fig 4B and 4E).

Augmented expressions of anti-apoptotic genes and SAFE pathway-related
genes in SOCS3-CKO mice following ischemic conditioning

To elucidate the events downstream of STAT3, we performed real-time PCR array analysis for
apoptosis-related genes in heart tissue before and after IC. Before IC, the expressions of most
genes were comparable between SOCS3-CKO mice and WT mice (Fig 5). Only three genes
showed significantly altered expression in heart tissues from SOCS3-CKO mice compared to
WT mice: Card10 (Caspase recruitment domain family, member 10), Cideb (Cell death-induc-
ing DNA fragmentation factor, alpha subunit-like effector B), and Diablo (Diablo homolog,
Drosophila) (S3 Fig). At 5 h after IC, compared to WT mice, SOCS3-CKO mice exhibited sig-
nificantly greater heart expression of several anti-apoptotic genes, including Il-10 (interleukin-
10), Mcl-1 (Myeloid cell leukemia sequence 1), Gadd45 (Growth arrest and DNA-damage-
inducible 45 alpha), Birc3 (Baculoviral IAP repeat-containing 3), and Ripk1 (Receptor
(TNFRSF)-interacting serine-threonine kinase 1) (Fig 5). Additionally, compared to WT mice,
the post-IC heart tissue of SOCS3-CKO mice showed significantly greater expressions of SAFE
pathway-related genes, including STAT3-related genes and TNF-alpha-related genes—for
example, Il-10, Mcl-1, Gadd45, Tnf-alpha (Tumor necrosis factor-alpha), Tnfrsf1a (Tumor
necrosis factor receptor superfamily, member 1a), Tnfrsf10b (Tumor necrosis factor receptor

PLOS ONE SOCS3 is a suppressor of ischemic preconditioning

PLOS ONE | https://doi.org/10.1371/journal.pone.0254712 July 22, 2021 8 / 21



Fig 3. Substantial reduction of infarct size via ischemic preconditioning after I/R in SOCS3-CKO mice. (A)
Schematic illustration depicting the experimental protocol. IPC was performed with three cycles of 5-min ischemia
and 5-min reperfusion. The LAD coronary artery was occluded for 1 h, and then reperfused for 24 h. (B)
Representative images of Evans blue and TTC staining in WT and SOCS3-CKO mice, with or without IPC, at 24 h
after reperfusion (n = 7–13 per group). (C) and (D) The infarct size of the LV was expressed as a percentage of the
AAR of each group. Graphs show quantification of AAR/LV (C) and infarct area/AAR (D). ⇤P<0.05, ⇤⇤P<0.01,
⇤⇤⇤P<0.001 (Dunn’s test). I/R, ischemia reperfusion; IPC, ischemic preconditioning; LAD, left anterior descending;
TTC, triphenyltetrazolium chloride; WT, wild-type; LV, left ventricle; AAR, area at risk.

https://doi.org/10.1371/journal.pone.0254712.g003
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Fig 4. Activation of cardioprotective signaling molecules by ischemic preconditioning in myocardial I/R injury.
(A) Schematic illustration depicting the experimental protocol. IPC was performed with three cycles of 5-min ischemia
and 5-min reperfusion. The LAD coronary artery was occluded for 1 h, and then reperfused for 3 h. (B) Total cell
lysates were prepared from heart tissue obtained at 3 h after I/R from WT mice with or without IPC, and from
SOCS3-CKO mice with or without IPC. Lysates were blotted with antibodies raised against phosphorylated STAT3
(P-STAT3), total STAT3, phosphorylated ERK1/2 (P-ERK1/2), total ERK1/2, phosphorylated AKT (P-AKT), total
AKT, and GAPDH. (C), (D), and (E) Box-and-whisker plots represent quantitative differences in P-STAT3, P-ERK1/
2, and P-AKT expression (n = 4–5 per group). ⇤p< 0.05 (Wilcoxon rank-sum test). I/R, ischemia reperfusion; IPC,
ischemic preconditioning; LAD, left anterior descending; AU, arbitrary units; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.

https://doi.org/10.1371/journal.pone.0254712.g004
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Fig 5. Expressions of apoptosis-related genes in heart tissue before and after ischemic conditioning. We prepared
mRNA from heart tissue of WT or SOCS3-CKO mice, obtained pre-IC and at 5 h after IC. This mRNA was subjected
to real-time PCR analysis. (A) Schematic illustration depicting the experimental protocol. (B) Values are expressed as
fold change relative to the values from WT mice of pre-IC (n = 5–6 for each group). ⇤p< 0.05 (Wilcoxon rank-sum
test). Il-10 (interleukin-10), Mcl-1 (Myeloid cell leukemia sequence 1), Gadd45 (Growth arrest and DNA-damage-
inducible 45 alpha), Birc3 (Baculoviral IAP repeat-containing 3), Ripk1 (Receptor (TNFRSF)-interacting serine-
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superfamily, member 10b), Cd40 (CD40 antigen), and Nfkb1 (Nuclear factor of kappa light
polypeptide gene enhancer in B-cells 1) (Fig 5).

We also evaluated RISK pathway-related genes in heart tissue from the pre-IC and 5 h after
IC time-points, using PCR array analysis for apoptosis-related genes. RISK pathway-related
genes include target molecules of ERK1/2 and AKT, such as Bax (Bcl2-associated X protein),
Bcl-2 (B-cell leukemia/lymphoma 2), Bad (BCL2-associated agonist of cell death), Bcl-xl
(Bcl2-like 1), Casp9 (Caspase 9), Dapk1 (Death associated protein kinase 1), Mcl-1 (Myeloid
cell leukemia sequence 1). At 5 h after IC, only the Mcl-1 gene, which is also a SFAE-related
gene, exhibited significantly altered expression in heart tissue from SOCS3-CKO mice com-
pared to WT mice (S4 Fig).

Rapid increase of circulating erythropoietin level after ischemic
conditioning

We previously reported that remote IPC via repeated transient limb ischemia rapidly activates
the renal hypoxia-inducible factor-1ċ (HIF1ċ)-EPO pathway, leading to EPO production and
release from the kidney, and that this released EPO activates cardioprotective signals, includ-
ing STAT3, thus reducing infarct size [38]. Based on these previous findings, we performed
real-time PCR analysis and ELISA to examine whether myocardial IPC alone would induce
EPO expression in the kidney (Fig 6A). Our results showed that renal EPO mRNA expression
was promptly and significantly increased at 1 h after myocardial IC alone in WT mice (Fig
6B). ELISA revealed that circulating EPO levels were rapidly increased at 1 h after myocardial
IC alone (Fig 6C).

Discussion

In the present study, we have first investigated the effects of myocardial SOCS3 deficiency on
IPC-mediated cardioprotection during myocardial I/R injury. In WT mice, IC alone tran-
siently activated myocardial STAT3, and correspondingly induced SOCS3 expression. IC-
induced STAT3 activation was significantly greater and more sustained in SOCS3-CKO mice
than in WT mice. Following I/R, IPC substantially reduced infarct size and significantly
enhanced STAT3 phosphorylation in SOCS3-CKO mice compared to in WT mice. Moreover,
in WT mice, myocardial IC alone rapidly induced mRNA expression of the STAT3-activating
cytokine EPO in the kidney, and increased the circulating EPO level. Thus, myocardial SOCS3
deficiency and IPC exerted synergistic effects in the prevention of myocardial injury after I/R.
Our present results suggest that myocardial SOCS3 is a potent inhibitor of IPC-induced cardi-
oprotection, and that myocardial SOCS3 inhibition augments IPC-mediated cardioprotection
during I/R.

Advantage of using myocardial-specific SOCS3-deficient mice

The STAT3 signaling pathway plays important roles in myocardial hypertrophy, apoptosis,
and fibrosis [12–14]. ċMHC-Cre-mediated SOCS3 ablation can occur as early as in the late
stage of myocardium development [39]. Therefore, to clarify the developmental effects of
ċMHC-Cre-mediated SOCS3 ablation in the heart, we assessed the ratio of body weight-to-
heart weight, performed histological analyses with hematoxylin and eosin and Mallory-Azan

threonine kinase 1), Tnf-alpha (Tumor necrosis factor-alpha), Tnfrsf1a (Tumor necrosis factor receptor superfamily,
member 1a), Tnfrsf10b (Tumor necrosis factor receptor superfamily, member 10b), Cd40 (CD40 antigen), and Nfkb1
(Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1).

https://doi.org/10.1371/journal.pone.0254712.g005
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Fig 6. Rapid increase of circulating erythropoietin level after ischemic conditioning. (A) Schematic illustration
depicting the experimental protocol. IC was performed with three cycles of 5-min ischemia and 5-min reperfusion.
Kidneys were collected at 1 h or 3 h after cardiac IC. Serum was collected at 1 h or 3 h after cardiac IC. (B) EPO
expression in the kidney after IC, analyzed by real-time PCR (n = 6–8 per group). Values are normalized to GAPDH,
and expressed as a fold change from pre-IC values. ⇤P<0.05 (Dunn’s test). (C) Serum levels of EPO in mice after IC at
the indicated time-points, determined by an ELISA (n = 6–7 per group). ⇤P<0.05. (Dunn’s test). EPO, erythropoietin;
IC, ischemic conditioning; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.

https://doi.org/10.1371/journal.pone.0254712.g006
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staining, and performed echocardiography using intact hearts from WT and SOCS3-CKO
mice. The ratio of body weight-to-heart weight was comparable between SOCS3-CKO and
WT mice (S1 Fig). Compared to hearts from WT mice, the hearts from SOCS3-CKO mice
showed no evidence of necrosis, cardiac fibrosis, or hypertrophy (S1 Fig). Echocardiography
revealed that left ventricular thickness, chamber size, and systolic function were comparable
between SOCS3-CKO mice and WT mice (S2 Fig). Thus, global cardiac structure and function
in intact hearts were comparable between SOCS3-CKO and WT mice.

Many lines of evidences indicate that the STAT3 signaling pathway has potent pro-survival
activity against myocardial injury during acute MI [12–17, 40]. STAT3 is activated by different
types of IC—including IPC, ischemic postconditioning, and remote IPC [16, 19, 38, 41]. This
suggests that STAT3 activation is a common signal of cardioprotection through IC. The causal
involvement of STAT3 in IPC-mediated cardioprotection during I/R has been demonstrated
in prior studies using myocardial STAT3-deficient mice [11, 19, 22] or the pharmacological
JAK inhibitor AG490 [11, 24, 41]. On the other hand, in our present study we showed the
causal role of myocardial STAT3 in IPC-mediated cardioprotection during I/R using myocar-
dial SOCS3-deficient mice, which exhibited augmented and prolonged endogenous myocar-
dial STAT3 activation. The SOCS3 promoter contains a functionally important STAT3-
binding element [42], and SOCS3 binds to JAK through the receptors of STAT3-activating
cytokines, including EPO and G-CSF, thus inhibiting JAK kinase activity [43, 44]. This sug-
gests that SOCS3 is a highly specific negative-feedback regulator of the STAT3 signaling
pathway. Therefore, an advantage of using SOCS3-CKO mice is that endogenous STAT3 acti-
vation in cardiomyocytes is specifically enhanced in response to intervention, such as IC or
pathological stimuli. In fact, in the present study, compared to WT mice, SOCS3-CKO mice
exhibited enhanced STAT3 activation in the heart in response to IC alone or IPC plus I/R.

SOCS3 is an ischemic conditioning-inducible potent inhibitor of IPC-
mediated cardioprotection

Negative-feedback regulation through SOCS3 tightly regulates the duration and intensity of
STAT3-activating cytokine activities [25–27]. As an intrinsic STAT3 inhibitor, SOCS3 has three
prominent features. First, as mentioned above, SOCS3 is a highly specific negative-feedback reg-
ulator of the STAT3 signaling pathway. Second, SOCS3 is inducible protein by STAT3-activat-
ing cytokines or myocardial injury stress. We previously reported that SOCS3 is promptly
induced by cardioprotective EPO, G-CSF, and gp130 cytokines, including cardiotrophin1 and
leukemia inhibitory factor [28, 33, 43]. We have also demonstrated that SOCS3 is rapidly
induced during pressure overload, viral myocarditis, post-MI ventricular remodeling, and I/R
injury in mice [30–34]. In our present study, we observed prompt SOCS3 induction in heart tis-
sue after IC, which was induced by a brief episode of nonlethal myocardial ischemia and reper-
fusion. Third, SOCS3 is a very potent inhibitor of the STAT3 signaling pathway. We previously
demonstrated that forced SOCS3 expression completely suppressed gp130-mediated STAT3
activation and survival of cardiomyocytes [33], and that the hearts of SOCS3 transgenic mice
exhibited markedly increased susceptibility to viral infection [32]. Our present results showed
that IPC markedly reduced myocardial infarct size after I/R in SOCS3-CKO mice. Overall, our
data indicate that SOCS3 is an IC-inducible potent inhibitor of IPC-mediated cardioprotection.

Important role of renal erythropoietin in cardioprotection via cardiac IPC
during myocardial ischemia reperfusion injury

We previously proposed a novel remote IPC mechanism through the kidney [38]. Briefly,
repeated transient limb ischemia rapidly induces renal HIF1ċ expression, leading to EPO
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production and release from the kidney. Then this released EPO activates cardioprotective
signals, including STAT3, thus reducing infarct size [38]. Based on previous findings, in our
present study, we expected that the renal HIF1ċ-EPO pathway would be involved in the
mechanism of cardioprotection via cardiac IPC. Fig 7 presents a summary and model of the
findings of our current study. Cardiac IPC, induced by repeated occlusion and release of
coronary artery, activates the renal HIF1ċ-EPO pathway, leading to EPO production and
release, which activates the myocardial STAT3 signaling pathway. In the myocardium of
WT mice, cardiac IPC-induced STAT3 activation was suppressed by SOCS3. In contrast,
in the myocardium of SOCS3-CKO mice, cardiac IPC-induced STAT3 activation was
enhanced and prolonged, and synergistically prevented myocardial injury after I/R. Thus,
renal EPO may play an important role in cardiac IPC-induced cardioprotection during I/R
injury.

Fig 7. Summary and model of synergistic myocardial infarct size reduction by IPC in cardiac-specific SOCS3-deficient
mice. Cardiac IPC, induced by repeated non-lethal ischemia and reperfusion of coronary artery, activates the renal EPO
pathway. EPO is produced and released, and binds to myocardial EPO receptors, thus possibly activating the cardioprotective
STAT3 signaling pathway. In the myocardium of WT mice, cardiac IPC-induced STAT3 activation was suppressed by SOCS3.
In contrast, in the myocardium of SOCS3-CKO mice, cardiac IPC-induced STAT3 activation was enhanced and prolonged,
thus synergistically preventing myocardial infarction after I/R. IPC, ischemic preconditioning; EPO, erythropoietin; WT, wild-
type; I/R, ischemia reperfusion.

https://doi.org/10.1371/journal.pone.0254712.g007
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Combination of SOCS3 inhibition and STAT3 activation is a novel strategy
for myocardial ischemia reperfusion injury

Promising experimental results in animal models support a real cardioprotective effect of STA-
T3-activating cytokines, including EPO and G-CSF; however, clinical trials have not yet dem-
onstrated benefits in clinical settings [45–48]. Importantly, the state of the heart critically
differs between animal models and real acute MI patients. While the animals used for experi-
ments are young and healthy, and have intact hearts, most acute MI patients are older and
have cardiovascular diseases, such as hypertension and coronary artery diseases. We previously
demonstrated that myocardial stress, such as pressure overload and ischemia, rapidly and
strongly induce SOCS3 [30, 31, 33]. Moreover, in cytokine therapy using EPO or G-CSF,
SOCS3 is strongly induced by cytokine administration itself, suggesting that patients undergo-
ing cytokine therapy may exhibit upregulated cardiac SOCS3 expression. Furthermore, we
previously demonstrated that SOCS3 confers potent resistance to cytokines (e.g., cardiotro-
phin-1, leptin, and interferon) that utilize the STAT3 pathway [49–51]. Therefore, SOCS3 may
reduce the effects of cytokine therapy in patients with acute MI. In fact, our present study
revealed that myocardial SOCS3 deletion markedly augmented the IPC-induced cardioprotec-
tive effect during myocardial injury after I/R. Together, the previous and present findings sug-
gest that a combination of SOCS3 inhibition and STAT3 activation may be a novel strategy for
acute MI after I/R.

There is currently no clinical strategy for SOCS3 suppression. In animal studies, SOCS3 has
been inhibited using adeno-associated virus 9 (AAV9)-mediated RNA interference or admin-
istration of the anti-diabetic drug pioglitazone [52, 53]. Using a rat model of dilated heart
failure, Gao et al. reported that SOCS3 gene silencing using AAV9-SOCS3 siRNA led to signif-
icant reductions of myocardial fibrosis and inflammatory response, and improved heart func-
tion [52]. Collino et al. reported that pioglitazone administration reduced SOCS3 expression
in the liver of rats fed a high-cholesterol fructose diet [53]. However, the mechanism through
which pioglitazone inhibits SOCS3 expression is unclear. Thus, further studies are needed to
examine how pioglitazone inhibits SOCS3 expression, and whether pioglitazone augments
STAT3 activity resulting from SOCS3 inhibition.

We previously reported the molecular mechanism through which SOCS1 and SOCS3
inhibit JAK kinase activity [28, 29]. The kinase inhibitory region of SOCS1 and SOCS3 targets
the activation loop of the JAK kinase domain with high specificity, thereby blocking any subse-
quent phosphorylation. We previously proposed that SOCS1 and SOCS3 inhibit JAK kinase
activity via binding in the activation loop as a pseudosubstrate [28, 29] and this was confirmed
by X-ray crystal structure analysis [54]. Therefore, small-molecule compounds that inhibit the
binding of JAK kinase activation loops to the SOCS3 kinase inhibitory region may be clinically
useful for SOCS3 inhibition.

Study limitations

In this study, it considered that STAT3 phosphorylation is a key target for IPC and SOCS3
inhibition to induce cardioprotection during myocardial I/R injury. Therefore, it will be
important to confirm whether cardioprotection during myocardial IR injury is mediated by
myocardial STAT3 phosphorylation induced by IPC and SOCS3 inhibition. To this end, future
studies should investigate whether cardiac STAT3 inhibition abrogates the cardioprotective
effect of IPC and SOCS3 ablation during myocardial IR injury. Optimal experiments would be
performed using cardiac-specific STAT3 and SOCS3 double-knockout mice.
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Conclusion

Our present study showed that cardiac IC alone transiently activated myocardial STAT3 and
correspondingly induced SOCS3 expression in WT mice, and that IC-induced STAT3 activa-
tion was significantly greater and more sustained in SOCS3-CKO mice than in WT mice. Fol-
lowing I/R, IPC substantially reduced myocardial infarct size and significantly enhanced
STAT3 phosphorylation in SOCS3-CKO mice compared to in WT mice. Moreover, myocar-
dial IC alone rapidly induced renal EPO mRNA expression and increased the circulating EPO
level in WT mice. Our present results suggest that myocardial SOCS3 is a potent inhibitor of
IPC-induced cardioprotection and that myocardial SOCS3 inhibition augment IPC-mediated
cardioprotection during I/R. We propose that the combination of myocardial SOCS3 downre-
gulation and STAT3 activation via IPC may be a novel strategy for reducing myocardial injury
after I/R.

Supporting information

S1 Fig. Histological staining and ratio of body weight-to-heart weight in WT and
SOCS3-CKO mice. (A) Graph shows the ratio of heart weight-to-body weight based on intact
hearts (n = 5 per group, Wilcoxon rank-sum test). (B) Sections from intact hearts of WT mice
and SOCS3-CKO mice were stained with hematoxylin and eosin and Mallory-Azan (n = 5 per
group).
(TIF)

S2 Fig. Echocardiography of WT and SOCS3-CKO mice. Echocardiography was performed
in intact WT mice and SOCS3-cKO mice (n = 11–14 per group, Wilcoxon rank sum test).
IVST, interventricular septum thickness; PWT, posterior left ventricular wall thickness;
LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter;
FS, fractional shortening.
(TIF)

S3 Fig. Expression of apoptosis-related genes in heart tissue before and after ischemic con-
ditioning. We prepared mRNA from heart tissue of WT or SOCS3-CKO mice, obtained pre-
IC and 5 h after IC. This mRNA was subjected to real-time PCR analysis. Values are expressed
as fold change relative to the values from WT mice of pre-IC (n = 5–6 for each group).
⇤p< 0.05 (Wilcoxon rank-sum test). Card10 (Caspase recruitment domain family, member
10), Cideb (Cell death-inducing DNA fragmentation factor, alpha subunit-like effector B),
Diablo (Diablo homolog, Drosophila).
(TIF)

S4 Fig. Expression of apoptosis-related molecules involved in the RISK pathway. We pre-
pared mRNA from heart tissue of WT or SOCS3-CKO mice, obtained pre-IC or 5 h after IC.
This mRNA was subjected to real-time PCR analysis. Values are expressed as fold change rela-
tive to the values from WT mice of pre-IC (n = 5–6 for each group). ⇤p< 0.05 (Wilcoxon
rank-sum test). Bax (Bcl2-associated X protein), Bcl-2 (B-cell leukemia/lymphoma 2), Bad
(BCL2-associated agonist of cell death), Bcl-xl (Bcl2-like 1), Casp9 (Caspase 9), Dapk1 (Death
associated protein kinase 1), Mcl-1 (Myeloid cell leukemia sequence 1).
(TIF)

S5 Fig. Full unedited blots for Fig 1. Blots were probed using antibodies against tyrosine-
phosphorylated STAT3 (P-STAT3), STAT3, phosphorylated AKT (P-AKT), AKT, phosphory-
lated ERK (P-ERK1/2), and GAPDH.
(TIF)
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S6 Fig. Full unedited blots for Fig 2. Blots were probed using antibodies against tyrosine-
phosphorylated STAT3 (P-STAT3), STAT3, phosphorylated AKT (P-AKT), AKT, phosphory-
lated ERK (P-ERK1/2), and GAPDH.
(TIF)

S7 Fig. Full unedited blots for Fig 4. Blots were probed using antibodies against tyrosine-
phosphorylated STAT3 (P-STAT3), STAT3, phosphorylated AKT (P-AKT), AKT, phosphory-
lated ERK (P-ERK1/2), and GAPDH.
(TIF)
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