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Abstract:  

Cardiomyopathy is an irreparable loss and novel strategies are needed to induce resident 
cardiac progenitor cell (CPC) proliferation in situ to enhance the possibility of cardiac 
regeneration. Here we identify a potential role for glycogen synthase kinase-3β (GSK-3β), a 
critical regulator of cell proliferation and differentiation, in CPC proliferation that occurs after 
myocardial infarction (MI). 
Cardiomyocyte-specific conditional GSK-3β knockout (cKO) and littermate control mice were 
employed and challenged with MI. Though cardiac left ventricular chamber dimension (LVID) 
and contractile functions were comparable at two week post-MI, cKO mice displayed 
significantly preserved LV chamber and contractile function vs. control mice at four-weeks post-
MI. Consistent with protective phenotypes, an increased percentage of c-kit positive cells 
(KPCs) were observed in the cKO hearts at four and six weeks post-MI which was accompanied 
by increased levels of cardiomyocyte proliferation. Further analysis revealed that the observed 
increased number of KPCs in the ischemic cKO hearts was mainly from a cardiac lineage as the 
majority of identified KPCs were negative for the hematopoietic lineage marker, CD45. 
Mechanistically, cardiomyocyte-GSK-3β profoundly suppresses the expression of growth factors 
(GFs), including basic-FGF angiopoietin-2, erythropoietin, stem cell factor (SCF), PDGF-BB, G-
CSF, and VEGF, post-hypoxia.  
In conclusion, our findings strongly suggest that loss of cardiomyocyte-GSK-3β promotes 
cardiomyocyte and resident CPC proliferation post-MI. The induction of cardiomyocytes and 
CPC proliferation in the ischemic cKO hearts is potentially regulated by autocrine and paracrine 
signaling governed by dysregulated growth factors post-MI. A strategy to inhibit cardiomyocyte 
GSK-3β could be helpful for promotion of in-situ cardiac regeneration post-MI injury. 
 

Keywords: GSK-3β, Cardiac stem cell, Ischemia, c-Kit, Proliferation, Growth factor, Paracrine 

mechanism 
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Introduction: 

Despite therapeutic advancement, adverse cardiac remodeling remains the leading cause of 
heart failure (HF) [1]. Acute myocardial infarction (AMI) often leads to maladaptive cardiac 
remodeling and is associated with cardiomyopathy and scar formation [2]. Cardiac stress-
induced cardiomyopathy and cardiac injury eventually promote interstitial fibrosis due to the 
inability of cardiac tissues to regenerate and extracellular matrix deposition [3-5]. The cardiac 
muscle is made up of a variety of cells which mainly comprise cardiomyocytes, fibroblasts, 
endothelial, and inflammatory cells. In addition to these, a limited number of cardiac progenitor 
cell (CPC) niches, with limited proliferation and differentiation capability, are also found in the 
adult heart [6]. These cells in the heart facilitate normal cardiac contractile function through 
cell-to-cell direct communication and paracrine interaction [7]. 

MI and other cardiac stressor-induced cardiomyopathy and tissue damage represent an 
irreparable loss because of the minimal capacity of cardiomyocytes and CPCs to proliferate. 
Available therapeutic approaches are not efficient in limiting or reversing the maladaptive 
cardiac remodeling and chronic HF hence heart transplantation is the only and ultimate option. 
Unfortunately, heart transplantation is out of reach for the majority of HF patients. In situ 
cardiac regeneration has the potential to serve as a viable treatment option. Increasing 
evidence indicates that modulation of various cellular pathways, microRNAs, and exosomes are 
capable of inducing CPC proliferation in the injured heart [8-10]. 

The α and β isoforms of glycogen synthase kinase-3 (GSK-3), a Ser/Thr kinase, regulate many 
physiological and pathophysiological processes through modulation of various cellular 
pathways [11-12]. Several biological processes including glycogen synthesis, insulin 
resistance, mitochondrial function, cell proliferation, differentiation, and apoptosis, are 
regulated by GSK-3 isoforms [13-15]. Most importantly, GSK-3 isoforms inhibit cardiomyocyte 
proliferation and cardiomyocyte-specific loss of GSK-3α or β promotes cardiomyocyte 
proliferation upon myocardial ischemia [16-18]. Consistent with this finding, germline deletion 
of GSK-3β leads to hyper-proliferation of cardiomyoblasts which results in obstructed ventricles 
and embryonic lethality of GSK-3β null mice [19]. Based on these observations and other 
studies employing isoform-specific targeting of GSK-3 in embryonic stem (ES) cells, it is evident 
that GSK-3β is an essential regulator of stem cell proliferation and differentiation [20-21]. 
Interestingly, cardiomyocyte-specific loss of both GSK-3α and β isoforms promotes 
cardiomyocyte cell cycle reentry and mitotic catastrophe [22-23]. These observations indicate 
that GSK-3β might have a similar effect on resident CPC proliferation in adult heart as seen in 
cardiomyoblasts. As mentioned above, the limited number of resident CPCs in the adult heart 
restricts the capacity for cardiac regeneration. Therefore, targeting GSK-3β in adult 
cardiomyocytes would likely enhance resident CPC proliferation in situ.   

Cardiomyocytes and other resident cardiac cells exert their regenerative effects primarily 
through paracrine mechanisms by releasing growth factors such as basic-fibroblast growth 
factor (bFGF), stem cell factor (SCF), vascular endothelial growth factor (VEGF), and hepatocyte 
growth factor (HGF) [24-25]. These paracrine factors facilitate cardiac regeneration through 
various mechanisms, including cytoprotection, induction of resident progenitor cell 
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proliferation and differentiation, cardiomyocyte proliferation, and neovascularization. Emerging 
evidence suggests that paracrine factors have pleiotropic actions that help in cardiac repair. 
Furthermore, the release of paracrine factors may create a concentration gradient and 
therefore a tissue microenvironment that influences resident cell behavior leading to cardiac 
repair and regeneration [25]. The role of GSK-3β in the regulation of cardiomyocyte and other 
types of cell proliferation and differentiation is well documented [16, 21], however, the 
underlying mechanism is largely unknown.  

Here, we assess the potential roles of specific targeting of GSK-3β in the adult cardiomyocytes 
on resident CPC proliferation post-MI by employing a cardiomyocyte-specific conditional KO 
(cKO) mouse model. We report, for the first time, that loss of cardiomyocyte-GSK-3β promotes 
resident CPC proliferation post-MI which is accompanied by an increased degree of 
cardiomyocyte proliferation and discernible cardiac protection. Mechanistically, we identify 
that loss of cardiomyocyte-GSK-3β promotes cardiomyocyte and resident CPC proliferation, 
likely through crosstalk between GSK-3β-modulated cardiomyocytes and CPCs by modulating 
the levels of growth factors, post-MI.  

 

Methods: 

Generation of tamoxifen-inducible cardiomyocyte-specific GSK-3β knockout mouse:  

Cardiomyocyte-specific conditional GSK-3β knockout mouse model was generated as described 
previously [16]. Briefly, mice carrying homozygous floxed alleles for exon 2 (flanked with lox-p 
sites) of GSK3B gene [26] were crossed with mice carrying α-myosin heavy chain (α-MHC) 
promoter-driven, tamoxifen-inducible Mer-Cre-Mer for two generations to 
generate GSK3βfl/flCre+/− mice. The mouse line was maintained on the C57BL/6 background. The 
Experimental animals were generated by crossing GSK3βfl/fl/Cre with GSK3βfl/f mice. Twelve-week-
old male mice were treated with a tamoxifen chow diet (400mg/kg) for 15 days followed by two 
weeks on regular chow-diet to washout the tamoxifen from their circulation. Tamoxifen treated 
GSK3βfl/fl/Cre and GSK3βfl/fl mice were considered conditional knockout (cKO) and littermate 
controls, respectively. All animal procedures and treatments were approved by the Institutional 
Animal Care and Use Committee of Temple University.  

Myocardial infarction: 

Myocardial infarction or sham surgeries were performed as described previously [27].  Briefly, 
cKO and littermate control mice were anesthetized using 2% isoflurane inhalation through an 
isoflurane delivery system (Viking Medical, Medford, NJ). A small skin incision (~1.2cm) was 
made over the left chest and pectoralis major and minor muscles were dissected and retracted. 
The 4th intercostal space was exposed and a small hole was made using a mosquito clamp to 
open the pleural membrane and pericardium. The heart was smoothly and gently “popped out” 
through the hole. The proximal left anterior descending (LAD) coronary artery was ligated with 
6-0 silk suture. Once ligation was done, the heart was immediately placed back into the intra-
thoracic space followed by manual air evacuation and closure of muscle and the skin. The mice 
were injected with a suitable analgesic post-surgery.  
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Echocardiography: 

Echocardiography was performed as described previously [28-29]. Briefly, transthoracic two-

dimensional motion mode-echocardiography was performed at 0, 2 and 4 weeks post-MI using 

a probe (VisualSonic, Vevo2100). Anesthesia was maintained throughout the echocardiography 

by supplying 1.5% isofluorane using a vaporizer. LV interior dimension at end-diastole (LVID;d) 

and end-systole (LVID;s) were measured, and ejection fraction (EF) and fractional shortening 

(FS) values were calculated using the Vevo2100 program. 

Histochemistry:  

Histochemistry was performed as described previously [28-29]. Briefly, after 2, 4 and 6 weeks 

post-MI or sham surgeries, whole heart tissue was harvested from anesthetized mice and fixed 

in 4% paraformaldehyde followed by dehydration using increasing concentrations of ethanol, 

and then tissue was embedded in paraffin. Heart sections (5 μm) were stained using 

Masson's trichrome kit (Sigma-Aldrich# HT15-1KT). A 0.8X objective of a Nikon Eclipse 80i 

microscope was used to capture the whole heart image and, images were analyzed for scar 

circumference and thickness using NIS Elements software.  

Immunofluorescence staining:  

Immunofluorescence staining of heart sections was performed as described previously [17]. 

Briefly, heart sections were deparaffinized with xylene, rehydrated with successive incubations 

in decreasing ethanol concentrations, and finally incubated in distilled water. After antigen 

retrieval and 3X washing with phosphate-buffered saline (PBS), endogenous peroxidase activity 

was blocked by incubating the section with 0.15% hydrogen peroxide followed by blocking the 

sections with TNB (blocking) buffer (Perkin Elmer, Woodbridge, Ontario). Sections were 

incubated with primary antibodies overnight followed by one-hour incubation with secondary 

antibodies: EnVisionTM+ System-HRP (DAKO K4002). TRITC-based Tyramide reagent pack from 

Perkin Elmer was used to amplify the fluorescence of Ki67 and c-Kit. Sections were then washed 

3X with PBS and incubated with cardiomyocyte-specific primary antibody (Sarcomeric α-actinin) 

for 60 min at 370C followed by 3X wash with PBS. Slides were incubated with fluorescence-

labeled secondary (Alexa fluor488) antibodies. After 3X washing with PBS, nuclei were stained 

by DAPI (1μg/ml) for 15 min. After a quick PBS wash, tissues were mounted with Vectashield 

(Vector Laboratories, Burlingame). Ki67 quantification was done by capturing five images from 

the border zone of LV using a Nikon Eclipse 80i microscope. A Carl Zeiss 510 confocal 

microscope was used to capture five images from the border zone of LV to analyze the c-Kit 

positive cells. All quantification and analyses were done using NIS Elements software.  

AC16 cell culture and plasmid transfection: 

AC16 human cardiomyocytes were purchased from EMD Millipore (SSC #109) and cultured in 

Dulbecco’s modified Eagle’s medium: Nutrient mixture F-12 (DMEM/F12) supplemented with 

12% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin antibiotic cocktail in a humidified 

37°C incubator with 5% CO2. A total of 0.3 x 106 AC16 cells were seeded onto each well of 6-well 
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tissue culture plates. At ~60% confluency, cells were serum-starved with 1X Opti-MEM (Gibco 

#00448) for one hours prior to transfection. Cells were transfected with a control Flag or HA-

GSK-3βWT human plasmid using Fugene 6 (Promega #E2693) in a 2:1 ratio and incubated for 3 

hours in a CO2 incubator. After transfection, an equal volume of complete DMEM containing 2X 

FBS and 2X penicillin-streptomycin cocktail was added and incubated for 24 hours in a CO2 

incubator. 

Heart and cell lysates preparation and western blotting: 
Cardiac tissue and cell lysate preparation, and Western blotting were done as described 
previously [29]. Briefly, post-tamoxifen treatment cardiac tissues were excised from 
anesthetized animals and LV was homogenized using lysis buffer containing phosphatase and 
protease inhibitor cocktail. For AC16 cardiomyocytes, treated cells were washed with ice-chilled 
PBS twice and an appropriate amount of lysis buffer was added to each well of the culture 
plates. Cells were harvested using scrapers and lysates were collected in ice-chilled tubes. The 
homogenized LV and cell lysates were centrifuged at 15,000g for 15 min at 4°C. Supernatant 
was carefully transferred to fresh tubes and an equal amount of denatured protein was loaded 
onto SDS-PAGE. After trans-blotting, membranes were incubated with GSK-3α/β (Cell Signaling 
#5676), GSK-3β (Cell Signaling #12456), and GAPDH (Fitzgerald # 10R-G109a) primary 
antibodies followed by incubation with appropriate HRP-labelled secondary antibodies. The 
blots were developed using enhanced chemiluminescence reagent (Bio-Rad #170-5060) and 
imaging was done under a gel documentation system (BioRad Chemidoc Touch Imaging 
System).  
 
 Hypoxia stimulation and culture supernatant collection: 
A regulated Whitley H45 hypoxia chamber was used to simulate hypoxia in transfected AC16 
cardiomyocytes. Prior to hypoxia, culture media was replaced with serum-free media, and cells 
were incubated for one hour in a CO2 incubator for acclimatization. Cells were then transferred 
to the hypoxia chamber containing 95% N2, 5% CO2, and 1% O2 concentrations which were 
maintained throughout the hypoxia period (24 hours). Once hypoxia was completed, culture 
plates were transferred to ice, and the culture supernatant collected in ice-cold, fresh tubes. 
The supernatant was centrifuged at 14,000 rpm for 5 minutes at 40C to remove cell debris and 
the supernatant was transferred to a fresh tube and stored at -800C until further use. 

Growth factor assay using flow cytometry-based LegendPlex kit:  
To assess levels of different growth factors including VEGF, basic-FGF (bFGF), stem cell factor 
(SCF), platelet-derived growth factors-AA (PDGF-AA), PDGF-BB, angiopoietin-2, epidermal 
growth factor (EGF), erythropoietin (EPO), hepatocyte growth factor (HGF), TGF-α, granulocyte 
colony-stimulating factor CSF (G-CSF), macrophage CSF (M-CSF), and granulocyte-macrophage 
CSF (GM-CSF) in the culture supernatant, a multiplex bead-based LegendPlex assay (BioLegend 
#740180) was performed following the manufacturer’s instruction. Briefly, culture supernatant 
was mixed with an equal volume of assay buffer and loaded onto an assay plate and beads 
were added to each well. The sealed plate was incubated on a plate-shaker at 300 rpm for 2 
hours at room temperature. The assay plate was centrifuged, and the solution aspirated. Assay 
beads were washed with wash buffer twice and detection antibodies were added to each well. 
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The sealed plate was incubated on a plate-shaker at 300 rpm for 1 hour at room temperature. 
SA-PE solution was added to each well and incubated on a shaker for another 30 minutes. The 
supernatant was carefully aspirated from each well and beads were re-suspended in wash 
buffer. Data were acquired using a BD FACS Aria III with FACS Diva software, and data analysis 
was done using LegendPlex software (Biolegend, USA). All samples were assessed in duplicate 
and the average was calculated.  

Statistics: 
Two-way ANOVA followed by Tukey's post-hoc test for multiple comparisons or unpaired t-test 
for single comparison (Graph Pad Prism Software Inc., San Diego, CA) was performed to 
evaluate the significant differences between data groups. Data are expressed as mean ± SEM. 
For all tests, a p-value <.05 was considered for statistical significance. 
 

Results: 

Loss of Cardiomyocyte-GSK-3β limits LV chamber dilatation and contractile dysfunction post-

MI:  

Given the critical role of GSK-3β in cell proliferation and differentiation [30-31], we 
hypothesized that GSK-3β regulates cardiac progenitor cell proliferation in the ischemic heart. 
In this series, 12-14 week old cKO and littermate control mice were treated with tamoxifen and 
GSK-3β protein expression was assessed in the heart by immunoblotting. GSK-3β protein 
expression levels were reduced by ~80% in the cKO vs. control LV lysates post-tamoxifen 
treatment (Fig. 1A-B). The residual GSK-3β protein (~20%) in the cKO was most likely derived 
from other types of cardiac cells including fibroblast and endothelial cells.  
Next, post-tamoxifen treatment, 16-18 week old cKO and littermate control mice were 
recruited and MI surgery was performed through LAD ligation. Cardiac function was assessed 
through serial two-dimensional motion-mode echocardiography at 0, 2 and 4 week time 
points. At baseline, the left ventricular (LV) chamber and cardiac contractile functions were 
comparable between cKO and littermate controls.  LV chamber dilated and contractile 
functions, both in systole and diastole, deteriorated equally both in the cKO and control mice 
up to 2 weeks post-MI. At four week post-MI, LV chamber both at systole and diastole were 
significantly better preserved in the cKO compared to control mice (Fig. 1C-D). The preserved 
LV chamber dimensions in the cKO were reflected in contractile function where LV ejection 
fraction (LVEF) and fractional shortening (LVFS) were significantly better in the cKO vs. control 
mice (Fig. 1E-F). These data strongly suggest that targeting specifically GSK-3β in adult 
cardiomyocytes protects against pathological cardiac remodeling and preserves cardiac 
contractile functions post-MI.  
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Cardiomyocyte-GSK-3β deficiency promotes cardiomyocyte and cardiac progenitor cell 

proliferation post-MI:  

This study was designed to assess the role of GSK-3β in cardiac stem cell proliferation. 
Therefore, cardiac tissues were harvested from anesthetized cKO and control mice after 2, 4 
and 8 weeks post-MI. Cardiac tissues from all three groups were processed for histochemistry 
and immunofluorescence staining. First, cardiomyocyte proliferation was assessed in 4-week 
post-MI cKO hearts through Ki67 (a mitosis marker), along with α-actinin (a cardiomyocyte-
specific marker) staining. Only cardiomyocytes, positive for Ki67 co-localizing with 4,6-
diamidino- 2-phenylindole (DAPI), were counted and considered to be proliferating 
cardiomyocytes. A significantly higher number of Ki67 positive cardiomyocytes was observed in 
the cKO vs. control hearts post-MI (Fig. 2A-B). 

Next, we investigated whether GSK-3β deficiency in cardiomyocytes impacts resident CPC 
proliferation during ischemic conditions. To address the same, the heart sections from 2, 4 and 
8 week post-MI animal groups were immunostained for c-Kit, a CPC-specific marker, along with 
α-actinin. The quantification of c-Kit-positive cells (KPC) in the cKO and control hearts revealed 
a comparable number of KPCs in 2-week post-MI cKO and control hearts; however, surprisingly, 
the number of KPCs was significantly higher in the cKO vs. control hearts at 4-week post-MI. 
The increased number of KPCs was sustained in the cKO hearts at 8-week post-MI (Fig. 3A-B). 
These findings strongly support the idea that GSK-3β deficiency in cardiomyocytes promotes 
both cardiomyocyte and KPC proliferation post-MI.  

The increased number of c-Kit positive cells in the ischemic cKO heart is specifically due to 

resident CPC proliferation: 

To assess if the observed elevated number of KPCs in the ischemic cKO hearts was due to 
resident CPC proliferation or to increased infiltration of hematopoietic lineage cells in the cKO 
hearts post-MI, 4-week post-MI heart sections (as the changes in c-Kit positive cells were 
maximum at this time point) were immuno-stained for c-Kit along with CD45, a hematopoietic 
lineage marker. Cells positive for c-Kit, and dual positive cells for both c-Kit along with CD45 
were quantified. Indeed, the percentage of dual positive cells was significantly lower than cells 
positive only for c-Kit, both in cKO and control hearts, post-MI. Consistent with previous 
experiments, a significantly higher number of KPCs was observed in the cKO vs. control hearts 
post-MI (Fig. 3C-D). These results attest that the observed increased number of KPCs in post-MI 
cKO hearts were derived from resident CPC proliferation.  

GSK-3β promotes scar expansion and thinning post-MI:   

Since a better preserved LV chamber dimension and an enhanced level of cardiomyocyte and 
resident CPC proliferation was observed in the cKO heart post-MI, we next sought to assess the 
LV chamber and characteristics of scar in the cKO hearts. Masson’s trichrome staining followed 
by imaging of whole heart sections revealed a well-expanded scar in both cKO and control 
hearts (Fig. 4A). Although there was a trend towards attenuated scar formation in the cKO vs. 
control hearts, it was not significant (Fig. 4B). Interestingly, scar thickness was much greater in 
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the cKO hearts (Fig. 4C). These observations suggest that, consistent with increased 
cardiomyocyte and CPC proliferation post-MI, deletion of cardiomyocyte-GSK-3β limits LV 
chamber dilatation and suppresses scar thinning post-MI.  

Cardiomyocyte-GSK-3β dysregulates hypoxia-induced growth factor expression and secretion:  

Though the elevated levels of cardiomyocytes and resident CPC proliferation were observed in 
the cKO hearts post-MI, it is not clear how, specifically, suppression of GSK-3β function in the 
cardiomyocytes induces the resident CPC to proliferate post-MI. To address this question, we 
assessed the possible paracrine signaling mechanisms governed by numerous growth factors 
secreted by cardiomyocytes, post-MI. In this series, we employed a GSK-3β gain-of-function 
model in AC16 cardiomyocytes. First, the level of GSK-3β protein expression was assessed in the 
cardiomyocytes engineered to overexpress the protein kinase. GSK-3β protein expression was 
~4 fold higher in the HA-GSK-3β plasmid transfected cells compared to flag transfected cells. 
The level of GSK-3α protein was comparable in both groups (Fig. 5A-B).  

After characterization of GSK-3β protein expression, AC16 cells were challenged with chronic 
hypoxia and culture supernatant was assessed for the level of several important human growth 
factors to identify potential autocrine and paracrine roles of GSK-3β in the cardiomyocytes and 
CPC proliferation. The level of growth factors bFGF, EPO, VEGF, PDGF-BB, SCF, and 
angiopoietin-2 was comparable between the control and GSK-3β overexpressing cells under 
normoxia conditions. Interestingly, induction of particularly bFGF, EPO, and VEGF was observed 
in the control group post-hypoxia, which was significantly attenuated in GSK-3β overexpressing 
cardiomyocytes (Fig. 5C-F). The level of PDGF-BB was unchanged in control groups subjected to 
normoxia or hypoxia, however; a lower level was detected in the GSK-3β overexpressing vs. 
control cells challenged with hypoxia (Fig. 5G). Similarly, the level of SCF was found comparable 
in the normoxia groups and a significantly lower level was identified in the GSK-3β 
overexpressing in comparison to the control cells, post-hypoxia (Fig. 5H). Moreover, 
irrespective of levels of GSK-3β gene expression in the cardiomyocytes, the level of 
angiopoietin-2 was dramatically decreased in the hypoxia vs. normoxia group. However, the 
level was even lower in GSK-3β overexpressing versus control cells that had been exposed to 
hypoxia (Fig. 5I). Levels of PDGF-BB and TGF-α were unchanged in both cell groups subjected to 
hypoxia and both EGF and HGF were undetectable in the culture supernatant (Supplemental 
Fig. 1). These findings suggest that GSK-3β is a critical regulator of growth factors in 
cardiomyocytes and GSK-3β overexpression inhibits hypoxia-induced growth factor expression 
and secretion. 

GSK-3β overexpression inhibits CSFs in cardiomyocytes post-hypoxia:   

Colony-stimulating factors (CSFs) are another class of glycoproteins that bind to receptors 
present on stem cells and induce intracellular signaling pathways which promote cell 
proliferation and differentiation. Analysis of culture supernatant revealed differential secretion 
of key CSFs from GSK-3β overexpressing cardiomyocytes. The level of G-CSF was comparable 
between control and GSK-3β overexpressing groups subjected to normoxia, however; G-CSF 
levels were significantly blunted in culture supernatant from GSK-3β overexpressing cells post-
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hypoxia (Fig. 6A-B). In contrast, M-CSF was comparable in the hypoxia groups and an elevated 
level was identified in the GSK-3β overexpressing cells under normoxia (Fig. 6C). A minimal 
effect of hypoxia was seen on levels of G-CSF as a comparable amount was detected in 
normoxia vs. hypoxia groups irrespective of the level of GSK-3β. However, a significantly 
decreased level of GM-CSF was observed in GSK-3β overexpressing compared to the control 
group under both normoxia and hypoxia conditions (Fig. 6D). These findings suggest that GSK-
3β regulates the expression of M-CSF in cardiomyocytes, particularly under hypoxia conditions, 
and regulates GM-CSF under both normoxia and hypoxia. 

 
Discussion: 

Cardiac endogenous regenerative capacity is limited and largely unable to replace cardiac tissue 
post-injury due to the presence of a limited number of resident CPCs niches and, the non-
dividing nature of cardiomyocytes [32-33]. Strategies like ex vivo expansion of CPCs followed by 
injection, infusion, or transplantation have been attempted to regenerate injured cardiac 
tissue. In this study, employing the cardiomyocyte-specific cKO mouse model we show, for the 
first time, that cardiomyocyte-GSK-3β acts to suppress resident CPC proliferation and 
conditional deletion leads to CPC and cardiomyocyte proliferation, post-MI. These observations 
were accompanied by a protective phenotype including protection of contractile function and 
preservation of LV chamber dimension in the cKO mice. Histological assessment revealed a 
comparatively thicker scar with a noticeably increased number of viable cardiomyocytes in the 
cKO compared to controls, post-MI. Moreover, we identified for the first time, that GSK-3β 
regulates expression and secretion of specific growth factors, under conditions of stress, known 
to regulate cardiac regeneration (Fig. 7). These findings suggest that CPC and adult 
cardiomyocyte proliferation in cKO hearts occurs due to paracrine and autocrine mechanisms.   

The role of GSK-3β in embryonic cardiomyoblast proliferation and differentiation was 
previously established and was linked to increased expression of cell cycle regulators. One 
study reported that germline deletion of GSK-3β causes neonatal death due to the thickening of 
LV and RV walls, which were filled with proliferating immature cardiac cells [19]. Moreover, 
conditional deletion of GSK-3β enhances the proliferative capacity of adult cardiomyocytes, but 
only after MI [34]. Our study confirms and extends these findings and shows that conditional 
loss of GSK-3β promotes not only adult cardiomyocytes but also CPC niche activation and 
proliferation, post-MI. A noticeably increased number of viable cardiomyocytes in the scar of 
cKO animals likely contributed due to cardiomyocyte proliferation, which can only be confirmed 
through lineage tracing. The viable cardiomyocytes in the scar may provide a better cardiac 
force-generating capacity resulting in better cardiac contractile function in the cKO mice post-
MI.  

Our findings indicate an interplay of autocrine and paracrine mechanisms for cardiac 
regeneration in the cKO mice, post-MI. The autocrine effects involve secreted factors that 
potentially induce the proliferation of cardiomyocytes. The paracrine effects involve the 
activation of neighboring cells, mainly the CPC niches, through factors secreted by 
cardiomyocytes. Our in vitro studies with the GSK-3β gain-of-function model have begun to 
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unraveled the dysregulation of a number of candidate growth factors possibly involved in 
cardiac restoration through autocrine and/or paracrine effects. It is evident that ligand binding 
with growth factor (GF) receptors present on cardiomyocytes and CPCs leads to their activation 
and proliferation [35-36]. Previous studies have shown that SCF, a c-Kit ligand, promotes 
chemotactic properties of progenitor cells though the level of SCF downregulated post-MI [37-
38]. Consistently, we identified decreased SCF levels in the hypoxic compared to normoxic 
cardiomyocytes and an increased number of c-Kit positive cells in the cKO heart, post-MI. 
Moreover, a comparatively lower level of SCF, particularly in GSK-3β overexpressing cells 
undergoing hypoxia, indicates that GSK-3β further suppresses SCF expression, post-MI. SCF has 
limited efficacy alone, but when mixed with other growth factors such as GM-CSF and EPO, it 
displays a synergistic effect, particularly on hematopoietic stem cells [39-40]. We found that 
GSK-3β attenuates the levels of both GM-CSF and EPO, along with SCF, in cardiomyocytes post-
hypoxia and, observed increased number of CPCs in the cKO post-MI in this study is a possible 
synergistic paracrine effect of different GFs.  

Hematopoietic stem cells also play important roles in cardiac restoration following injury [41], 
however, we did not find significant infiltration of hematopoietic stem cells in the cKO heart, 
post-MI. Thus, we conclude that loss of cardiomyocyte-GSK-3β elevates levels of growth factors 
post-MI and creates a local niche, which activates resident CPCs, independent of hematopoietic 
stem cells.  

The dysregulated GFs identified in GSK-3β overexpressing cardiomyocytes are known to 
regulate cardiac regeneration by modulating several cellular processes including cell 
proliferation, differentiation, cell survival and death, and CPC mobilization [42]. Coexpression of 
VEGF and angiopoietin-1 limits cardiomyocyte apoptosis and promotes cardiomyocyte 
proliferation and angiogenesis in the porcine ischemic heart [43-44]. Similarly, myocardial 
injection of nanofibers linked with PDGF-BB in rats has shown protection against ischemia-
induced cardiomyocyte apoptosis and preserved systolic function. PDGF-BB activates the Akt 
pathway through binding with cardiomyocyte PDGF receptor-β (PDGFR-β) in vivo [45]. 
Consistently, a recent study has reported that PDGFR-β pathway promotes cardiomyocyte 
proliferation and heart regeneration [46]. We found that both VEGF and PDGF were 
downregulated in GSK-3β overexpressing cardiomyocytes, particularly in the cells that had been 
exposed to hypoxia. Cardiomyocyte proliferation in the GSK-3β cKO heart may be induced by 
these GFs through autocrine signaling. A study employing the miniswine model has shown that 
post-acute MI, cardiac injection of exogenous bFGF leads to an increased number of c-Kit- and 
5-Bromo-2-deoxyuridine (BrdU)-positive cells, angiogenesis, myocardial regeneration, and, 
ultimately, improved cardiac function [47]. Our results are consistent with these findings where 
we identified a dysregulated bFGF in GSK-3β overexpressing cardiomyocytes post-hypoxia and 
an increased number of c-Kit –positive cells in the GSK-3β cKO hearts, post-MI. These findings 
suggest that GSK-3β deficient cardiomyocytes in the GSK-3β cKO mice secrete elevated levels of 
bFGF post-MI, which acts on resident CPCs through a paracrine mechanism.  

Taken together, we have identified GSK-3β as a key regulator of numerous GFs that critically 
induce autocrine and paracrine signaling in the injured heart to stimulate cardiomyocytes and 
CPC proliferation, differentiation, and survival. Employing GSK-3β cKO mice and AC16 
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cardiomyocytes, herein we demonstrate that GSK-3β inhibition could serve as a powerful tool 
to create a favorable environment for CPCs and cardiomyocytes to proliferate in situ and to 
accelerate the rate of cardiac repair in the ischemic heart. Furthermore, our findings suggest 
that targeting cardiomyocyte GSK-3β ex vivo could also be employed to synthesize important 
GFs and myocardial injection of these GFs may potentially provide beneficial effects post-
ischemia.   
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Figure legends: 

Figure 1; Conditional genetic ablation of GSK-3β attenuates post-MI adverse cardiac 
remodeling and dysfunction: Post-tamoxifen treatment, GSK3βfl/flCre and littermate controls 
GSK3βfl/fl were assessed for GSK-3β protein expression. (A) representative blot image and (B) 
quantification show ~80% reduction in GSK-3β expression in GSK3βfl/flCre (cKO) in comparison to 
GSK3βfl/fl (control) post-tamoxifen treatment. n=5–8; **** P< 0.0001. Cardiac contractile 
function was assessed through trans-thoracic, two-dimensional motion-mode 
echocardiography at 0, 2 and 4 weeks post-myocardial infarction (MI). Left ventricular interior 
chamber dimension (LVID) both at (C) end-diastolic (LVID;d) and (D) end-systolic (LVID;s) were 
comparable at 0 and 2 weeks post-MI. However, comparatively smaller LV chambers in the cKO 
animals both at end-diastolic and end-systolic at four week post-MI show preserved LV 
chamber in the cKO post-MI. (E) Traces show a comparable LV ejection fraction (LVEF) and (F) 
fractional shortening (LVFS) at 0 and 2 weeks post-MI and significantly preserved contractile 
functions in the cKO vs. control animals at four weeks post-MI. n=6–13; * P< 0.05. 

Figure 2; Loss of cardiomyocyte-GSK-3β promotes cardiomyocyte proliferation post-MI. (A) 
Representative images of Ki67 positive cardiomyocytes from GSK-3β cKO and control heart 
sections from four week post-MI cardiac tissue. (B) Bar diagram from Ki67-positive 
cardiomyocytes quantification shows a significantly increased number of Ki67-positive 
cardiomyocytes in the cKO vs. control hearts post-MI. n=5 each; ** P<0.005.  

Figure 3; Cardiomyocyte-specific conditional deletion of GSK-3β promotes cardiac progenitor 
cell (c-Kit cell) proliferation post-MI. (A) Representative confocal images show c-Kit–positive 
cells in ischemic cKO and control hearts. (B) c-Kit-positive cell quantification shows comparable 
numbers in the cKO vs. control hearts at two weeks and a significantly increased percentage of 
c-Kit-positive cells at 4 and 8 weeks post-MI. (C) Representative immunofluorescence staining 
images show CD45 and c-Kit positive cells. (D) Quantification revealed that the majority of c-Kit-
positive cells identified in the ischemic hearts were CD45 negative. n=5 each; * P<0.05,** 
P<0.005*** P<0.001. 
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Figure 4; Loss of cardiomyocyte-GSK-3β attenuates scar thinning post-MI: (A) Representative 
images show Masson’s trichrome-stained heart sections from sham or four week MI operated 
cKO and littermate control hearts. (B) Bar diagram shows scar thickness in the cKO and control 
hearts post-MI. (C) The bar diagram shows a significantly smaller scar size in the cKO vs. control 
hearts. n=4-6; * P<0.05.  

Figure 5; GSK-3β suppresses growth factor expression and secretion post-hypoxia: (A) 

Representative blot image and (B) quantification show ~4 fold increased expression of GSK-3β 

in AC16 cardiomyocytes transfected with HA-GSK-3β plasmid. (C) Representative flow 

cytometry dot plots show the levels of growth factors in the Flag vs. HA-GSK-3β transfected 

cardiomyocytes under normoxia and hypoxia conditions. Bar diagrams show a significantly 

lower level of (D) basic-fibroblast growth factor (b-FGF), (E) erythropoietin (EPO), (F) vascular 

endothelial growth factor (VEGF), (G) platelet-derive growth factor-BB (PDGF-BB), (H) stem cell 

factor (SCF), and (I) the level of angiopoietin-2 in the GSK-3β overexpressing cardiomyocyte 

compared to control group post-hypoxia. * P<0.05,** P<0.005, *** P<0.001, **** P<0.0001. 

Figure 6; GSK-3β regulates colony-stimulating factors in the cardiomyocytes post-hypoxia: (A) 

Representative flow cytometry dot plots show the levels of different colony-stimulating factors 

in the Flag vs. HA-GSK-3β transfected cardiomyocytes under normoxia and hypoxia conditions. 

Bar diagrams show (B) lower level of granulocyte colony-stimulating factors (G-CSF), (C) 

comparable macrophage colony-stimulating factors (M-CSF), and (D) lower level of granulocyte-

macrophage colony-stimulating factors (GM-CSF) in GSK-3β overexpressing cardiomyocyte vs. 

control group post-hypoxia. ** P<0.005, *** P<0.001, **** P<0.0001.  

Figure 7; Cardiomycocyte-GSK-3β regulates CPCs and cardiomyocyte proliferation post-MI: (A) 

Schematic diagram shows that GSK-3β inhibits proliferation of c-kit –positive cell (cardiac 

progenitor cell), and cardiomyocyte-specific deletion of GSK-3β (cKO) promotes proliferation of 

these cardiac cells post-myocardial infarction (MI). (B) Representative diagram shows that the 

gain-of- GSK-3β function in the cardiomyocytes highly suppresses the expression and secretion 

of numerous growth factors including VEGF, basic-FGF (bFGF), erythropoietin (EPO), stem cell 

factor (SCF), platelet-derived growth factors-BB (PDGF-BB), angiopoietin-2, granulocyte colony-

stimulating factor CSF (G-CSF), and granulocyte-macrophage CSF (GM-CSF) under hypoxia, 

those are essentially required for cell proliferation and differentiation. The findings strongly 

indicate that cardiomyocyte-GSK-3β regulates cardiomyocyte and cardiac progenitor cells post-

MI potentially through autocrine and paracrine signaling mechanisms.  
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