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Abstract
Growth differentiation factor 11 (GDF11) is a member of the transforming growth factor beta 1 (TGF-β1) superfamily that 
reverses age-related cardiac hypertrophy, improves muscle regeneration and angiogenesis, and maintains progenitor cells in 
injured tissue. Recently, targeted myocardial delivery of the GDF11 gene in aged mice was found to reduce heart failure and 
enhance the proliferation of cardiac progenitor cells after myocardial ischemia–reperfusion (I–R). No investigations have as 
yet explored the cardioprotective effect of exogenous recombinant GDF11 in acute I–R injury, despite the convenience of 
its clinical application. We sought to determine whether exogenous recombinant GDF11 protects against acute myocardial 
I–R injury and investigate the underlying mechanism in Sprague–Dawley rats. We found that GDF11 reduced arrhythmia 
severity and successfully attenuated myocardial infarction; GDF11 also increased cardiac function after I–R, enhanced 
HO-1 expression and decreased oxidative damage. GDF11 activated the canonical TGF-β signaling pathway and inactivated 
the non-canonical pathways, ERK and JNK signaling pathways. Moreover, administration of GDF11 prior to reperfusion 
protected the heart from reperfusion damage. Notably, pretreatment with the activin-binding protein, follistatin (FST), 
inhibited the cardioprotective effects of GDF11 by blocking its activation of Smad2/3 signaling and its inactivation of det-
rimental TGF-β signaling. Our data suggest that exogenous GDF11 has cardioprotective effects and may have morphologic 
and functional recovery in the early stage of myocardial I–R injury. GDF11 may be an innovative therapeutic approach for 
reducing myocardial I–R injury.

Keywords  Growth differentiation factor 11 · Transforming growth factor beta 1 · Myocardial ischemia–reperfusion · 
Smad2/3 · TGF-β non-canonical pathway

Introduction

The World Health Organization has reported that ischemic 
heart disease (IHD) is the world’s largest cause of mortal-
ity, resulting in 8.76 million deaths worldwide in 2015 [51]. 
IHD is caused by a lack of coronary blood supply to the 
heart, usually because of thrombosis or other acute altera-
tions of coronary atherosclerotic plaques [4]. During myo-
cardial ischemia, characteristic patterns of metabolic and 
ultrastructural changes lead to irreversible injury. Early res-
toration of blood flow to the ischemic myocardium is a gen-
eral treatment strategy for limiting infarct size and reducing 
mortality caused by IHD [44]. However, the return of blood 
flow can cause additional cardiac damage and complica-
tions and, in many cases, increase infarct size, a situation 
referred to as myocardial ischemia–reperfusion (I–R) injury 
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[17]. Myocardial I–R injury is a major contributor to the 
worldwide morbidity and mortality associated with coronary 
artery disease [38].

In recent years, an increased awareness of the pathophysi-
ologic mechanisms contributing to myocardial I–R injury 
has highlighted molecular targets [1, 22]. The inflammatory 
response not only results in cardiomyocyte apoptosis but 
also compromises myocardial function. Limiting the extent 
of myocardial inflammation after myocardial I–R may not 
only lower mortality, but also help to prevent ventricular 
arrhythmias and myocardial infarction (MI) [16]. Genera-
tion of free radicals after restoration of circulation triggers 
oxidative stress [20, 21]. Several studies have shown that 
oxidative stress regulates cell signaling involved in types of 
cellular death in myocardial I–R injury [37]. It is, therefore, 
critical to know how to reduce inflammation and oxidative 
stress to improve the prognosis of patients after myocardial 
I–R injury.

Growth differentiation factor 11 (GDF11, also known 
as BMP11), a member of the transforming growth factor 
beta (TGF-β) superfamily, is broadly expressed throughout 
tissue [32]. GDF11 levels decline during aging and insuf-
ficient GDF11 contributes to age-related cardiac hypertro-
phy in mice [32]. Long-term targeted myocardial delivery of 
GDF11 mRNA or daily intraperitoneal injection of protein 
rejuvenates the heart and enhances chronic cardiac func-
tion and cellular regeneration after I–R injury in aged mice 
[15]. However, the effects of exogenous GDF11 on acute 
myocardial I–R injury have not previously been reported. 
In this study, we created myocardial I–R injury by ligating 
the left anterior descending coronary artery (LAD) in rats 
for 30 min and then subjected them to 3 h of reperfusion. 
We hypothesized that treatment with exogenous recombinant 
GDF11 would reduce myocardial injury and improve myo-
cardial function during acute I–R injury, and enable us to 
systematically investigate its cardioprotective mechanisms. 
We also hypothesized that the cardioprotective effects of 
GDF11 would be antagonized by pretreatment with follista-
tin (FST), which binds with and neutralizes members of the 
TGF-β superfamily including GDF11.

Materials and methods

Animal model

Sprague–Dawley rats (LASCO Co., Charles River Technol-
ogy, Taipei, Taiwan) weighing 250–300 g were used in this 
study and cared for according to the advice published in the 
US National Institutes of Health Guide for the Care and 
Use of Laboratory Animals (NIH Publication No. 85–23, 
revised 2011). All animals were housed in the Animal 
Center of Chung Shan Medical University at an ambient 

temperature of 24 ± 1 °C and humidity of 55 ± 5%, under a 
12-h light–dark cycle. The animals were fed normal chow 
and given water ad libitum. We followed all practical guide-
lines relating to the surgical procedures and experimental 
design [3, 31]. The surgical procedures for myocardial I–R 
injury were reviewed and approved by the Institutional Ani-
mal Care and Use Committees of Chung Shan Medical Uni-
versity (IACUC 1855) and Cheng Hsin General Hospital 
(CHIACUC 104-21).

Experimental groups

The rats were randomly divided into sham and myocardial 
I–R groups. Sham-treated animals were treated with 0.1% 
bovine serum albumin in PBS (0.1% BSA–PBS) without 
undergoing myocardial I–R injury. In the myocardial I–R 
group, animals were treated with vehicle (0.1% BSA–PBS) 
or GDF11 (PEPROTEC, NJ, USA) via the jugular vein 
15 min prior to LAD ligation or 10 min prior to reperfusion. 
GDF11 was administered at a dosage of 0.1 mg/kg, as based 
on a previous study [32]. Animals in the FST + GDF11 
group were administered FST (5 μg/kg; PEPROTEC, NJ, 
USA) 15 min prior to GDF11 administration, following 
previously described dosage details [30]. Myocardial I–R 
injury was induced by LAD ligation for 30 min followed by 
reperfusion for 3 h (Fig. S1). At the end of the experiment, 
rat hearts or plasma was harvested to observe the effects of 
GDF11 by triphenyl tetrazolium chloride (TTC) staining, 
immunoblotting, zymography, ELISA assay, immunohisto-
chemistry, and malondialdehyde (MDA) detection.

LAD occlusion and reperfusion

Myocardial I–R injury was induced by temporary occlusion 
of LAD, as previously described [45]. Briefly, the rats were 
anesthetized with urethane (1.25 g/kg intraperitoneal [i.p.]) 
then placed on controlled heating pads (TC-1000 Tempera-
ture Controller, CWE Inc., USA) with the core temperature 
measured via a rectal probe maintained at 37 °C. Polyethyl-
ene catheters (PE-50) were inserted into the femoral artery 
for continuous monitoring of heart rate (HR) and arterial 
blood pressure (BP). A Millar catheter was inserted into the 
left ventricular (LV) chamber to continuously monitor the 
maximal slopes of systolic pressure increments (+dP/dt) and 
diastolic pressure decrements (–dP/dt). A standard lead-1 
ECG tracing was recorded via silver electrodes attached to 
the extremities. Data were recorded by a Transonic Scisense 
Pressure Measurement System (SP200, Transonic Scisense 
Inc, Ontario, Canada) and displayed on a data acquisition 
unit (MP150) and physiological recorder (BIOPAC Systems, 
Inc., California, USA). The jugular vein was cannulated to 
administer drugs.
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Following tracheotomy, for maintenance of normal P
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2
 and pH parameters, the animals were ventilated with 

room air, using a respirator for small rodents (Model 131, 
NEMI, USA) at a rate of 60 strokes/min and a stroke volume 
of 10 mL/kg body weight. The chest was opened by left 
thoracotomy followed by sectioning of the fourth and fifth 
ribs, 2 mm to the left of the sternum. The heart was quickly 
externalized and then inverted. A 6/0 silk ligature was placed 
around the LAD. The heart was repositioned in the chest 
and the animal was allowed to recover for 15 min. Animals 
in which the procedure produced arrhythmia or a sustained 
decrease in mean arterial BP (MBP) to less than 70 mmHg 
were not included in the study.

Morphological analysis

Rats were killed for infarct volume analysis (TTC staining) 
after 30 min of ischemia and 3 h of reperfusion [45]. Fol-
lowing removal, the heart was perfused with cold saline 
and the flow rate was adjusted to the appropriate range, 
approximately 3 mL/min. The LAD was then ligated again, 
followed by perfusion with Evans Blue dye, which stains 
the remote myocardium but leaves the area at risk (AAR) 
unstained. Next, the heart was sectioned by a heart matrix 
slicer (Jacobowitz Systems, Zivic-Miller Laboratories Inc., 
Allison Park, PA, USA) into standard transverse slices of 2 
mm thicknesses. Slices were placed in vital dye TTC (2%; 
Sigma) at 37 °C in the dark for 30 min and then immersed in 
formalin 10% at room temperature for 2 days. After scanning 
the infarcted tissue slices, we assessed the tissue weights by 
distinguishing the normal myocardium (blue stained) from 
the AAR and infarct area shown in white on the TTC stain-
ing assay.

Estimation of myocardial damage

Myocardial cellular damage was estimated by measuring 
the activity of lactate dehydrogenase (LDH) and leakage of 
troponin I into plasma. Arterial blood was collected from the 
carotid catheter at the end of myocardial I–R injury for tro-
ponin I and LDH measurements using commercially avail-
able assay kits (BioVision, Milpitas, CA, USA, and Sigma, 
St Louis, MO, USA).

Evaluation of arrhythmia

We assessed the antiarrhythmic effects of GDF11 during 
myocardial I–R injury. Prior to and during the ischemia 
and reperfusion periods, HR, BP and ECG changes were 
simultaneously recorded on a personal computer with 
waveform analysis software (AcqKnowledge, Biopac Sys-
tem, Goleta, CA, USA). Ventricular ectopic activity was 
evaluated according to the diagnostic criteria advocated by 

the Lambeth Convention [12]. The ECGs were analyzed to 
determine the incidence and duration of ventricular tachy-
cardias (VTs) and ventricular fibrillations (VFs) in surviv-
ing animals and rats that died. VF duration was recorded 
up until the time when BP was < 15 mmHg in rats that died 
with irreversible VF.

Immunoblotting

Left ventricle samples were homogenized with tissue protein 
extraction reagent (Thermo, Waltham, MA, USA) contain-
ing Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, 
MO, USA). Protein concentrations were quantified using a 
protein assay dye reagent (Bio-Rad, Hercules, CA, USA), 
using BSA as the standard. Samples were mixed with an 
equal volume of loading buffer (62.5 mM Tris, pH 6.8, 10% 
[v/v] glycerol, 2% SDS, 5% [v/v] 2-mercaptoethanol and 
0.05% [w/v] bromophenol blue) and heated to 95 °C for 
10 min. The sample mixtures were separated with SDS-
PAGE gel and transferred onto polyvinylidene difluoride 
(PVDF) membranes (GE Healthcare, Chicago, IL, USA), 
which were then blocked with 1% polyvinylpyrrolidone 
(PVP) or 5% defatted milk combined with 0.05% Tween® 
20 in phosphate buffer solution (PBS) at room temperature 
for 1.5 h, followed by incubation with primary antibodies 
at 4 °C overnight. The membranes were washed three times 
with PBS containing 0.1% Tween 20 (PBST), followed by 
horseradish peroxidase-conjugated secondary antibodies 
(1:10,000 dilution) at 37 °C for 1 h. After additional PBST 
washes, the blots were evaluated using an enhanced chemi-
luminescent system. Primary antibodies included: anti-cas-
pase-3, anti-LC3, anti-Beclin-1, anti-iNOS, anti-phospho 
JNK 1/2, anti-JNK 1/2, anti-phospho ERK 1/2, anti-ERK 
1/2, and anti-phospho Smad2/3 (Cell Signaling, Danvers, 
MA, USA); anti-phospho FOXO3, anti-FOXO3, anti-TGF-β 
and anti-β-actin (Novus Biologicals, Littleton, CO, USA); 
anti-HO-1 (Santa Cruz, Dallas, TX, USA); and anti-COX2 
(Cayman Chemical, Ann Arbor, MI, USA). Membrane-
enhanced chemiluminescence-based immunodetection was 
conducted using the appropriate horseradish peroxidase sec-
ondary antibody. Band density was quantified using ImageJ 
software and normalized to the internal control; protein lev-
els are presented as the ratio of protein band densities in the 
sham, vehicle, or GDF11 treatment groups.

Gelatin zymography

Enhanced activities of matrix metalloproteinase-2 (MMP-2) 
and matrix metalloproteinase-9 (MMP-9) in the ischemic 
myocardium were observed following myocardial I–R injury 
[11]. We, therefore, examined MMP-2 and MMP-9 activi-
ties in the left ventricular homogenate using gelatin zymog-
raphy, as described previously [6]. In brief, samples were 
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loaded on 7.5% (w/v) SDS-polyacrylamide gels that had 
been co-polymerised with 0.1% gelatin (Sigma, St Louis, 
MO, USA). Stacking gels were 4% (w/v) polyacrylamide 
and did not contain gelatin substrate. Electrophoresis was 
performed in running buffer (25 mM Tris, 250 mM glycine, 
1% SDS) at room temperature at 125 mA for 1 h. The gel 
was washed twice at room temperature for 30 min each time 
in 2.5% Triton X-100, and then washed twice with double-
distilled H2O for 10 min each time. The gel was incubated 
in reaction buffer (50 mM Tris, pH 7.5, containing 200 mM 
NaCl, 10 mM CaCl2, 0.02% Brij-35, 0.01% NaN3) at 37 °C 
for 18 h, then stained with 0.25% Coomassie Brilliant Blue 
R-250 (Sigma, St Louis, MO, USA) for 1 h and destained 
in 15% methanol/7.5% acetic acid. Gelatinase activity was 
detected as unstained bands on a blue background. Quanti-
tative analysis of the gelatinolytic enzyme was performed 
with a computer-assisted imaging densitometer system, UN-
SCAN-IT gel Version 6.1 (Silk Scientific, Orem, UT, USA).

Detection of oxidation stress level

The extent of lipid peroxidation was determined using 
TBARS Assay Kits (Cayman Chemical, Ann Arbor, MI, 
USA) measuring total MDA levels. Heart tissues were 
homogenized in ice-cold PBS then centrifuged at 1600 ×g 
for 10 min at 4 °C to remove large particles. The MDA–thio-
barbituric acid product was formed at 100 °C and quantified 
colorimetrically at 532 nm.

TGF‑β1 Elisa kits

TGF-β1 concentration in plasma was processed from arterial 
blood collected from the carotid catheter at the end of myo-
cardial I–R injury and measured using a commercially avail-
able assay kits (R&D Systems, Minneapolis, MN, USA).

In situ detection of apoptosis and MPO‑positive 
immunocytes in myocardium

I–R-damaged myocardium was harvested and embedded 
in optimal cutting temperature (OCT) compound (Leica, 
Heidelberg, Germany) and frozen immediately, then sec-
tions of 10 μm thickness were cut from each tissue block. 
Terminal deoxynucleotidyl transferase dUTP nick-end labe-
ling (TUNEL) evaluated myocardial apoptosis using the 
ApopTag Plus Fluorescein In Situ Apoptosis Detection Kits 
(Millipore, Burlington, MA, USA). Cardiomyocytes were 
labeled with anti-α-sacromeric actin (Sigma, St Louis, MO, 
USA). Immunohistochemistry staining identified MPO-posi-
tive (MPO+) immunocytes in 3-μm-thick heart sections fixed 
in paraformaldehyde, as described previously in methods 
using anti-MPO (1:50; Spring, Pleasanton, CA, USA) [49]. 
ProLong® Gold Antifade Reagent (Molecular Probes Inc., 
UK) was used to mount specimens. Images were acquired 
using a microscope (ZEISS Axio Imager A2) and cell count 
was quantified with ImageJ™ software (1. 51 v, NIH), as 
previously described [25].

Statistical analysis

The effects of drug administration on HR, MBP, + dP/dt and 
− dP/dt values are expressed as the mean ± standard error of 
the mean (SEM) and were assessed using two-way repeated 
measures ANOVA. The Bonferroni test was used for post 
hoc pairwise multiple comparisons where necessary. All 
other data are expressed as the mean ± standard deviation 
(SD). The results are presented with actual data points and 
were assessed using one-way analysis of variance (ANOVA) 
or the Kruskal–Wallis test followed by the Student’s t test, 
according to the Shapiro–Wilk normality test. Comparisons 
of the two datasets were performed using the Student’s t 
test or Mann–Whitney U test. Between-group differences in 
mortality and incidences of VT and VF were analyzed using 
the chi-squared test. Statistical significance was defined as 
P < 0.05 in two-tailed testing.

Results

Pretreatment with GDF11 improved cardiac 
function and reduced myocardial infarct size 
during LAD occlusion and reperfusion

Cardiac function was decreased during LAD occlu-
sion. Treatment with GDF11 did not significantly alter 
HR or MBP in anesthetized rats during the myocardial 
I–R period (Fig. 1a, b). We found that + dP/dt was sig-
nificantly reduced after LAD occlusion. After myocardial 
reperfusion, + dP/dt values in the GDF11-treated group 

Fig. 1   GDF11 improved cardiac function and reduced myocardial 
infarct size during myocardial I–R injury. a–d The line graphs show 
HR and MBP values, as well as + dP/dt and − dP/dt changes in left 
ventricular contractility in sham-operated (closed circles; n = 7), 
vehicle-treated (open circles; n = 7), GDF11-treated (closed trian-
gles; n = 9) FST + GDF11 (open triangles; n = 8) and FST-treated 
(closed squares; n = 6) animals subjected to myocardial ischemia for 
30 min followed by 3 h of reperfusion. Values are expressed as the 
mean ± SEM. e Representative photographs of horizontally sliced 
heart sections are shown: white regions depict infarcted regions; red-
stained regions depict ischemic-reperfused but viable regions; blue-
stained regions depict non-ischemic regions. f–h The MI/AAR % 
area (ratio of white to red areas), plasma LDH activity and troponin 
I levels in age-matched animals in the sham-operated group (n = 6), 
the vehicle group (controls; n = 9), the GDF11 group (n = 9), the 
FST + GDF11 group (n = 6) and the FST-only group (n = 6). Values 
are expressed as the mean ± SD. *P < 0.05 compared with vehicle. 
†P < 0.05 compared with sham. #P < 0.05 compared with GDF11. 
CAO LAD occlusion, CAR​ LAD reperfusion, MI myocardial infarc-
tion, AAR​ area at risk

◂
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were significantly higher than those in the vehicle controls 
(Fig. 1c), whereas − dP/dt was improved but did not reach 
significance during 180 min of observation after myocar-
dial I–R. After myocardial I–R injury, + dP/dt and − dP/
dt were significantly decreased in the FST + GDF11 group 
compared with rats treated with GDF11 only (Fig. 1c, d). 
Treatment with FST only did not change cardiac function 
significantly compared with values in the FST + GDF11 
and vehicle-treated groups (Fig. 1c, d). The effects of 
GDF11 on myocardial I–R-induced mortality and arrhyth-
mias are shown in Table 1. In the vehicle-treated group, 
I–R-induced mortality was 46%. Administration of GDF11 
decreased the mortality rate to 10%, but this did not reach 
significance (P = 0.06). Vehicle administration did not 
elicit arrhythmias in sham-operated rats. VT and VF dura-
tions were 28.6 ± 8.1 and 81.1 ± 29.9 s, respectively, in 
the vehicle-treated group during I–R injury. Administra-
tion of GDF11 significantly shortened the durations of 
VT to 7.6 ± 2.7 s and VF to 4.9 ± 2.7 s, respectively. VT 
and VF durations were prolonged in animals pretreated 
with FST alone or in combination with GDF11 compared 
with values in GDF11-treated animals, but did not dif-
fer from VT and VF durations in vehicle-treated animals 
(Table 1). The effects of GDF11 on myocardial infarct size 

are shown in Fig. 1e, f, as well as in Table 2. Evans Blue 
dye stained the remote myocardium, but not the AAR and 
infarct area, which are shown in white in the TTC analysis 
(Fig. 1e). Concordance between the AAR/ventricle % in 
the vehicle, GDF11, FST + GDF11, and FST-only groups 
confirmed consistency for the LAD occlusion procedures 
(Table 2). The infarct size/AAR was significantly reduced 
in the GDF11-treated group compared with the vehicle-
treated group, but was reversed by FST + GDF11 treat-
ment (Fig. 1f). LDH activity and plasma troponin I lev-
els, markers of cellular damage, were both significantly 
increased in the vehicle-treated group compared with the 
sham-operated group, but significantly decreased in the 
GDF11-treated group. Infarct size/AAR % (MI/AAR %), 
LDH activity and troponin I levels in plasma were sig-
nificantly increased in the FST + GDF11 group compared 
with those in the GDF11 group. Pretreatment with FST 
alone had no significant effects on infarct size or cellular 
damage (Fig. 1f–h). Hence, administration of GDF11 sig-
nificantly decreased the impact of myocardial I–R injury, 
while FST inhibited the cardioprotective effects associated 
with GDF11 in function and morphology after myocardial 
I–R injury.

Table 1   Effects of GDF11 
on arrhythmias induced by 
myocardial I–R (30 min of 
ischemia and 3 h of reperfusion) 
in anesthetized rats

Vehicle = 0.1% BSA–PBS; n number of experiments; values for duration of VT and VF are shown as the 
mean ± SEM
*P < 0.05 compared with vehicle
# P < 0.05 compared with GDF11

n Ventricular tachycardia Ventricular fibrillation Mortality

Incidence (%) Duration (s) Incidence (%) Duration (s) (%)

Sham
 Vehicle 7 – – – – –

Operated (IR)
 Vehicle 13 85 28.6±8.1 46 81.1±29.9 46
 GDF11 10 70 7.6±2.7* 30 4.9±2.7* 10
 FST + GDF11 15 100# 75.3±12.6# 53 53.2±12.3# 40
 FST 11 100 58.32±18.39# 55 35.23±15.4 36

Table 2   Myocardial weight and 
size of AAR​

AAR​ area at risk, Vehicle = 0.1% BSA−PBS; n = number of experiments; values are shown as the mean ± 
SEM
*P < 0.05 compared with vehicle
# P < 0.05 compared with GDF11

Vehicle (n = 6) GDF11 (n = 6) FST + GDF11 (n = 6) FST
(n = 6)

Ventricle weight (g) 0.84 ± 0.04 0.79 ± 0.03 0.83 ± 0.02 0.81 ± 0.01
AAR (g) 0.57 ± 0.03 0.54 ± 0.02 0.57 ± 0.01 0.56 ± 0.01
AAR/Ventricle (%) 67.97 ± 0.89 68.72 ± 0.64 68.96 ± 0.27 69.68 ± 0.08
Infarct size (g) 0.14 ± 0.01 0.11 ± 0.01* 0.15 ± 0.01# 0.13 ± 0.01#
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GDF11 reduced apoptosis and deleterious 
autophagy after myocardial I–R injury

Myocardial I–R injury was associated with programmed 
cell death, including apoptosis and autophagy. As shown 
in Fig. 2a, immunoblotting detected caspase-3, LC3, and 
Beclin-1 expression. The pro- and active (cleaved) forms 
of caspase-3 were significantly increased in ischemic 
myocardium after I–R injury in the vehicle-treated group 
compared with the sham-treated group, while GDF11 
treatment was associated with significant reductions in 
both caspase-3 markers compared with levels in vehicle-
treated rats (Fig. 2b). Monitoring of LC3 conversion, LC3 
distribution or its flux through the autophagy pathway is 
widely used to monitor autophagy activity. We found no 
between-group differences in LC3-I expression amongst 
the sham-, vehicle-, and GDF11-treated groups, whereas 
LC3-II and the ratio of LC3-II to LC3-I were significantly 
decreased in the vehicle- and GDF11-treated groups 
compared with the sham-treated group (Fig. 2c). In the 
nucleation step of autophagy, Beclin-1 plays an impor-
tant role and causes excessive autophagy during reper-
fusion [33, 45]. Administration of GDF11 significantly 
decreased Beclin-1 expression 0.46-fold compared with 
vehicle administration (Fig. 2d). These findings suggest 
that GDF11 reduces apoptosis and deleterious autophagy 
in rats after myocardial I–R injury.

GDF11 decreased inflammation after myocardial I–R 
injury

MI or I–R injury stimulates the production of induc-
ible nitric oxide synthase (iNOS) and cyclooxygenase 2 
(COX2), causing inflammation [49]. Using immunob-
lotting, we assessed levels of iNOS and COX2 expres-
sion (Fig. 3a). In the vehicle-treated group, iNOS and 
COX2 expression was significantly increased after myo-
cardial I–R injury. Treatment with GDF11 significantly 
decreased iNOS and COX2 expression by 0.59- and 0.38-
fold, respectively. The effects of GDF11 on the activities 
of MMP-2 and MMP-9 in rats subjected to myocardial 
I–R injury are shown in Fig. 3b. MMP-2 activity was not 
altered following vehicle or GDF11 treatment. Notably, 
MMP-9 activity was dramatically increased in the vehi-
cle-treated group compared to the sham-operated group. 
Administration of GDF11 significantly reduced MMP-9 
activity in the myocardium after I–R injury, while infil-
tration of MPO-expressing immunocytes into the infarct 
border was significantly reduced by GDF11 pretreatment 
compared with vehicle pretreatment (Fig. 3c). Our data 
show that GDF11 reduces I–R-induced inflammation in 
the myocardium.

Fig. 2   GDF11 treatment effectively reduced cellular apoptosis and 
deleterious autophagy after myocardial I–R injury. a Western blot 
assays display the expression levels of pro-caspase-3, cleaved cas-
pase-3, LC3-I/II, Beclin-1 and β-actin. b–d Relative protein levels 
of cleaved caspase-3, pro-caspase-3, LC3-I/II and Beclin-1, after 
normalization to β-actin. The results are shown as the mean ± SD 
(n = 6–8). *P < 0.05 compared with vehicle. †P < 0.05 compared with 
sham
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GDF11 increased heme oxygenase‑1 (HO‑1) 
and decreased oxidative stress after myocardial I–R 
injury

The enzyme HO-1 responds to stress such as oxidative 
stress and hypoxia. According to in vitro and in vivo evi-
dence, increased HO-1 levels play a protective role against 
inflammatory damage and oxidative stress in response to 
I–R injury [48]. In this study, HO-1 expression detected by 
immunoblotting was significantly increased after 30 min 

of ischemia and 3 h of reperfusion (Fig. 4a). HO-1 pro-
tein expression in the myocardium after I–R injury was 
enhanced to a greater extent in GDF11-treated rats com-
pared with vehicle-treated rats. These data indicate that 
GDF11 escalates HO-1 expression still further after myo-
cardial I–R injury. Heart tissue MDA level was signifi-
cantly increased after myocardial I–R injury in the vehi-
cle-treated group compared with those in the sham-treated 
group, while GDF11 pretreatment significantly suppressed 
MDA levels compared with vehicle treatment (Fig. 4b).

Fig. 3   GDF11 treatment effectively reduced inflammation after myo-
cardial I–R injury. a Western blot results display the expression lev-
els of iNOS, COX2 and β-actin. Relative protein levels of iNOS and 
COX2 after normalization to β-actin. b Gelatin zymography analysis 
for MMP-2 and MMP-9 activities in rat heart tissue samples after 
myocardial I–R injury. Values of optical densities in arbitrary units 

(A.U.). c MPO, a marker of neutrophil and macrophage activation, 
was stained and quantified. GDF11 inhibits MPO + cells infiltration 
in infarcted myocardium. The results are shown as the mean ± SD 
(n = 6–8). *P < 0.05 compared with vehicle. †P < 0.05 compared with 
sham
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GDF11 decreased activation of c‑JUN N‑terminal 
kinase (JNK) and extracellular signal‑regulated 
kinase (ERK) signaling after myocardial I–R injury

JNK and ERK expression and activity levels were meas-
ured by immunoblotting (Fig. 5a). Myocardial I–R led to 
an increase in JNK1/2 but not ERK1/2 protein expression, 
which was not significantly altered by GDF11 administra-
tion. In contrast, JNK1/2 and ERK1/2 activities were sig-
nificantly increased in I–R-injured animals compared with 
sham-operated animals. GDF11 significantly suppressed 
the increases in phospho (p)-JNK1/2 and p-ERK1/2 seen 
after vehicle administration (Fig. 5b). FST pretreatment 
blocked the effects of GDF11 on JNK1/2 and ERK1/2 acti-
vation (Fig. S2). Notably, GDF11 significantly reduced 
JNK and ERK activities in the myocardium after I–R 
injury.

GDF11 increased the activation of Smad2/3 
but not transcription factor forkhead box O3 
(FOXO3) after myocardial I–R injury

It is speculated that intracellular FOXO3 and Smad2/3 
signaling may play an important role in the cardioprotec-
tion associated with GDF11 in myocardial I–R injury [52]. 
FOXO3 has been found to be a critical physiological regu-
lator of oxidative stress in mammalian cells [34]. However, 
in this study, we found no significant between-group dif-
ferences in levels of phosphorylated FOXO3 (p-FOXO3), 
FOXO3, or the ratio of phopho to total FOXO3 among sham-
operated, vehicle- and GDF11-treated groups. The active 
form of FOXO3 (unphosphorylated FOXO) was reduced in 
the FST + GDF11 group (Fig. 6a). Binding of the activin 
type 2 receptor induces the recruitment and phosphoryla-
tion of an activin type 1 receptor, which then phosphoryl-
ates the intracellular signaling proteins Smad2 and Smad3 
[42]. In this study, after myocardial I–R injury, we found 
that phospho (p)-Smad2 and p-Smad3 levels did not differ 
significantly between the vehicle-treated and sham-operated 
groups, whereas GDF11 administration was associated with 
significant increases in p-Smad2 and combined p-Smad2 
and p-Smad3 (p-Smad2/3) expression. We observed sig-
nificant reductions in levels of p-Smad2 and p-Smad2/3 
expression in the FST + GDF11-treated group compared 
with the GDF11-treated group and we noted an increasing 
trend in p-Smad3 expression, which failed to reach sig-
nificance (Fig. 6b). Our data suggest that GDF11 activates 
Smad2/3, the typical pathway of the TGF-β superfamily, but 
not FOXO3, in I–R-injured myocardium.

GDF11 decreased plasma TGF‑β levels 
after myocardial I–R injury

Protein levels of TGF-β are reportedly increased in acute 
MI [7, 13]. To clarify whether Smad2/3 was activated by 
TGF-β or GDF11, we analyzed plasma TGF-β concentra-
tions (Fig. 6c). After myocardial I–R, TGF-β levels were 
increased in vehicle-treated animals compared to those 
in sham-operated animals, while a significant decrease in 
TGF-β levels associated with GDF11 treatment was reversed 
by FST pretreatment. To determine the effects of GDF11 on 
TGF-β expression, we used western blot to analyze TGF-β 
levels in myocardial tissue (Fig. S3). Levels of unprocessed 
and mature TGF-β were significantly increased after myo-
cardial I–R injury. Pretreatment with FST enhanced TGF-β 
synthesis in myocardium, whereas GDF11 did not affect the 
translation and maturation of TGF-β compared to vehicle 
treatment. These experiments show that GDF11 suppresses 
mature TGF-β secretion in rats following myocardium I–R 
injury.

Fig. 4   Effects of GDF11 on protein expression levels of HO-1 and 
MDA in rats subjected to myocardial I–R injury. a Western blot 
results depict the expression levels of HO-1. Relative protein levels 
of HO-1 were quantified after normalization to β-actin. b Myocardial 
oxidative stress markers was evaluated by MDA contents. The results 
are shown as the mean ± SD (n = 6–8). *P < 0.05 compared with vehi-
cle. †P < 0.05 compared with sham
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Post‑ischemic treatment with GDF11 improved 
cardiac function and reduced myocardial damage

To simulate clinical treatment in acute MI, GDF11 was 
administered 10 min before restoration of blood flow. HR 
and MBP were not significantly altered in anesthetized rats 
during the myocardial I–R period (Fig. S4). We found that 
+ dP/dt values were significantly improved after GDF11 
treatment compared to values in vehicle controls (Fig. 7a). 
We also observed elevations in − dP/dt at the end of ischemia 
(CAO 30 min) and again at 30 min after reperfusion (CAR 

30–180 min) (Fig. 7b). Post-ischemic treatment with GDF11 
demonstrated a dramatic effect on cardiac function after rep-
erfusion damage.

The effects of post-treatment GDF11 on myocardial 
infarct size are shown in Fig. 7c. Significant reductions in 
MI/AAR %, as well as in plasma troponin I levels, were 
observed in the GDF11-treated animals compared with the 
vehicle-treated animals, although there was no between-
group difference in LDH activity (1908.5 ± 325.5  µ/L 
vs 1255.8 ± 272.0 µ/L, respectively). The TUNEL assay 
revealed a substantial reduction in apoptotic DNA 

Fig. 5   GDF11 suppressed 
TGF-β and the non-canonical 
pathway, ERK and JNK, in rats 
subjected to myocardial I–R 
injury. a Western blot results 
display the expression and phos-
phorylation levels of ERK1, 
ERK2, JNK1, and JNK2. 
β-actin was used as the internal 
control. b Relative protein 
levels of p-JNK1/2, JNK1/2, 
p-ERK1/2 and ERK1/2 were 
quantified after normalization to 
β-actin. The results are shown 
as the mean ± SD (n = 6–8). 
*P < 0.05 compared with 
vehicle. †P < 0.05 compared 
with sham
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fragmentation in the GDF11-treated animals, and GDF11 
also markedly suppressed the infiltration of MPO-positive 
immunocytes into the infarct border (Fig. 7g, h). A reduction 
in MDA levels demonstrated a significant attenuation of oxi-
dative stress in hearts of rats treated with GDF11 before rep-
erfusion (Fig. 7f). Hence, administration of GDF11 before 
reperfusion restored blood flow after ischemia, indicating 
that it protects ischemic myocardium against reperfusion 
injury.

Discussion

This is the first study to demonstrate the cardioprotective 
effects of GDF11 in rats subjected to acute myocardial I–R 
injury. Administration of GDF11 significantly improved 
cardiac function and MI but did not alter MBP or HR dur-
ing 30 min of myocardial ischemia and 3 h of reperfusion. 
The cardioprotective effects of GDF11 were associated with 
marked attenuations in myocardial inflammation and oxida-
tive stress. Moreover, inflammatory effects, as assessed by 
levels of iNOS, COX2 and MPO expression, were reduced 
and MMP-9 was inhibited after GDF11 treatment. GDF11 
suppressed ERK and JNK activation as well as inflamma-
tion in the myocardium after I–R injury. We also found 
that GDF11 enhanced the expression of HO-1 (a key factor 
for antioxidation) in the infarcted myocardium. Oxidative 
damage was also deceased in GDF11-treated hearts. We 
found that GDF11 activated the Smad2/3 complex, but sup-
pressed TGF-β levels in the circulation. Pretreatment with 
the GDF11 inhibitor, FST, prevented the beneficial effects of 
GDF11 and blocked the activation of Smad2/3 signaling in 
rats subjected to myocardial I–R injury. These results indi-
cate that GDF11 may protect the myocardium and improve 
cardiac function after I–R injury via anti-inflammatory and 
antioxidative effects.

GDF11 is a member of the activin subfamily, which is 
also classified as a member of the TGF-β superfamily, capa-
ble of activating the Smad2/3 signaling pathway via binding 
to the TGF-β type I and II receptors [30]. GDF11 appears to 
preserve the regenerative ability of stem cells [47]. Recent 
research has also reported that long-term targeted myocardial 
delivery of GDF11 mRNA or protein rejuvenates the aged 
(21-month-old) mouse heart and enhances chronic cardiac 
function and cellular regeneration after I–R injury [15]. The 
evidence from these studies demonstrates that GDF11 can 
enhance cellular self-protection or repair and thereby protect 
organs against not only aging but also I–R injury. In contrast, 
other research has reported that daily injections of biologi-
cally active GDF11 raised the levels of GDF11 in aged mice 
blood, but had no effects upon the heart, including cardio-
myocyte size, cardiac structure, or cardiac function [47]. 
In addition, long-term GDF11 administration in cell-based 

Fig. 6   GDF11 did not regulate FOXO3, but enhanced Smad 2/3 
signaling and decreased TGF-β secretion in rats subjected to myo-
cardial I–R injury. a, b Western blot results depict expression levels 
of FOXO3 and p-FOXO3, and p-Smad2/3. β-actin was used as the 
internal control. c TGF-β cytokine levels in plasma from rats after 
myocardial I–R, as measured by ELISA. The results are presented as 
the mean ± SD (n = 6–12 for western blot, and n = 3–5 for ELISA). 
*P < 0.05 compared with vehicle. †P < 0.05 compared with sham. 
#P < 0.05 compared with GDF11
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and animal studies was associated with the suppression of 
erythrocyte maturation and symptoms of cachexia in recent 
research [19, 42]. We speculate that although the effects of 
GDF11 remain uncertain in aging cardiac tissue or tissue 
reflecting long-term myocardial injury, GDF11 may help to 
protect the myocardium during the acute phase of I–R injury.

A key strategy for rescuing the penumbra after I–R 
injury is to reduce cell death. It is well established that pro-
grammed cell death, including apoptosis and autophagy, is 
upregulated in myocardial I–R [26]. A death-inducing sign-
aling complex activates the caspase cascade, which in turn 
cleaves and activates caspase-3, an executioner caspase that 
proteolyzes many cellular proteins [26, 50]. Autophagy plays 
a pivotal role in maintaining metabolism in cells subjected 
to stressful conditions [41]. However, severe oxidative dam-
age induces overactivation of autophagy during reperfusion, 
resulting in excessive cell death [40]. Reactive oxygen spe-
cies (ROS) modulate autophagy by fine-tuning transcription 
factor activity, inducing the expression of autophagic genes 
such as Beclin 1 [8, 14, 18]. Other researchers have reported 
that the activation of Beclin-1 leads to excessive autophagy 
during the reperfusion phase; nevertheless, the induction of 
autophagy and cardiac injury were significantly attenuated 
in beclin 1+/− mice [35]. In our study, expression levels of 
cleaved caspase-3 and Beclin-1 were reduced in GDF11-
treated rats, although GDF11 was not associated with any 
recovery in the downregulation of the autophagic marker, 
LC3II, after myocardial I–R injury. These data suggest that 
GDF11 suppresses apoptosis and detrimental autophagy in 
I–R-injured rats.

Inflammation is the hallmark of myocardial I–R injury. 
Several studies report that iNOS is induced in ischemic 
myocardium and that inhibition of iNOS can reduce MI 
[29]. iNOS is the enzyme responsible for NO production 

by proinflammatory M1 macrophages [10]. Previous stud-
ies have demonstrated that myocardial I–R injury increases 
COX2 activation in the myocardium and that treatment with 
a COX2 inhibitor can decrease infarct size and ameliorate 
cardiac function [43]. In the acute stage of MI, increased 
MMP activity degrades the pre-existing extracorporeal 
membrane (ECM) and enhances the migration of inflam-
matory cells into the infarcted zone to remove necrotic myo-
cytes [39]. MPO, a highly copious enzyme in neutrophils 
and inflammatory monocytes, is capable of triggering oxi-
dative damage. MPO inhibitors show protective effects in 
acute and chronic MI. In our study, administration of GDF11 
reduced iNOS, COX2, and MMP9 expression, as well as 
MPO-expressing immunocyte infiltration into the infarct 
border. Our data demonstrate anti-inflammatory effects asso-
ciated with GDF11 that protect the heart against myocardial 
I–R injury.

Antioxidant, anti-inflammatory and anti-apoptotic effects 
of the inducible enzyme HO-1 are induced during I–R 
injury [2]. Smad signaling and specificity protein 1 (Sp1) 
are both required for TGF-β1 to induce human HO-1 pro-
moter–reporter activity. Overexpression of Smad2, Smad3 
and Smad4 has been shown to increase HO-1 promoter basal 
activity [46]. HO-1 increased post-ischemic blood flow, 
diminished inflammation, and improved myocyte regen-
erative potential in an ischemic limb model [24]. It is also 
known that HO-1 expression is regulated by ERK [23]. In 
this study, we found that HO-1 and MDA increased after 
I–R injury and that GDF11 enhanced Smad2/3 activation 
and promoted HO-1 expression, which reduced myocardial 
oxidative stress. We speculate that HO-1 plays an important 
role in the cardioprotective effects of GDF11 in the acute 
stage of myocardial I–R.

TGF-β and other members of the TGF-β superfamily 
bind to their corresponding receptors, such as ALK5, and 
thereby constitute multifunctional signaling pathways 
that regulate the Smad (canonical) signaling pathway 
and non-canonical pathway. Positive regulation of TGF-β 
could occur through the actions of TGF-β-like factors [36]. 
Hence, we speculated that exogenous GDF11 might serve 
as a partial agonist that interferes with the activation of the 
TGF receptor. Earlier research assumed that the FOXO3 
pathway is suppressed by GDF11 and plays a key role in 
the mechanism of GDF11 against I–R injury [52]. In the 
non-canonical pathway, MAPK signaling is activated by 
TGF-β via the ALK5 receptor, which has been shown to 
regulate many physical and pathological effects [5]. In our 
study, we discovered that circulating TGF-β concentra-
tions were decreased after GDF11 treatment; GDF11 acti-
vated Smad2/3 without influencing the FOXO3 pathway, 
and also suppressed JNK and ERK activation. Our data 
support the contention that exogenous GDF11 reduces the 
downstream signaling of TGF-β through the non-canonical 

Fig. 7   Treatment with GDF11 after ischemia and prior to reperfu-
sion improved cardiac function and reduced myocardial damage. a, b 
Line graphs show + dP/dt and − dP/dt changes in left ventricular con-
tractility in vehicle-treated (closed circles; n = 6) and GDF11-treated 
(open triangles; n = 6) animals subjected to myocardial ischemia 
for 30 min followed by 3 h of reperfusion. The arrows indicate time 
points of GDF11 or vehicle administration given via the jugular 
veins. Values are expressed as the mean ± SEM. c Representative 
photographs of horizontally sliced heart sections are shown: white 
regions depict infarcted regions; red-stained regions depict ischemic-
reperfused but viable regions; blue-stained regions depict non-
ischemic regions. The MI/AAR % area (ratio of white to red areas) 
and troponin I levels in age-matched animals in the vehicle group 
(controls; n = 7) and GDF11 group (n = 6). d, e GDF11 inhibits apop-
tosis and MPO + cell infiltration in infarcted myocardium. Apoptotic 
nuclei were labeled by TUNEL (green), and then counterstained to 
mark nuclei (DAPI, blue) and cardiomyocytes (α-actin, red). MPO, 
a marker of neutrophil and macrophage activation, was stained and 
quantified (n = 6). f MDA content suggested that treatment with 
GDF11 reduces oxidative stress (n = 6). Values are expressed as the 
mean ± SD. *P < 0.05 compared with vehicle. CAO LAD occlusion, 
CAR​ LAD reperfusion, MI myocardial infarction, AAR​ area at risk

◂
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pathway during myocardial I–R injury. We, therefore, 
speculate that GDF11 downregulates TGF-β signaling, but 
not that of the canonical Smad signaling pathway, during 
the acute stage of myocardial I–R.

FST has previously been used to inhibit the action of 
GDF11 [28]. We found that pretreatment with FST pre-
vented the beneficial effects of GDF11 in rats subjected to 
myocardial I–R injury. However, as FST is not a specific 
inhibitor of GDF11, it could also block other members 
of the activin family. Hence, FST administration might 
explain the reduction in the expression of FOXO (Fig. 6a) 
and elevation in TGF-β expression in the myocardium 
(Fig. S3). One previous study has reported that FST at the 
dose of 10 μg per mouse reduces myocardial I–R injury 
[9]. The dosage of FST used in our study (5 μg/kg) is 
almost 80-fold lower than that used in preclinical cardio-
protective investigations. We found in our study that FST 
alone was not associated with any cardioprotective advan-
tages or disadvantages.

Although reperfusion therapy is the major therapeutic 
strategy for MI, this approach is associated with eleva-
tions in inflammation and oxidative stress [27]. Previous 
research has shown that long-term expression of GDF11 in 
the myocardium after reperfusion increases cardiac stem 
cell proliferation and reduces cell senescence [15]. In our 
study, administration of GDF11 at 10 min prior to reperfu-
sion significantly prevented cardiac dysfunction after myo-
cardial I–R injury. Furthermore, we observed that GDF11 
reduced the levels of inflammation and oxidative stress 
caused by myocardial reperfusion injury.

In conclusion, our results highlight the finding that 
exogenous recombinant GDF11 contributes to morpho-
logic and functional recovery after myocardial I–R injury. 
GDF11 reduces inflammation and oxidation during the 
acute stage of myocardial I–R. This research indicates 
that the beneficial effects of GDF11 are exerted during 
the early stage of myocardial I–R injury. According to our 
evidence, GDF11 shows potential as a novel therapy for 
restoring heart function after I–R insult.
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