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Abstract
Myocardial infarction (MI) is the leading cause of death worldwide. Glycogen synthase kinase-3 (GSK-3) has been consid-
ered to be a promising therapeutic target for cardiovascular diseases. GSK-3 is a family of ubiquitously expressed serine/
threonine kinases. GSK-3 isoforms appear to play overlapping, unique, and even opposing functions in the heart. Previously, 
our group identified that cardiac fibroblast (FB) GSK-3β acts as a negative regulator of fibrotic remodeling in the ischemic 
heart. However, the role of FB-GSK-3α in MI pathology is not defined. To determine the role of FB-GSK-3α in MI-induced 
adverse cardiac remodeling, GSK-3α was deleted specifically in the residential fibroblast or myofibroblast (MyoFB) using 
tamoxifen (TAM) inducible Tcf21 or Periostin (Postn) promoter-driven Cre recombinase, respectively. Echocardiographic 
analysis revealed that FB- or MyoFB-specific GSK-3α deletion prevented the development of dilative remodeling and cardiac 
dysfunction. Morphometrics and histology studies confirmed improvement in capillary density and a remarkable reduction 
in hypertrophy and fibrosis in the KO group. We harvested the hearts at 4 weeks post-MI and analyzed signature genes of 
adverse remodeling. Specifically, qPCR analysis was performed to examine the gene panels of inflammation (TNFα, IL-6, 
IL-1β), fibrosis (COL1A1, COL3A1, COMP, Fibronectin-1, Latent TGF-β binding protein 2), and hypertrophy (ANP, BNP, 
MYH7). These molecular markers were essentially normalized due to FB-specific GSK-3α deletion. Further molecular 
studies confirmed that FB-GSK-3α could regulate NF-kB activation and expression of angiogenesis-related proteins. Our 
findings suggest that FB-GSK-3α plays a critical role in the pathological cardiac remodeling of ischemic hearts, therefore, 
it could be therapeutically targeted.
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Introduction

Myocardial infarction (MI) is one of the major causes of 
mortality, leading to millions of deaths worldwide [49]. 
In most cases, MI happens as a result of thrombus forma-
tion in coronary arteries that leads to prolonged ischemia 
subsequently causing necrosis of cardiomyocytes (CMs). 
MI triggers a wound-healing response that comprises 
sequential activation of inflammatory, proliferative, and 

maturation phases [6, 8, 12, 17, 38]. In the injured myocar-
dium, fibroblasts (FBs) undergo phenotypic changes and 
play critical roles in wound healing and remodeling [14, 
20, 35, 46, 48]. The death of necrotic CMs activates the 
inflammatory phase in which leukocytes infiltrate infarcts 
and clear debris [13]. FBs acquire pro-inflammatory phe-
notype and participates in inflammation. The resolution 
of the inflammatory response is followed by the prolif-
eration phase. During this phase, FBs get transformed 
into myofibroblasts (MyoFBs). MyoFBs and endothelial 
cells proliferate and participate in a new matrix forma-
tion, neo-vascularization, and scar formation. During scar 
maturation, FBs undergo apoptosis/revert to the quiescent 
stage/become matrifibrocytes. After wound healing, the 
heart undergoes structural and functional remodeling that 
offsets increased load, attenuates progressive dilatation, 
and maintains contractile function. However, pressure 
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and volume overload in the remodeled heart may lead to 
activation of FBs and excessive fibrosis that may further 
aggravate the disease pathology. Considering the wide-
spread role of FBs in post-MI healing and remodeling, 
better insights into FB-specific molecular signaling that 
underlie these processes could provide novel therapeutic 
targets to treat cardiac pathologies in MI patients.

GSK-3 is a family of ubiquitously expressed serine/threo-
nine kinases. The GSK-3 family consists of two isoforms, 
GSK-3α and GSK-3β. The roles of GSK-3 isoforms have 
been extensively studied in the pathogenesis of cardiac dis-
eases [4, 25, 51]. Since CMs are basic contractile units of the 
heart, most of these studies were designed to understand the 
CM-specific GSK-3 regulated mechanisms. Recent develop-
ment in FB-specific genetic models, such as Tcf21-MCM 
and Postn-MCM, allowed us to perform genetic manipula-
tion in FBs and have expanded our knowledge of the diverse 
roles of FBs in cardiac homeostasis and diseases [1, 23, 50]. 
Our lab has demonstrated that FB-specific GSK-3β acts as 
a negative regulator of fibrosis in the ischemic heart [26]. 
Specifically, deletion of GSK-3β from FBs leads to exces-
sive fibrosis, profound scaring, dilative remodeling, and car-
diac dysfunction in the infarcted heart. However, the role 
of FB-GSK-3α in MI pathogenesis is completely unknown. 
In the present study, we report that FB-specific deletion of 
GSK-3α before ischemic insult (Tcf21-MCM model) pre-
vents MI-induced fibrosis and chronic inflammation, and 
improves angiogenesis. In a relatively more translational 
mode, we further confirm that deleting GSK-3α from acti-
vated FBs or MyoFBs after MI injury (Postn-MCM model) 
offers similar benefits.

Materials and methods

Mice

Resident fibroblast-specific GSK-3α KO (GSK-3αFKO) and 
myofibroblast-specific GSK-3α KO (GSK-3αMFKO) were 
generated as described previously [53]. The GSK-3α fl/fl/
Cre+/−/TAM mice were denoted as fibroblast knockouts 
(GSK-3αFKO or GSK-3αMFKO), whereas littermates GSK-3α 
fl/fl/Cre−/−/TAM represented as controls (CTRL). A cohort 
of animals of both sexes was recruited to investigate the sex-
specific effect of FB-GSK-3α deletion on MI pathology. We 
did not observe sex-specific differences in our models. No 
animals were excluded from the analysis. The Institutional 
Animal Care and Use Committee of the University of Ala-
bama at Birmingham approved all animal procedures and 
treatments used in this study (protocol # IACUC-21701). 
Animal Research: Reporting in vivo Experiments (ARRIVE) 
guidelines were followed [41].

Coronary artery ligation surgery (myocardial 
infarction)

MI surgery was performed as described previously and 
guidelines recommended by the AJP-Heart and Circulatory 
Physiology for experimental models of MI were followed 
[15, 31]. Briefly, mice were anesthetized with isoflurane 
(1.5–2%), and analgesic (buprenorphine-SR, 0.5 mg/kg per 
body weight, subcutaneous) before surgery. The thoracot-
omy was performed to temporarily displace the heart from 
the cavity. A suture (6.0 silk) was placed 2 mm below the 
origin of the left anterior descending (LAD) coronary artery 
and occlusion was confirmed by visual blanching of the area. 
The heart was replaced immediately into the thoracic cav-
ity, the air was evacuated, and the chest was closed. Sham 
surgery was performed exactly as described above but the 
LAD was not ligated.

Echocardiography

Echocardiography was performed as described previously 
[32, 52]. In brief, mice were anesthetized with isoflurane 
(1–1.5%), and transthoracic M-mode echocardiography 
was performed with a 12-MHz probe (VisualSonics). LV 
end-systolic interior dimension (LVID;s), LV end-diastolic 
interior dimension (LVID;d), ejection fraction (EF), and 
fractional shortening (FS) values were obtained by analyz-
ing data using the Vevo 3100 program.

Histology

Heart tissues were fixed in 10% neutral buffered formalin, 
embedded in paraffin, and sectioned at 5 μm thickness. Sec-
tions were deparaffinized with xylene and rehydrated by 
incubating with decreasing concentrations of ethanol. For 
detection of fibrosis, sections were stained with Masson Tri-
chrome (Sigma-Aldrich, #HT15) as per the manufacturer’s 
instructions. The images of the LV region were captured 
using a Nikon Eclipse E200 microscope with NIS element 
software version 5.20.02. The quantification of LV fibrosis 
was determined with ImageJ version 1.52a software (NIH). 
For fibrosis measurement 8–10 images covering the LV 
region were taken, and LV fibrosis was quantified as a per-
centage of the total LV area scanned.

Immunofluorescence studies

For immunofluorescence studies, heart tissues were embed-
ded in the OCT compound (Fisher Scientific, #23-730-571) 
and cryosectioned. Sections were air dried, washed with 
PBS, fixed with 4% paraformaldehyde (PFA) for 15 min 
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at RT, and incubated with FITC-conjugated Wheat germ 
agglutinin (WGA) (Invitrogen, #W834) for 30 min at RT in 
the dark. After staining sections were washed with PBS and 
mounted in ProLong Gold antifade reagent with DAPI (Inv-
itrogen, #P36941). For CD31 staining, tissue sections were 
air dried, washed with PBS, fixed with 4% PFA for 15 min 
at RT, and permeabilized with 0.4% Triton X-100 in PBS 
(PBST) for 20 min. To block non-specific antibody binding, 
sections were incubated with a blocking solution (5% goat 
serum in PBST) for 30 min at RT. After blocking, sections 
were incubated overnight with CD31 antibody (1:50 dilu-
tion in PBST, BD Pharmingen, #550274) at 4 °C followed 
by secondary antibody (1:100 dilution in PBST, Invitrogen, 
#A11007) staining for 1 h at RT. Sections were mounted 
in ProLong Gold antifade reagent with DAPI (Invitrogen, 
#P36941). All fluorescent images were taken on a KEY-
ENCE BZ-X800 fluorescence microscope. The quantifica-
tion of the cross-sectional area of cardiomyocytes (CSA) and 
mean fluorescent intensity (MFI) of CD31 were determined 
with ImageJ version 1.52a software (NIH). At least 200–300 
cardiomyocytes per heart (n = 5 hearts per group) were taken 
for CSA measurement.

Fibroblasts isolation, cell culture, and treatments

Adult mouse cardiac fibroblasts

Adult mouse cardiac fibroblasts were isolated according to 
a previous protocol [53]. Briefly, hearts were excised and 
rinsed in cold Krebs–Henseleit (Sigma, #K7353) buffer 
supplemented with 2.9 mM CaCl2 (Sigma, #C3306) and 
24 mM NaHCO3 (Sigma, #S5761). The tissue was minced 
and transferred to the Enzyme cocktail [0.25 mg/mL Lib-
erase TH (Roche, #05401151001), 20 U/mL DNase I (Sigma 
Aldrich, #D4527), 10 mmol/L HEPES (Gibco, #15630-080), 
in HBSS (Cellgro, #21-023-CV)], and serial digestions were 
performed at 37 °C for 30 min. After each digestion, digests 
were passed through a 40 μm filter and collected in a tube 
containing DMEM-F12 with 10% FBS. At the end of the 
digestion protocol, cells were pelleted by centrifugation at 
1000 rpm for 10 min. To remove RBCs, the cell pellet was 
re-suspended in 1 mL of RBC/ACK lysis buffer (Gibco, 
#A1049201) and incubated for 1 min. Following incubation, 
cells were washed with the KHB buffer and centrifuged at 
1000 rpm for 10 min. Cells were re-suspended in DMEM-
F12 with 10% FBS and plated into a 100 mm culture dish 
for 2 h. Unattached and dead cells were washed with DPBS, 
and fresh media was added to maintain fibroblast culture.

Mouse embryonic fibroblasts: MEFs

The creation of WT and GSK-3α KO MEFs used in this 
study have been described previously [11]. MEFs were 

grown in Dulbecco’s Modified Eagle’s medium (DMEM) 
supplemented with 10% FBS (GIBCO) and 1% penicil-
lin–streptomycin (GIBCO). Cells were serum-starved over-
night and treated with TNF-α (10 ng/mL; Sigma, #GF023) 
for 1 h.

Immunoblotting

Proteins were extracted from cells using cell lysis buffer 
(Cell Signaling Technology, #9803S) containing 50 mM 
Tris–HCl (pH7.4), 150 mM NaCl, 1 mM EDTA, 0.25% 
sodium deoxycholate, 1% NP-40, Protease Inhibitor Cocktail 
(Sigma-Aldrich #P8340) and Phosphatase Inhibitor Cock-
tail (Sigma-Aldrich, #P0044). Protein concentration was 
determined with the Bio-Rad Protein Assay Dye (Bio-Rad, 
#5000006) according to the manufacturer’s instructions. 
An equal amount of proteins was denatured in SDS–PAGE 
sample buffer, resolved by SDS–PAGE, and transferred 
to the Immobilon-P PVDF membrane (EMD Millipore, 
#IPVH00010). The membranes were blocked in Odyssey 
blocking buffer (LI-COR Biosciences, #927-40000) for 1 h 
at RT. Primary antibody incubations were performed at 
different dilutions as described in the antibody list in Sup-
plemental Table 1. All incubations for primary antibodies 
were done overnight at 4 °C and followed by secondary 
antibody (IRDye 680RD or IRDye 800CW from LI-COR 
Biosciences) incubation at 1:3000 dilutions for 1 h at RT. 
Recommended antibody use guidelines were followed [7]. 
Proteins were visualized with the Odyssey Infrared Imaging 
System (LI-COR Biosciences). Band intensity was quanti-
fied by Image Studio version 5.2 software. β-Tubulin was 
used as a loading control. The data are presented as fold 
change relative to the experimental control group. At 1 week 
post-MI, cardiac fibroblasts were isolated and cultured. Cells 
from passage-1 were harvested and Angiogenesis-related 
proteins were analyzed using the Proteome Profiler™ 
Array—Mouse Angiogenesis Array Kit (R&D Systems, 
#ARY015) as per the manufacturer’s protocol. The average 
signal (Mean Pixel Intensity) was calculated using Image 
Studio version 5.2 software.

RNA extraction and quantitative PCR analysis

Total RNA was extracted using the RNeasy Mini Kit (Qia-
gen, #74104) according to the manufacturer’s protocol. 
cDNA was synthesized using the iScript cDNA synthesis 
kit (Bio-Rad, #170-8891) following the manufacturer’s 
instructions. Gene expression was analyzed by quantita-
tive PCR (qPCR) using the TaqMan Gene Expression 
Master Mix (Applied Biosystems, #4369016) and TaqMan 
gene expression assays (Applied Biosystems) on a Quant 
studio 3 (Applied Biosystems) Real-Time PCR Detection 
machine. To confirm FB-specific deletion, adult mouse 
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cardiac fibroblasts were isolated from mice as described in 
the previous section. To enrich the FB population, endothe-
lial (CD31+) and myeloid (CD45+) cells were sorted using 
the Magnetic Cell Isolation and Cell Separation kit (Miltenyi 
Biotec) with recommended dilutions of antibodies—CD31 
(Miltenyi Biotec, #130-097-418) and CD45 (Miltenyi Bio-
tec, #130-052-301) as per the manufacturer’s instructions. 
After enrichment, RNA was extracted from FBs and used for 
gene expression analysis. Details of TaqMan gene expres-
sion assays used in this study are provided in Supplemental 
Table 2. Relative gene expression was determined by using 
the comparative CT method (2−ΔΔCT) and was represented 
as fold change. Briefly, the first ΔCT is the difference in 
threshold cycle between the target and reference genes: 
ΔCT = CT (a target gene X) − CT (18S rRNA) while ΔΔCT 
is the difference in ΔCT as described in the above formula 
between the CTRL and KO group, which is = ΔCT (KO tar-
get gene X) − ΔCT (CTRL target gene X). Fold change is 
calculated using the 2−ΔΔCT equation.

Statistical analysis

Randomization and blinding were carried out while per-
forming experiments, data acquisition, and analysis. The 
statistical analyses were performed using GraphPad Prism 
(version 9.0.0). The Shapiro–Wilk test was used to deter-
mine the normality of data. For normally distributed data, 
2-way ANOVA (for 2 variables) was conducted followed 
by Tukey post hoc analysis. In case of non-normal distribu-
tion, an unpaired 2-tailed Mann–Whitney test was used to 
compare 2 groups. Data are presented as means ± SD. N per 
group and statistical test used for analysis are reported in 
figure legends. A P value of < 0.05 was considered statisti-
cally significant.

Results

Deleting GSK‑3α from resident cardiac fibroblast 
before injury prevents ischemia‑induced cardiac 
dysfunction

To evaluate the role of resident fibroblast GSK-3α in injury-
induced cardiac remodeling, we generated FB-specific 
GSK-3α KO mice as described previously [53]. Briefly, 
Tcf21-MCM mice were crossed with GSK-3αfl/fl mice to 
obtain GSK-3αfl/fl/Tcf21-MCM+/− (KO) and GSK-3αfl/fl/
Tcf21-MCM−/− (CTRL). Tamoxifen protocol was employed 
2 weeks before MI surgery and continued till the end point 
of the studies. After TAM treatment, FBs were isolated, 
and gene expression analysis was carried out to confirm 
FB-specific GSK-3α deletion (Fig. 1A and B). The qPCR 

results showed a 95% reduction in GSK-3α gene expression 
in KO FBs as compared to the control group. Mice were sub-
jected to permanent LAD ligation and cardiac function was 
monitored by serial echocardiography. MI-induced mortality 
was comparable between the groups (data not shown). The 
CTRL-MI group showed a significant decline in EF and FS 
as compared to CTRL-SHAM, indicating the development 
of systolic dysfunction (Fig. 1C and D). This functional 
change was associated with dilative cardiac remodeling as 
evidenced by the significant increase in LVIDs (Fig. 1E and 
F). All these parameters were normalized in the KO-MI 
group, indicating that FB-specific GSK-3α is a key regulator 
of ischemic injury-induced dilative remodeling and cardiac 
dysfunction.

FB‑specific deletion of GSK‑3α prevents 
ischemia‑induced cardiac hypertrophy and fibrosis

Prominent change in LVIDs prompted us to examine the 
effect of GSK-3α deletion on the ischemia-induced cardiac 
remodeling process. Morphometrics and histology studies 
were performed at 4 weeks post-MI. The heart weight to 
tibia length ratio (HW/TL) was examined to assess cardiac 
hypertrophy. As expected, the CTRL-MI group showed 
a significant increase in HW/TL compared to the CTRL-
SHAM group (Fig. 2A). To examine hypertrophy at the cel-
lular level, LV-sections were stained with FITC-conjugated 
wheat germ agglutinin (WGA), and cardiomyocyte cross-
sectional areas were measured (CSA). In line with previous 
observations, the CTRL-MI group showed a remarkable 
increase in CSA, confirming CM hypertrophy in CTRL-MI 
hearts (Fig. 2B). To assess cardiac fibrosis Masson’s Tri-
chrome staining was carried out. We observed excessive 
replacement as well as interstitial fibrosis in the CTRL-MI 
group. All these pathological features of MI were mitigated 
in the KO-MI group (Fig. 2C). Additionally, qPCR analysis 
was carried out to compare expression levels of key genes 
related to cardiac hypertrophy (ANP, BNP, and MYH7) and 
fibrosis (COL1A1, Fibronectin, and LTBP-2). These molec-
ular markers were significantly augmented in the CTRL-MI 
group but were normalized in KO-MI (Fig. 2D–I). Taken 
together, these findings confirmed that deletion of GSK-3α 
from resident FBs before ischemic injury attenuated adverse 
cardiac remodeling and improved cardiac function.

Deletion of GSK‑3α from resident cardiac fibroblasts 
reduces chronic inflammation and promotes 
angiogenesis in the MI heart

Prolonged inflammation and impaired angiogenesis con-
tribute to adverse cardiac remodeling and the development 
of cardiac dysfunction post-MI. Hence, we examined the 
effect of FB-GSK-3α deletion on these processes. Our 
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qPCR analysis confirmed significant upregulation in gene 
expression of pro-inflammatory cytokines (IL-1β, IL-6, and 
TNF-α). These molecular markers of chronic inflammation 
were essentially normalized due to FB-specific deletion of 
GSK-3α (Fig. 3A–C). GSK-3 has been implicated in inflam-
mation associated with various diseases [9, 10, 19, 22, 30, 
56]. Since NF-kB is the master regulator of the inflammatory 
response [16, 33] we examined the effect of GSK-3α deletion 
on NF-kB activation. WT and GSK-3α KO mouse embry-
onic fibroblasts (MEFs) were treated with TNF-α (10 ng/
mL, 1 h), and NF-kB activation was assessed by analyzing 

p65 and IκBα levels. Western blot results showed that TNF-
α-induced phosphorylation of p65 and downregulation of 
IκBα were prohibited in KO FBs (Fig. 3D–F). To further 
verify whether FB-GSK-3α can cross-talk with immune 
cells, co-culture experiments were set up. WT and GSK-3α 
KO FBs were co-cultured with splenocytes for 24 h. RNA 
was extracted from splenocytes, followed by gene expres-
sion analysis. Strikingly, immune cells co-cultured with KO 
FBs displayed significant downregulation in gene expression 
of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) as 
compared to those cultured with WT FBs (Fig. 3G–I). To 
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Fig. 1   Deleting GSK-3α from resident cardiac fibroblast before injury 
prevents ischemia-induced cardiac dysfunction. A Experimental 
design. Two-month-old mice were fed tamoxifen (TAM) chow diet. 
After 2  weeks of TAM treatment, mice were subjected to MI sur-
gery and are maintained on the TAM diet till the end of the study. 
B Cardiac fibroblasts were isolated after TAM treatment to confirm 
the deletion. qPCR analysis of GSK-3α gene expression. Data were 

analyzed using the nonparametric Mann–Whitney test and repre-
sented as mean ± SD N = 4 per group. Evaluation of cardiac function 
by m-mode echocardiography; C Ejection fraction (EF), D Fractional 
shortening (FS), E LV end-diastolic interior dimension (LVID;d) and 
F LV end-systolic interior dimension (LVID;s). Data were analyzed 
using Two-way ANOVA followed by Tukey’s post hoc analysis and 
represented as mean ± SD N = 6–10 per group. BL baseline
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assess angiogenesis, capillary density was evaluated using 
CD31 staining. The analysis showed that capillary density 
is significantly improved in the KO-MI heart as compared 
to the CTRL-MI group (Fig. 3J). FBs are known to play a 
regulatory role in angiogenesis [36, 40, 43, 45]. Moreover, 
GSK-3β has been implicated with angiogenesis [24, 42, 
47]. To examine whether GSK-3α deletion had any effect 
on angiogenesis-related proteins in FBs, we isolated car-
diac FBs from experimental animals at 1-week post-MI and 
analyzed levels of 53 angiogenesis-related proteins using 
the proteome profiler (Fig. 3K). KO group displayed signifi-
cant alteration in 6 key proteins (Amphiregulin, Hepatocyte 
Growth Factor, Serpin E1, platelet factor 4, MMP9, and 
ADAMTS1) that are known to regulate angiogenesis [5, 21, 
28, 37, 44, 55].

Deleting GSK‑3α from myofibroblast protects 
the heart from MI‑induced cardiac dysfunction 
and remodeling

In the injured heart, the quiescent fibroblast gets trans-
formed into an active fibroblast or myofibroblast. This 
FB population plays an important role in the healing and 
scar maturation phase post-MI. Thus, to examine the effect 
of myofibroblast-specific GSK-3α role in MI heart, we 
employed the Postn-MCM model. Myofibroblast-specific 
GSK-3α KO mice were generated as described previously 
[53]. Briefly, Postn-MCM mice were crossed with GSK-
3αfl/fl mice to obtain GSK-3αfl/fl/Postn-MCM+/− (KO) and 
GSK-3αfl/fl/Postn-MCM−/− (CTRL). Tamoxifen protocol 
was employed. After 1 week of tamoxifen treatment, mice 
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Fig. 2   FB-specific deletion of GSK-3α prevents ischemia-induced 
cardiac hypertrophy and fibrosis. Morphometric studies were per-
formed at 4 weeks after MI surgery. Assessment of cardiac hypertro-
phy; A heart weight (HW) to tibia length (TL) ratio and B representa-
tive image of WGA-FITC stained heart sections and quantification 
of cardiomyocyte cross-sectional area (CSA). Scale bar = 50  µm. 
C Assessment of cardiac fibrosis by Masson’s Trichrome staining; 
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were subjected to MI surgery. At 4 weeks post-MI, FBs were 
isolated from the hearts of the experimental animals, and 
gene expression analysis was carried out. The qPCR results 
confirmed a significant reduction in GSK-3α gene expres-
sion in KO FBs as compared to the control group (Fig. 4A 
and B). MI-induced mortality was comparable between the 
groups (data not shown). Analysis of cardiac function by 
echocardiography displayed improvement in EF and FS 
in the KO group (Fig. 4C and D). Moreover, LVIDs were 
remarkably normalized in the KO-MI group as compared 

to the controls (Fig. 4E and F). To further confirm cardi-
oprotective phenotype in KO, we did morphometrics and 
histological studies at 4 weeks post MI. Analysis of HW/
TL, CSA, and fibrosis revealed a significant reduction in 
these parameters in KO-MI mice compared to controls 
(Fig. 5A–C). Also, CD31 staining showed improvement in 
capillary density in KO hearts (Fig. 5D). Additionally, the 
expression of signature genes related to cardiac hypertrophy 
(ANP, BNP, and MYH7), fibrosis (COL1A1, COL3A1, and 
COMP), and chronic inflammation (IL-1β, IL-6, and TNF-α) 

A B C D

E F G H

K

G
SK

-3
α 

FK
O

CT
RL

G
SK

-3
α 

FK
O

CT
RL

J

I

CTL

GSK-3αFKO

CTL

GSK-3αFKO

SHAM MI
0

5

10

15

20

25

IL-1β
R

el
at

iv
e 

Ex
pr

es
si

on
(F

ol
d 

ch
an

ge
)

<0.0001 0.0002

SHAM MI
0

5

10

15

20

25

IL-6

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0002 0.0011

SHAM MI
0

5

10

15

20

TNF-α

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0029 0.0084

Control TNF
0

1

2

3

4

5

P-
p6

5 
/ T

-p
65

0.0001 0.0002

Control TNF
0.0

0.5

1.0

1.5

2.0

Iκ
B

α 
/ β

-tu
bu

lin

0.0003 0.0176

WT KO
0.0

0.5

1.0

1.5

TNF-α

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0022

WT KO
0.0

0.5

1.0

1.5

2.0

IL-6

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0022

WT KO
0.0

0.5

1.0

1.5

2.0

IL-1β

R
el

at
iv

e 
E

xp
re

ss
io

n
(F

ol
d 

ch
an

ge
) 0.0022

CTRL KO
0

10

20

30

40

CD
31

 M
FI

0.0286

(1)
 Amphire

gulin

(2)
 HGF

(3)
 Serp

in E1

(4)
 Plat

ele
t fa

cto
r 4

(5)
 M

MP9

(6)
 ADAMTS1

0

20000

40000

60000

80000

100000

M
ea

n 
Pi

xe
l I

nt
en

si
ty

0.0286 0.0286 0.0286 0.0286 0.0286 0.0286

Fig. 3   Deletion of GSK-3α from resident cardiac fibroblasts reduces 
inflammation and promotes angiogenesis in the MI heart. At 4 weeks 
after MI surgery, RNA was extracted from the left ventricle of experi-
mental animals, and gene expression analysis was carried out by 
qPCR; A IL-1β, B IL-6, C TNF-α. Data were analyzed using Two-
way ANOVA followed by Tukey’s post hoc analysis and represented 
as mean ± SD N = 5–8 per group. WT and KO MEFs were treated 
with TNF-α (10 ng/mL) for 1 h. Western blot analysis was performed 
to assess the activation NF-κB pathway. D Representative blot and 
quantification of E p65, F IkBα. Data were analyzed using Two-way 
ANOVA followed by Tukey’s post hoc analysis and represented as 
mean ± SD N = 4–6. WT and KO MEFs were co-cultured with sple-
nocytes for 24 h. After co-culturing, RNA was extracted from sple-

nocytes, and gene expression analysis was carried out by qPCR; G 
IL-1β, H IL-6, I TNF-α. Data were analyzed using the nonparametric 
Mann–Whitney test and represented as mean ± SD N = 6 per group. J 
Representative images of CD31 staining and quantification of mean 
fluorescence intensity (MFI). Scale bar = 50 µm. Data were analyzed 
using the nonparametric Mann–Whitney test and represented as 
mean ± SD N = 4 per group. K Cardiac FBs were isolated from the 
heart of control and GSK-3 αFKO mice at 1-week post-MI and pro-
teins were analyzed using Mouse Angiogenesis Proteome Profiler 
Array. Representative blots and quantification of Mean Pixel Inten-
sity. Data were analyzed using the nonparametric Mann–Whitney test 
and represented as mean ± SD N = 4 per group
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was normalized after myofibroblast-specific GSK-3α dele-
tion (Fig. 5E–M).

Discussion

Herein, we identify that FB-GSK-3α is a critical media-
tor of adverse cardiac remodeling and dysfunction of the 
ischemic heart. We employed advanced mouse models 
(Tcf21-MCM and Postn-MCM) to delete GSK-3α in FB 

specific manner and found that FB-specific GSK-3α dele-
tion reduced excessive fibrosis and chronic inflammation, 
prevented dilative remodeling, and improved angiogenesis. 
While the cardiomyocyte proliferation was comparable 
between the groups (Supplemental Fig. 1), the FB-GSK-3α 
KOs hearts demonstrated a decreased MI-induced car-
diomyocyte death compared to controls (Supplemental 
Fig. 2). Importantly, MI-induced functional decline was 
prohibited in KO mice. These observations confirmed that 

A Experimental timeline for GSK-3 α MFKO mice line B qPCR analysis of FB-GSK-3α
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FB-GSK-3α plays a causal role in MI pathologies and rep-
resents a potential therapeutic target.

Previously our lab reported that global GSK-3α KOs 
developed spontaneous cardiac hypertrophy and dysfunc-
tion by 3–4 months of age [27]. Notably, When subjected 
to MI, global KO mice displayed significant mortality due 
to cardiac rupture. Studies from other groups have demon-
strated that global embryonic GSK-3α KO leads to a det-
rimental phenotype [27, 58, 59]. We believe the reported 
detrimental phenotype in GSK-3α global KOs is primar-
ily due to the developmental effects driven by embryonic 
GSK-3α deletion. The mechanism has been attributed to 
increased cardiomyocyte death, impaired autophagy, and 
accelerated aging [27, 58, 59]. In contrast to global GSK-3α 

KO, inhibition of GSK-3α in the adult heart (conditional) 
displayed cardioprotective phenotype in multiple settings [2, 
3, 51, 53]. In line with these reports, we also observed that 
targeting FB-GSK-3α in adult mouse hearts offers benefits 
against MI-induced cardiac damage. The global embryonic 
vs. tissue-specific conditional GSK-3α targeting, associated 
cellular/molecular mechanisms, and phenotypic outcomes 
have been recently reviewed [51].

MI-triggered wound healing response and adaptive 
remodeling help to maintain cardiac function. However, 
disturbances in fine-tuning of cellular cross-talk perturb 
healing and cause adverse cardiac remodeling, subsequently 
leading to heart failure and mortality [8, 12, 38]. Thus a 
better understanding of the cellular and molecular basis of 

F G

I J L

C

G
SK

-3
α 

M
FK

O
CT

RL

A B

D

K M

E H

CTL

GSK-3αMFKO

SHAM MI
2

4

6

8

10

H
W

 / 
TL

 (m
g/

m
m

)

0.0148 0.0002

CTRL KO
0

2

4

6

8

10

Fi
br

os
is

 (%
)

0.0022

CTRL KO
0

20

40

60

C
D

31
 M

FI

0.0022

SHAM MI
0

5

10

15

20

ANP

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0012 0.0232

SHAM MI
0

2

4

6

8

10

12

BNP

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

<0.0001 0.0007

SHAM MI
-1

0

1

2

3

4

5

MYH7

Re
la

tiv
e 

Ex
pr

es
si

on
(F

ol
d 

ch
an

ge
)

0.0446 0.0047

SHAM MI
0

4

8

12

COL1A1

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0019 0.0131

SHAM MI
0

5

10

15

COL3A1

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0030 0.0215

SHAM MI
0

1

2

50

100

150

COMP

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0018 0.0349

SHAM MI
0

10

20

30

40

IL-1β

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

) 0.0164 0.0234

SHAM MI
0

5

10

15

20

25

IL-6

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)
0.0041 0.0093

SHAM MI
0

1

2

3

4

5

TNF-α

R
el

at
iv

e 
Ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

0.0249 0.0080

SHAM MI
0

50

100

150

200

C
ar

di
om

yo
cy

te
 A

re
a 

(μ
m

2 ) 0.0071 0.0127

CTRL KO
0

10

20

30

40

Fi
br

os
is

 (%
)

0.0260

Border 

Remote
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induced adverse cardiac remodeling. Morphometric studies were 
performed at 4 weeks after MI surgery. Assessment of cardiac hyper-
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ischemia-induced pathologies is of prime importance in 
developing effective therapeutic strategies. In the current 
study, we observed that FB-GSK-3α KO hearts had a sig-
nificant reduction in the expression of inflammatory genes. 
Moreover, in vitro studies demonstrated that FB-GSK-3α is 
involved in NF-κB activation and modulation of inflamma-
tory gene expression in immune cells. As per our knowledge, 
most of the studies that have shown the role of GSK-3 in 
inflammation were GSK-3β isoform centric [9, 10, 19, 22, 
30, 56]. Herein, we present findings that suggest the poten-
tial role of FB-GSK-3α in modulating inflammatory signal-
ing and cross-talk with immune cells. FBs and GSK-3 have 
also shown regulatory functions in angiogenesis [24, 36, 40, 
42, 43, 45, 47]. Improved capillary density in the KO heart 
and alterations in the expression of angiogenesis-related 
proteins in KO FBs indicate that FB-GSK-3α might have 
a role in angiogenesis. Although these findings are promis-
ing, further studies are needed to discern how FB-GSK-3α 
mediates intercellular cross-talk and regulates angiogenesis/
inflammation in the MI heart. Also, the exact molecular 
mechanism through which GSK-3α regulates NF-κB sign-
aling and expression of angiogenesis-related proteins in FBs 
needs further investigation. Emerging studies have shown 
that in addition to phenotypic plasticity, fibroblasts exhibit 
remarkable heterogeneity [18, 29, 34, 54, 57]. Future single-
cell sequencing studies are needed to identify the role of 
FB-GSK-3α in distinct fibroblast subsets that may be respon-
sible for the wide range of functions in the injured heart.

We reported that FB-GSK-3β acts as a negative regula-
tor of fibrosis in the ischemic heart [26]. Further mechanis-
tic studies revealed that FB-GSK-3β directly interacts with 
SMAD3 and regulates classical TGFβ/SMAD3 signaling to 
inhibit MyoFB transformation and fibrosis in the ischemic 
heart. However, in stark contrast to the FB-GSK-3β role, 
FB-GSK-3α appears to contribute to adverse fibrotic remod-
eling in the pressure-overload model of heart failure [53]. 
FB-GSK-3α was found to promote fibrosis through the RAF-
MEK-ERK pathway that operates independently of TGFβ/
SMAD3 signaling. Importantly, targeting GSK-3α in an 
FB-specific manner prevented fibrosis and improved car-
diac function in TAC mice. This contrasting role of GSK-3 
isoforms in cardiac pathologies persuaded us to examine 
whether GSK-3α plays a unique role irrespective of the type 
of injury insult. We observed that FB-GSK-3α targeting 
helps to reduce fibrosis in the MI heart, thus validating its 
pro-fibrotic role in heart diseases with different etiologies. 
The beneficial effects of cell-specific targeting of GSK-3α 
have been reported earlier as well. For instance, Firdos et al. 
employed CM-specific conditional KO and identified that 
deletion of GSK-3α specifically from CM offers cardiopro-
tection in rodent models of heart failure such as MI and TAC 
[2, 3]. Sadoshima’s group demonstrated that CM-GSK-3α 
participates in lipotoxic cardiomyopathy and targeting 

GSK-3α in a CM-specific manner offers cardioprotection 
[39]. In line with all these emerging reports, our study dem-
onstrates that GSK-3α has cell-specific unique mechanisms 
in the pathophysiology of cardiac disease. However, further 
investigation of clinical correlates of these experimental 
findings is needed to confirm translational potential.

In summary, our study reveals that FB-GSK-3α promotes 
adverse cardiac remodeling and dysfunction after MI. These 
findings pave the way for developing targeted therapy for 
managing heart diseases.
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